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ARTICLE INFO ABSTRACT

Recently, there has been a great interest in the application of multimodal hyperthermia. Hyperthermia, a con-
trolled increase of temperature in tissues up to 42-45 °C, is a very promising anti-cancer medical treatment.
Hyperthermia can be induced by means of ultrasound wave, alternating magnetic field, radiowave, laser light,
etc. In our research, we combine magnetic hyperthermia with ultrasound thermal treatment to facilitate a more
efficient, innovative sonomagnetic therapy. The experiments are performed using ultrasound phantoms doped
with magnetic nanoparticles. These nanoparticles act like sonosensitizers and become the source of supple-
mentary ultrasound attenuation which consequently leads to the increase of temperature. Because of their
sensitivity to magnetic field they are also the source of heat in magnetic hyperthermia. In order to investigate the
thermal effect of multimodal hyperthermia, phantoms are simultaneously irradiated with a focused ultrasound
beam and exposed to the AC magnetic field. We demonstrate that this double thermal stimulation of phantoms
doped with nanoparticles provides better heating efficiency which enables more precise control over the heating
process. Magneto-ultrasonic heating creates more effective hyperthermia and has a big application potential in
treating cancer at a lower magnetic particle concentration. The coupling of magnetic and ultrasonic hy-
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perthermia gives the possibility for developing the new, innovative sonomagnetic thermal therapy.

1. Introduction

The new methods of cancer treatment are constantly being sought.
Recently, there has been a great interest in the application of multi-
modal thermal treatments. The efforts are focused on improving and
modifying the existing thermal procedures by combining them with
other methods. Such combinations are called bimodal or multimodal
therapies. Over the past years much effort has been put in combining
chemotherapy with photo-thermal therapy [1,2], magnetic hy-
perthermia with photo-thermal treatment [3], chemotherapy with na-
noparticle drug delivery [4,5], and high-intensity focused ultrasound
(HIFU) with nanomedicine [6,7]. Moreover, hyperthermia has been
also used as a combination therapy to enhance efficacy of che-
motherapy by improving the delivery of targeted nanomedicines [8].
Thermal effects of ultrasound can also be applied for triggered drug
release. In order to avoid unintended damage of surrounding cells
during prolonged heating, drug carriers are designed to release their
payload at the temperature (e.g., 42-43°C) a few degrees above the
physiological temperature [9]. The application of such a combined
therapies has many advantages. It allows us to reduce the amount of,
potentially toxic in high concentrations, nanoparticles, drugs, sub-
stances, etc. used in the therapy [3]. The combined therapies can lead
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to achieve of the desired temperature increase in a shorter time, which
can reduce negative side effects of treatment like discomfort, skin
burns, pain [10,11]. Moreover, combination of few different therapies
allow us also to decrease the values of such parameters as power, in-
tensity, irradiation time of each method.

Recently, there is also a lot of interest in the use of materials such as
iron oxide nanoparticles, which have capacity to act as agent in many
therapies: magnetic hyperthermia, thermo-ablation, photo-thermal
treatment, magnetic resonance imaging (MRI) [3,12-14]. Our previous
experimental results and theoretical modeling show that magnetic na-
noparticles are also good candidates for sonosensitizing materials in the
case of ultrasound-induced hyperthermia. Their presence in tissue-mi-
micking phantoms increases the ultrasonic attenuation with a con-
sequent temperature rise, reducing the wave intensity and the exposure
time required to obtain bioeffects [15]. Magnetic nanoparticles can also
be used as nanocarriers for different therapeutic agents, thus effectively
combine various cancer treatment methods [12]. Superparamagnetic
iron oxide nanoparticles (SPION) are also used for selective induction of
heat by an externally applied AC magnetic field [16,17]. This method is
called magnetic hyperthermia. Because nanoparticles have the dual
ability to act as both magnetic and sonosensitizer agents, magnetic and
ultrasonic hyperthermia may work synergistically to produce a more
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efficient treatment [18]. This sonomagnetic therapy is a promising new
technique. The basis of this novel therapy is to administer a very small
amount of sonosensitizer, which can be activated by the simultaneous
application of both the ultrasound and the magnetic field. This bimodal
interaction will produce more heat in tumors.

