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ABSTRACT

Magnetothermal applications of nanoparticles in biomedicine are currently limited by low thermal responses to oscillating magnetic fields on
one side and by detrimental physiological effects of electromagnetic radiation on the other side. In this paper, using Zn-Mn ferrite
nanoparticles, we demonstrate that an appropriate choice of size and chemical composition of magnetic nanoparticles results in the
superquadratic (upto 5th power) dependence of the Specific Absorption Rate (SAR) on a magnetic field (SAR proportional to H*). This gives
an opportunity to obtain SAR values above 10 W/g in an oscillating magnetic field, while maintaining the field-frequency product at a level
close to the physiological Brezovich’s limit ~ 10°A/(ms).

© 2022 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0082857

Magnetic nanoparticles (MNPs) have found a range of important
biomedical applications. For example, MNPs can be targeted in the
human body and activated by an alternating current (AC) magnetic
field that is used in magnetic hyperthermia, magnetically controlled
drug delivery, magnetothermal neurostimulation, etc." The clinically
approved magnetic fluid hyperthermia is based on the conversion of
electromagnetic energy to heat, which may be characterized by the
Specific Absorption Rate (SAR), the power of heat production divided
by mass. The SAR is related to the size, size distribution of MNPs, and
the frequency (f) and amplitude (H) of the applied AC magnetic
field”” The increase in frequency, as a rule, leads to the proportional
increase in the SAR value due to the increase in remagnetization cycles
per second. The conventional dependence SAR(H) is quadratic, typical
for superparamagnetic MNPs. However, to minimize physiological

side effect, the product of the H x f should remain below the so-called
Brezovich’s limit.*® Furthermore, to reduce the mass-dimensional
characteristics of the magnetic field source (the energy of magnetic
field in a coil is proportional to H?), it is very important from a practi-
cal point of view to have superquadratic dependence of SAR as it is
also highly desirable to maintain the values of H and fat the minimum
level.

These competing requirements can be successfully balanced in
the case of superquadratic SAR(H) dependence: As the amplitude
increases, the power dissipated into heat may grow much faster than
the power of electromagnetic energy entering into the system.
Basically, the conversion efficiency” is defined as the ratio of the
absorbed power to the power of the magnetic part of electromagnetic
wave SAR/H? and increases with amplitude.
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Previously it was demonstrated that the conversion efficiency
SAR/H” may either increase or decrease, tending to a constant value at
sufficiently small fields (“linear regime” of magnetic response) and
that the cobalt ferrite MNPs become more efficient above a critical
field, close to the transition from the linear to the nonlinear regime.(’
However, cobalt-based particles are toxic and their SAR value is rather
small (less than 0.05W/g) in the AC magnetic field within the
Brezovich’s limit (H = 10-200Oe at f=0.5MHz). This is why the
search for efficient and biocompatible MNPs at conditions complying
with the Brezovich’s criterion is very important.

Among the different types of MNPs, Zn,Mn,_,Fe,O, has one of
the highest heating efficiencies in an AC magnetic field.” Thus, in this
work, zinc manganese ferrite MNPs with the advanced magnetothermal
performance have been selected to demonstrate the possibility of a sig-
nificant increase in the conversion efficiency. As the conversion effi-
ciency is related to the volume of MNP, we have investigated the impact
of chemical content and sizes of MNPs on the character of the depen-
dence of SAR value on the amplitude of AC magnetic fields. As a result
of our detailed studies, we have demonstrated that the SAR(H) depen-
dence can be superquadratic and close to the fifth power (ie., rather
nontrivial), which is highly important for further development of MNPs
and devices necessary for clinical applications of magnetic hyperthermia.

Nanoparticles have been prepared by the previously reported
chemical coprecipitation method.” Zinc manganese ferrite particles
were produced by co-precipitation of Fe’" and Me*t (Me*t = Mn*™,
Zn*") salts (in a molar ratio of 2:1, respectively) in an alkaline sodium
hydroxide medium® (see the supplementary material for the list of
reagents and procedures).

