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Hyperthermia treatment is the heating of tumor tissue up to temperatures between 41°C and 45 °C, which
trigger several physiological reactions in the body. Hyperthermia within tissue can be applied through various mech-
anisms. One of them is magnetic hyperthermia which uses superparamagnetic iron oxide nanoparticles (SPIONSs)
heated by an externally applied magnetic field. SPIONs can also be used as sonosensitizers in ultrasound hy-
perthermia increasing acoustic wave attenuation. The impact of SPION concentration on thermal effect during
ultrasonic and magnetic hyperthermia was investigated in agar-gel phantom with added magnetite nanoparticles.
The presence of nanoparticles in the tissue-mimicking phantom increases the thermal losses of ultrasound energy

and temperature of the phantom.
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1. Introduction

Hyperthermia is a very promising anti-cancer medical
treatment. It induces heat in cancer tissues which leads
to their weakening. Weaken cells are therefore more sus-
ceptible for other cancer therapies like radiotherapy or
chemotherapy [1, 2]. Heat in tissues can be induced by
means of ultrasonic waves, alternating magnetic field, ra-
diowaves or microwaves [3]. To be more specific, heating
in the tumor cells is achieved through the absorption of
ultrasonic waves or magnetic energy. However, satisfying
results of hyperthermia treatment often demand applica-
tion of high energies which can lead to unpleasant side
effects like pain or skin burns [4]. Still, effectiveness of
hyperthermia treatments can be improved without usage
of high energies.

Many research shows that thermal effect of ultrasonic
hyperthermia can be increased by employing scattering
materials such as gold, silicone or magnetite nanopar-
ticles. Additional scattering caused by these so-called
sonosensitizers becomes the source of supplementary ul-
trasound attenuation which consequently leads to in-
crease in temperature [5-7].

Clinically oriented hyperthermia experiments are con-
ducted on tissue-mimicking phantoms which are suffi-
cient equivalents for human tissues [8]. In our study,
the agar phantoms were used to investigate the impact
of magnetic nanoparticles concentration in phantoms on
temperature rise during ultrasonic and magnetic hyper-
thermia.

2. Sample preparation and measurement setups

Two types of phantom were prepared for our measure-
ments: pure agar-gel sample without any scattering ma-
terial and agar-gel samples with magnetic nanoparticles.
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Agar powder was dissolved in hot distilled water. During
the preparation process of the agar-gel, the sonosensi-
tizers (magnetite nanoparticles) were added. Magnetite
nanoparticles were purchased from Sigma-Aldrich Co.
LLC. Basic properties of FesOy4 particles are as follows:
purity — 97%, form — nanopowder, particle — spheri-
cal, size — 50-100 nm (SEM), surface area > 60 m?/g,
and bulk density — 0.84 g/mL. The dependence of mag-
netization on the magnetic field measured at the room
temperature by SQUID magnetometer is shown in Fig. 1.
Magnetite nanoparticles used in our study tend to small
hysteresis which means that these samples are the mix-
tures of superparamagnetic and ferromagnetic particles.
The saturation magnetization M, is 91 emu/g. Samples
were made by varying the weight concentration of FezO4
nanoparticles from 0.4-5% (w/w) and concentration of
agar from 5-8.5% (w/w).
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Fig. 1. Magnetization curve for the nanoparticles pow-
der obtained from SQUID. The inset shows a small hys-
teresis.

The experimental setup for ultrasonic hyperthermia
measurements is shown in Fig. 2(a). During experiments
the measured sample was immersed in distilled water at
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room temperature. To avoid reflections from the plastic
beaker in which sample was hold, the damping mate-
rial was placed on the bottom of the beaker. Ultrasonic
transducer with 1 cm? diameter emitted 1 MHz continu-
ous ultrasonic wave. The whole sample was in near field
of ultrasonic transducer which was about 1.2 cm. The
intensity of the ultrasonic beam was 2.5 W/cm?. Fig-
ure 2(b) presents the experimental setup for magnetic
hyperthermia measurements. The phantom in a glass
tube was placed in the center of the 205 mm long mag-
netic coil with n = 56 turns and radius R = 38.5 mm.
The frequency of alternating magnetic field was 180 kHz
and the intensity of the magnetic field, in the middle
of the coil on-axis, was 5.5 kA/m. The water cooling
system for magnetic coil was maintained by PolyScience
programmable temperature controller.

In all experiments temperature was measured with
the optical thermometer Evolution FISO FPI-HR model
FOT-L-SD. During ultrasonic hyperthermia the ther-
mometer was centrally placed, i.e. 0.5 cm from the sur-
face of the sample.
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Fig. 2. Experimental setup for a) ultrasonic hyperther-
mia measurements, b) magnetic hyperthermia measure-
ments.