In this study we have focused on evaluating the influence of mag-
neto-ultrasonic heating on phantom temperature in the presence of
SPION. The experiments are performed using tissue mimicking phan-
toms doped with magnetic nanoparticles. These nanoparticles become
the source of supplementary ultrasound attenuation and also they are a
source of heat in the magnetic hyperthermia. The combined treatment
using a simultaneous application of the focused ultrasound wave and
the AC magnetic field (bimodal sonomagnetic hyperthermia) leads to a
higher temperature increase, which enables more precise control over
the heating process. Magneto-ultrasonic heating creates very in-
novative, promising approach which has an application potential to
treat cancer at lower SPION concentration.

2. Materials and methods

2.1. Preparation and characterization of HClO4-stabilized SPION and their
modification with glycine

In this research we used the magnetic nanoparticles dispersed in a
fluid, a suspension that is called magnetic fluid (MF). Iron oxide na-
noparticles were prepared by the coprecipitation of ferric and ferrous
salts (molar ratio 2:1) in the base solution of 25% NH4OH under con-
stant stirring. The suspension was washed 4 times with water to reach
an approximate pH of 7 [19,20]. After washing, concentrated HCIO,4
was added to the precipitate and the outcome MF was centrifuged at
35,000 rpm for 60 min [21,22]. The SPION concentration in the MF was
50 mg/mL. Glycine was dissolved in ultrapure water and was added to
MF in the ratio glycine/magnetic nanoparticles = 5. The mixture was
stirred for 72 h at 25 °C. The SPION concentration in the sample mag-
netic nanoparticles modified with glycine was 34 mg/mL. Glycine was
chosen as it is a chain amino acid easily adsorbed onto the iron oxide
surface. Moreover nanoparticles covered with glycine show good col-
loidal stability and cytocompatibility with cell lines [23,24].

Magnetic properties which are very important to the aim of the
study were investigated using a vibrating-sample magnetometer (VSM)
installed on a cryogen-free superconducting magnet from Cryogenic
Ltd. Fig. 1 presents the magnetic properties of the prepared magnetic
fluid. It shows a narrow hysteresis loop for 298 K, which proves the
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Fig. 1. Hysteresis loop obtained for 2K and 298 K (the inset shows the zoom of
the hysteresis loop in the range between —0.1 and 0.1 T). Squares denote the
experimental data whereas solid line shows the sum of Langevin functions for
different particle diameters weighted by the particles size distribution.
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Fig. 2. Magnetic core size distribution obtained from magnetization curve and
the hydrodynamic size of particles obtained from DLS measurement.

superparamagnetic behavior of the obtained magnetic nanoparticles. It
also can be seen that the saturation magnetization is 0.0217 T (Fig. 1).
To obtain information about the magnetic core size distribution (Fig. 2),
the magnetization curve was fitted to the Langevin function [25]. The
dominant magnetization comes from the particles with a magnetic core
size of approximately 9.7 + 0.1 nm. The coupling constant A = 1 in-
dicates a relatively week magnetic dipole interaction between particles.
The hydrodynamic size distribution of nanoparticles was determined
from DLS measurements using Malvern Zetasizer Nano ZS. The mean
hydrodynamic diameter was approximately 58 + 0.2nm (Fig. 2). The
nanoparticles diameter obtained from magnetic measurements is
usually smaller than their hydrodynamic size since the magnetic mea-
surements give only the size of the magnetic core whereas DLS method
measures also the thickness of the other nonmagnetic layer or layers
surrounding the magnetic grain.