X-ray diffraction phase analysis (XRD) of the samples and full pro-
file analysis by the Rietveld method” were carried out using a PANalytical
diffractometer (CuKa; , ,) in the continuous mode in the range 20
= 10°-100°. The results were processed using MAUD software.

Magnetic measurements were performed using a Lake Shore
Model 7407 Vibrating Sample Magnetometer (VSM) with a maximum
magnetic field of 1.5 T.

AC magnetic field-calorimetry facility manufactured by AMT&C
Group (Moscow, Russia) has been used to measure the magnetothermal
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properties of the MNPs. The experimental setup included a magnetic
module with an inductive coil, connected in series with the AC genera-
tor and the reconfigurable capacitor system enabling switching of the
frequency range. The setup also had a water cooling system to prevent
parasitic heating due to Eddy currents and PC based data acquisition
system comprising the micro-voltmeter Agilent 34410A connected to
thermocouple with one end in the test tube and another one in the ref-
erence temperature thermostat.

The SAR values were calculated based on the time derivative of
'[emperature,w’13

SAR = C(dT/dt) (M/m), (1)

where C is the heat capacity of a liquid, dT/dt is the heating rate that
can be obtained either by a corrected slope method (the sum of
the modulus of the slopes for heating and cooling curves at a fixed
temperature”), and M/m is the ratio of the mass of water to the mass
of MNPs.

Zinc manganese ferrite particles have been prepared by co-
precipitation techniques and characterized by XRD, magnetiza-
tion measurements, and transmission electron microscopy
(TEM).

According to x-ray diffraction analysis (XRD), each prepared
powder sample contains the phase with cubic F d-3 m space group
(see Fig. SI in the supplementary material). Broadened reflection lines
are observed in the diffraction patterns, which indicate the small size
of the coherent scattering regions (CSRs). The analysis showed that
the CSR size of x=0.2 and x=0.3 is, respectively, 30-35nm and
20-25 nm the lattice parameter of x=0.2 and x = 0.3 is, respectively,
8.449(2) A and 8.438(2) A.

The measured VSM hysteresis loops of zinc manganese ferrite
particles are shown in Fig. 1(a). The dependence of the residual
magnetization on the Zn content is nonmonotonic, reaching a
maximum at the x =0.1, similarly to earlier reported results,'” that
can be explained by the distribution of replacement cations on the
A and B sublattices. The coercivity [Fig. 1(b)] decreases monoto-
nously with the increase in zinc content similar to the previous
reports.7’15
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FIG. 1. Magnetic properties of the Zn,Mn;_,Fe,0, MNPs: (a) hysteresis loops of MNPs, inset shows the amplified hysteresis loop; (b) the dependence of coercive force on
Zn-content x. The points represent the experimental data, and the solid line is a linear fit by a least squares method.
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Figure 2 shows TEM images of zinc manganese ferrite particles.
The shape of the particles is spherical. The results show that as the Zn
content increases, the size of the nanoparticles decreases. Possible
mechanisms leading to the smaller size of particles with the increasing
Zn concentration include changes in the parameters of unit cells, the
length of interatomic bonds, and the distribution of cations over octa-
hedral and tetrahedral crystallographic positions in the cubic crystal
structure.

For magnetothermal measurements, 20 mg of MNPs was sus-
pended in 100 ul of de-ionized water. The heating/cooling curves of a
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FIG. 3. The heating/cooling curve of a series of Zn,Mns_,Fe,O, suspensions
under an AC magnetic field with a frequency of 0.1 MHz and RMS value 100 Oe.
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FIG. 2. TEM images of Zn,Mn,_,Fe,0,
(x=0.05; 0.1; 0.15; 0.2; 0.25; 0.3).