3. Experimental results

In our study ultrasonic wave attenuation coefficient
and thermal effect of ultrasonic and magnetic hyper-
thermia were measured in prepared samples. Figure 3
presents ultrasonic wave attenuation (measured by the
pulse-echo technique for the wave of frequency f =
5 MHz [8]) for agar phantoms with different concen-
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Fig. 3. Ultrasonic wave attenuation vs. concentration
of magnetite nanoparticles in agar phantoms for differ-
ent concentrations of agar in water (5-8.5% w/w).
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Fig. 4. Relative temperature rise with time in 5% agar-

gel phantoms for different concentrations of magnetite
nanoparticles during ultrasonic heating.
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Fig. 5. Increase in temperature obtained during 180
seconds of ultrasonic sonication for 5% agar gel phantom
with different concentration of magnetite nanoparticles.

tration of magnetite nanoparticles varying from 0.4-5%
(w/w). A monotonic rise of attenuation coefficient with
the increase of agar and magnetite concentration can be
noticed. As it is seen in Fig. 3 the magnetite nanopar-
ticles added to pure agar-gel phantoms induces the scat-
tering of ultrasonic waves which leads to the additional
attenuation. This in turn, becomes the source of the ad-
ditional increase in temperature during ultrasonic hyper-
thermia. It means that the application of nanoparticles
clearly improves the effectiveness of hyperthermia treat-
ment. Figure 4 presents the relative temperature change
with time for pure agar phantoms as well as agar phan-
toms with three different concentration of magnetite.
Clearly, the temperature rise with increasing concentra-
tion of magnetic nanoparticles can be noticed. Figure 5
shows the increase in temperature after 180 seconds of
ultrasonic sonication for 5% agar gel phantom with dif-
ferent concentrations of magnetite nanoparticles. The
temperature rise due to ultrasonic heating increase with
the amount of magnetic particles. A drop in temperature
for 5% concentration of nanomaterial can be explained
by high backscattering of ultrasound which is visible in
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Fig. 6. Ultrasonic echo signals in pure-agar sample and
agar sample with magnetite nanoparticles.
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Fig. 7. Relative temperature rise vs. time for pure
agar-gel samples and for agar-gel with different concen-
tration of magnetite nanoparticles. Concentration of
agar powder in all samples was 5%.

Fig. 6 in the interval between 40** and 60" us. Figure 7
presents the relative temperature change with time ob-
tained during magnetic heating in AC magnetic field for
pure agar-gel and for agar-gel with different concentra-
tions of magnetite nanoparticles. In all samples the con-
centration of agar powder in water was 5% and concen-
tration of magnetite in agar phantoms varied from 3-5%
(w/w). Observed relative temperature change under the
influence of alternating magnetic field also increases with
the amount of nanoparticles. The obtained rise in tem-
perature is rather small due to the quenching of Brown
relaxation mechanism by the confinement of nanoparti-
cles in agar-gel [7] so the only cause of magnetic heating
is the Néel relaxation mechanism which strongly depends
on the size of nanoparticles. In our previous work [7] we
used samples with 0.8 % (w/w) concentration of nanopar-
ticles with 10 nm mean size and the temperature rise
during magnetic heating was better than in this study.
This confirms that the size of magnetite nanoparticles is
the crucial factor for the effectiveness of both ultrasound
and magnetic heating. In the former large nanoparticles
cause the ultrasound backscattering, while in the latter

they extend the Néel relaxation time which is the only
heating mechanism in situation when Brown relaxation
is quenched due to the confinement of nanoparticles in
agar-gel. In both cases the unsuitable size of sonosensi-
tizer nanoparticles leads to deterioration in temperature
rise.

4. Conclusions

The obtained experimental results confirm theoretical
assumptions that the addition of scattering material en-
hances heat production by ultrasound wave in the tissue-
mimicking phantom due to increase of ultrasound atten-
uation. Magnetite nanoparticles can therefore be used
as an effective sonosensitizers. On the other hand, mag-
netite nanoparticles are able to produce heat by them-
selves in the AC magnetic field which leads to further
increase of temperature in tissue phantoms. The tem-
perature rise obtained due to the addition of magnetite
nanoparticles allow us to shorten the duration time of
hyperthermia treatments and reduce the needed inten-
sity of ultrasonic wave and the strength of magnetic field
in the therapy. It was shown that, generally, the bigger
amount of nanoparticles, the higher temperature can be
obtained. However, the size and concentration of mag-
netite nanoparticles should be carefully considered be-
cause for higher concentration a possibility of aggregation
may arise. In this case part of ultrasound wave energy
instead of producing heat would be scattered outside the
region of interest and the temperature rise would dete-
riorate. Furthermore, the presence of bigger nanoparti-
cles in phantom disables the heating based on Néel relax-
ation leaving Brown relaxation as the only heating mech-
anism which is unfortunately inefficient when magnetic
nanoparticles are confined in agar-gel.

Nevertheless, by merging magnetic and ultrasonic hy-
perthermia we can achieve a better heating of tumor tis-
sue than in separate treatments [7]. So, this kind of syn-
ergistic therapy should be considered in the future.
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