2.2. Preparation and characterization of tissue-mimicking phantoms

For our studies we prepared tissue-mimicking materials based on
agar powder — nontoxic substance obtained from red seaweeds. Agar
phantom forms a thermo-reversible gel in an aqueous solution, and
remains stable over a wide range of temperatures up to 353K (80 °C)
which is advantageous [26]. The acoustic parameters of agar phantoms
such as speed of sound ~1540m/s, density ~1.0g/cm® and at-
tenuation ~ 0.3-0.5dB/cm'MHz, are very similar to those of human
tissue [27]. For all of the hyperthermia measurements agar gel phan-
toms were prepared using agar powder characterized by the company
HiMedia as a standard plate count agar (Standard Methods Agar M091-
500G) and doped with magnetic nanoparticles (characterized in pre-
vious section). The prepared phantoms have a cylindrical shape with
3.0 cm diameter and height about 2.5 cm. The weight concentration of
the agar in phantoms ¢, was 5% (w/w) and the concentration of the
magnetic nanomaterial ¢, was approximately 0.35% (w/w), 0.64%
(w/w) and 1% (w/w).

2.3. Measurement setup

During experiments on ultrasound, magnetic and sonomagnetic
hyperthermia the measured sample, induction coil and ultrasound
transducer were immersed in degassed and distilled water at room
temperature. The phantom was first irradiated with either the focused
ultrasound wave or exposed only to AC magnetic field. Then both
heating sources were applied simultaneously. The focused single-
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element ultrasound transducer made by Optel company was driven in
continuous-wave mode with an operating frequency of 1 MHz. The
acoustic power of the transducer was ranging from 0.3 to 1.9 W.

The compact EASYHEAT (Ambrell Corporation, United States) in-
duction heating systems was used as a source of magnetic field. The
induction heating setup consists of a high-frequency power supply that
takes the input from the AC line mains. This power supply unit converts
regular line frequency (50Hz) to a high-frequency signal, typically
operating between 150 and 400 kHz. This high-oscillating signal is then
fed to a tank circuit that feeds the water-cooled induction heating coil.
The high-frequency signal generates a high-frequency magnetic field
inside the induction heating coil. The frequency of the alternating
magnetic field is 356 kHz and the intensity ranges from 5.2 to 16.2 kA/
m. The temperature in the phantom during all hyperthermia experi-
ments was measured using a FLUOTEMP temperature sensor system
(Photon Control Inc.). The temperature sensor consists of the optic fiber
temperature probe (model FTP-NY2), the optic fiber cable, and the
opto-electronic converter. Thermometer is connected to computer to
register experimental data. The signal from the probe is unaffected by
the magnetic field and other interferences. During experiments the
optical fiber was centrally placed in the phantom about 0.5 cm below its
surface, at the ultrasound focus and in the center of induction coil. In
order to position the thermometer as close as possible to the focus of
ultrasound beam, the phantom with optical fiber inside was mounted
on a tri-axis positioning system (x, y, z). The ultrasound heating started
after the focus point was found. Schematic illustration of the mea-
surement setup is presented in Fig. 3. Ultrasound and magnetic hy-
perthermia experiments were conducted for three SPION concentra-
tions of 0.35%, 0.64%, 1% (w/w) and various acoustic and magnetic
field powers. Magneto-ultrasonic experiments were performed as a
function of SPION concentration for 1W of acoustic power and
10.7 kA/m magnetic field. The reason for the choice of 1 W-acoustic
power was that it allowed us to achieve similar final temperatures of
the samples in both procedures: ultrasonic and magnetic. Therefore any
of these methods did not dominate the heating of the samples.

3. Results and discussion

3.1. Ultrasound hyperthermia

Ultrasound-based therapies play a fundamental role in the scientific
research. Ultrasonic waves induce oscillation of materials in the
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Fig. 3. Schematic illustration of the measurement setup.
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ultrasound field. This mechanical oscillation is then converted into
thermal energy, which increases the temperature in the treatment zone.
Furthermore, focused ultrasound is a good technology for inducing
hyperthermia because of its precise focus and ability to deposit energy
in small area. First experiments of our work concerned the investigation
of the effect of sonosensitizing nanoparticles presence on the tem-
perature rise in the center of the ultrasound focal zone for different
acoustic powers. The experimental results of recorded temperature
changes versus time, for agar phantom doped with 1% concentration of
SPION at different acoustic powers, are presented in Fig. 4a. It can be
seen that the temperature increases with acoustic power. Because the
focal zone is very small the observed temperature increase is rapid, in
the first seconds of sonication, then it stabilizes and saturates. Since the
ultrasound beam propagates through the phantom, some of its energy is
deposited as heat. In normal circumstances, this heat would dissipate
rapidly. The difference in rate of heating and cooling results as a local
temperature rise [28]. Moreover, higher temperature rise is caused by
the attenuation of bigger amount of ultrasound wave energy.