series of Zn,Mn; _,Fe,O, suspensions under an AC magnetic field
with root mean square (RMS) value H= 100 Oe and a frequency of
0.1 MHz are presented in Fig. 3, while Fig. 4 shows the SAR value of
zinc manganese ferrite MNPs with different Zn content at
f=0.1MHz and at H=1000Oe (the maximum fx H product that
remains within Brezovich’s limit). The dependence of SAR values on
the diameter of Zn,Mn, _,Fe,O, nanoparticles with different Zn con-
tent at f=0.1 MHz and H =60 Oe is shown in Fig. 5. It may be con-
cluded that the dependence of SAR(x) from Zn content, x, has a clear
nonmonotonic character, which demonstrates better heat response of
application of the AC magnetic field for MNPs at x=0.2. Thus, the
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FIG. 4. The SAR value of a series of Zn,Mns_,Fe,O, (x=0.05; 0.1; 0.15; 0.2;
0.25; 0.3) suspensions at f= 0.1 MHz and RMS field H= 100 Oe.
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FIG. 5. Dependence of SAR on the diameter of Zn,Mn;_,Fe,O, (x=0.05; 0.1;
0.15; 0.2; 0.25; 0.3) at a f=0.1 MHz and RMS field H= 60 Og).

magnetic properties of nanoparticles depend on the size and composi-
tion and can influence SAR values.

The SAR value varies with the Zn content, being the largest for
medium-sized particles x = 0.2 with the SAR value at f = 0.1 MHz at
both RMS values of magnetic field 60 and 100 Oe.

Figure 6 presents the dependencies of SAR on the magnetic field
root mean square value: The character of SAR(H) dependence changes
with Zn content (and as a consequence, the MNPs average size). For
smaller particles (x=0.25, x=0.3), the dependence tends to the con-
ventional quadratic law, while for larger particles (x=0.1, 0.15, 0.2), it
is superquadratic dependence. The superquadratic dependences (SAR
proportional to H’) for larger particles can be explained by the nonlin-
ear magnetic response of MNPs,'>'” due to the increased contribution
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FIG. 6. SAR(H) dependence of the Zn,Mn;_,Fe,O, (x=0.1; 0.15; 0.2; 0.25; 0.3)
MNPs on the magnetic field at f= 0.1 MHz.
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of hysteresis losses. (The hysteresis loop and coercivity are more pro-
nounced for x = 0-0.2 ZnMn ferrite MNPs in Fig. 1.) At the same time
for small particles (x=0.25, x=0.3), with low coercive field, the con-
ventional mechanisms of magnetothermal heating due to Neel and
Brown magnetic relaxation,"”'” typical for superparamagnetic MNPs,
are dominant.

Therefore, it has been established that the SAR dependence on
the amplitude of an AC magnetic field may be nontrivial even in a
range of the product of H x f within the Brezovich’s physiological
limit.* This is very important finding, since the potential side effects
on healthy tissues increase with the square of the amplitude,” the SAR
of MNPs increases more rapidly that ensures the selectivity of heating
of MNPs containing tissues.

In conclusion, we have shown that the compositions and sizes of
MNPs may provide a significant increase in conversion efficiency of
electromagnetic energy to provide the heat at the minimum value of
the frequency of the AC magnetic field. It has been demonstrated that
by adopting the size and chemical content of ZnMn ferrite MNPs, we
can reach a much higher value of MNPs heat response to the AC mag-
netic field at 0.1 MHz and 60-100 Oe while maintaining the magni-
tude of the product of the amplitude and the field frequency at a level
close to the physiological Brezovich’s limit ~10°A/(m's). We demon-
strated the nontrivial, higher than 3¢ power, superquadratic depen-
dence of the at low Zn content in Zn,,Mn, gFe,O, nanoparticles that
may be explained by additional contribution of hysteresis losses due to
the need for additional work to remagnetize MNP.

These findings are very important and potentially enable to reduce
the weight and size characteristics of modern clinical AC magnetic set-
ups for magnetic hyperthermia. The observed superquadratic SAR ~ H’
and SAR ~ H* dependences are also useful for potential applications in
magnetically assisted drug delivery, magnetic stimulation of the brain
and neuro-interfaces, and other biomedical applications.

See the supplementary material for detail of synthetic protocols,
table with reagent ratios for the synthesis of various types of nanopar-
ticles, XRD patterns of nanoparticles, dependence of saturation mag-
netization on Zn content in Zn,Mn;_,Fe,O,4, and power dependence
approximations.
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