The next goal of our research was to study the effect of magnetic
nanoparticles concentration on the thermal effect of ultrasound hy-
perthermia. The temperature variations with time for various con-
centration of SPION during 1 W-ultrasound sonication at 1 MHz fre-
quency are presented in Fig. 4b. We observed that bigger amount of
nanoparticles leads to the additional attenuation of sound [15] and in
consequence to the higher temperature increase. As it was described
earlier the rapid temperature increase in the first seconds of ultrasound
sonication and further temperature saturation also can be observed.

The effect of ultrasound sonication, in short, can be enhanced by
sonosensitizers. Various nanometer sized particles have been success-
fully used as sonosensitizers to maximize the ultrasound action [29,30].
In our work we propose the use of magnetic nanoparticles modified
with glycine because of their biocompatibility, nontoxicity, and
common use in several medical applications [23,24]. Moreover, our
results indicate their good sonosensitizing properties for the ultrasound
hyperthermia treatments. Their presence in the tissue mimicking
phantoms increases the rate of ultrasound heating.

3.2. Magnetic hyperthermia

Magnetic nanoparticles, despite being the source of additional at-
tenuation in ultrasound hyperthermia, can also produce heat by
themselves in the AC magnetic field. Magnetic hyperthermia is a pro-
mising non-invasive cancer medical therapy, which makes use of
magnetic nanoparticles that generate heat. There are three mechanisms
of magnetic heating: eddy currents, magnetic relaxation, and hysteresis
losses. In the case of superparamagnetic magnetic particles the major
heating mechanism is relaxation. Magnetic moment of magnetic na-
noparticles tends to align with direction of magnetic field through the
movement of the magnetic moment within a particle (Neel’s relaxation)
or the rotation of the whole particle (Brownian relaxation). The tem-
perature variations with time for the phantom with 1% concentration of
SPION for different values of the magnetic field strength during mag-
netic hyperthermia are presented in Fig. 5a. The higher the intensity of
the magnetic field, the faster temperature rise was observed. For
5.2 kA/m the heating rate AT/At is about 0.012 °C/s and for 16.2 kA/m
about 0.047 °C/s. The temperature increases achieved during those
experiments are rather moderate. According to the literature [18,31]
the confinement and immobilization of nanoparticles in a tissues or
tissue-mimicking phantoms leads to the suppression of Brownian re-
laxation mechanism and in consequence causes a decrease in the
heating efficacy.

The temperature variations with time during magnetic hy-
perthermia with the magnetic field strength of 10.7kA/m for the
phantoms with various concentration of SPION are presented in Fig. 5b.
The higher amount of magnetic nanoparticles in phantom leads to the
more effective heating. The heating effect was not observed in agar gel
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Fig. 4. (a) Ultrasound hyperthermia as a function of time and acoustic power for 1% concentration of SPION; (b) ultrasound hyperthermia as a function of time and

SPION concentration for 1 W of acoustic power.

phantom without magnetite nanoparticles.

The results of our magnetic hyperthermia experiments have shown
that the magnetic nanoparticles modified with glycine are good mate-
rial for heat generation in AC magnetic field. In the presence of mag-
netic field they exhibit noticeable thermal effect. Their larger con-
centration in phantoms contributes to the higher increases of the
magnetic hyperthermia efficacy.

3.3. Magneto-ultrasonic heating

The experiments described in the previous sections have shown that
the prepared magnetic nanoparticles have the ability to act as direct
source of heating (magnetic heating) and enhance the heating effi-
ciency of the ultrasound by the increasing its absorption in the
phantom. The most interesting, however, is the use of these two
methods of heating together. The effect of sonomagnetic interaction
was studied by applying simultaneously the magnetic field and ultra-
sound to the phantoms (Fig. 3). The results of sonomagnetic heating for
different concentrations of SPION using the ultrasound at acoustic
power of 1 W and the magnetic field of the strength equal to 10.7 kA/m
are presented in Figs. 6-8 with the results of the single hyperthermia
procedures (magnetic and ultrasound) shown for the comparison. The
temperature achieved using sonomagnetic hyperthermia is higher in
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Fig. 6. Magnetic, ultrasound and magneto-ultrasound hyperthermia results for
0.35% concentration of SPION, for the ultrasound at acoustic power of 1 W and
the strength of magnetic field of 10.7 kA/m magnetic field.
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Fig. 5. (a) Magnetic hyperthermia as a function of time and magnetic field strength for 1% concentration of SPION; (b) magnetic hyperthermia as a function of time

and SPION concentration for the magnetic field strength of 10.7 kA/m.
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Fig. 7. The temperature increase in magnetic, ultrasound and magneto-ultra-
sound heating for 0.64% concentration of SPION. The acoustic power was 1 W
and the strength of magnetic field was 10.7 kA/m.
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Fig. 8. The temperature increase during magnetic, ultrasound and magneto-
ultrasound heating for 1% concentration of SPION. The acoustic power was 1 W
and the strength of magnetic field was 10.7 kA/m.

comparison to the results obtained during ultrasound or magnetic hy-
perthermia alone. For example after 10s in the AC magnetic field
(10.7 kA/m) the temperature in the phantom of 1% concentration of
SPION (Fig. 8) increased about 0.33 °C while after 10 s of ultrasound
sonication (at acoustic power of 1 W) the temperature increased about
2.70 °C. On the other hand after 10s of simultaneous actions of both
heating modes the temperature increase was about 3.34°C. It can
clearly be seen that bimodal hyperthermia is more effective than single
methods of hyperthermia. This innovative sonomagnetic hyperthermia
will allow for a better control of the heating process and shorter ex-
posures time what should lead to the more effective therapy.

Many experimental groups work to improve and modify the existing
thermal procedures by combining them with other methods [1-4,6].
Bimodal sonomagnetic method proposed in this study seems to be very
interesting and promising for further investigations and applications.
The experimental results demonstrate that this combined method is
characterized by a better heating ability than ultrasound or magnetic
alone. We assume that the achieved improvement of heating rate in
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Fig. 9. The temperature increase during 10 s of magnetic, ultrasound and so-
nomagnetic heating for different concentrations of SPION. The ultrasound
power was 1 W and the strength of magnetic field was 10.7 kA/m.

simultaneous interaction of ultrasounds and magnetic field probably
results from the unlocking (in part) by ultrasonic wave the relaxation
mechanism of the Brownian motions which are responsible for the heat
generation in magnetic hyperthermia. In many studies the substantial
effect of magnetic heating was observed in magnetic particle suspen-
sions [32]. However, in gel matrix such as agar phantom these motions
are blocked due to solid-like structure of gel. During sonomagnetic
heating, the ultrasonic component significantly increases the tempera-
ture of phantom and the pores in agar expands similarly as during so-
nophoresis treatment [33]. This leaves more space for Brownian mo-
tions of nanoparticles during magnetic hyperthermia, which manifests
in the observable additional temperature increase during sonomagnetic
hyperthermia (Fig. 9).

4. Conclusion

The presented work involves the investigation of the effect of si-
multaneous interaction of ultrasounds and magnetic field with mag-
netic nanoparticles on the temperature increase in gel phantoms doped
with magnetic nanoparticles. The effect of external physical stimulus,
such as ultrasound and the AC magnetic fields, was assessed in vitro.
We demonstrated that bimodal stimulation of nanoparticles provides a
better heating efficiency. These two heating effects seem to be cumu-
lative in nature. Simultaneous interaction of both thermal modes in the
first seconds contribute to a higher temperature increase than either
method alone or their sum. This sonomagnetic procedure provides a
better heating efficiency and enables more precise control over the
heating process. The obtained results suggest that magneto-ultrasonic
approach to hyperthermia can also find the application in the treatment
of the cancer as this method requires the lower SPION concentration
that can reduce health risks. Summarizing, the coupling of magnetic
and ultrasonic hyperthermia is promising heat therapy for tumor and
can lead to the possibility of a new, innovative thermal method.
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