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Abstract 

There exist various types of hyperthermia therapy such as radiofrequency, infrared, microwave, 

focused ultrasound or magnetic. Recently, a lot of effort has been put into combining more than one 

mode of heating into one treatment. The multimodal hyperthermia proves a better alternative in 

comparison with a single one. In this paper, we show that the application of dual sono-magnetic 

heating (ultrasound and magnetic together) gives better results than using either of them alone. The 

advantage of this bimodal treatment lies not only in cumulative heating of target volume (tumor)  but 

also in synergistic interaction between the two mechanisms — the ultrasound sonication can improve 

the thermal effect of magnetic hyperthermia through the unblocking Brown’s relaxation. Furthermore, 

the ultrasound and magnetic heating are complementary to each other. The temperature rise caused 

by ultrasound is fast changing and by magnetic field slow changing. So the parameters of ultrasound 

can serve as coarse-tuning settings of heating while the parameters of the magnetic field as fine-tuning 

enabling more precise hyperthermia. 
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1. Introduction

Nanoparticles, including magnetic ones, find more and more applications in medicine. 

Superparamagnetic nanoparticles can be used as nanocarriers for different therapeutic agents 

(nanomedicines) [1]. Most often they are administered in the form of an aqueous suspension 

– magnetic fluid, to avoid undesirable effects that may occur after administration of bare magnetic

nanoparticles. Magnetic nanomaterial in the form of a bare powder allows for possibility of

aggregation and creation of larger structures. Such agglomerates are the cause of undesirable

ultrasound backscattering during ultrasound sonication, but can also activate responses of immune

systems [2, 3].  Nanoparticle suspensions are often use in targeted drug release. Nanoparticles act as

a vehicles that carry medicines, where drug release can be triggered by temperature increase. Drug

carriers are designed to release their payload at the temperature (e.g., 42–43°C) a few degrees above

the physiological temperature [4]. A lot of effort has been put into combining chemotherapy with

thermal treatment [5-7]. To be more specific, the temperature rise in the body triggers physiological

changes responsible for the weakening of the unhealthy cells. It increases vascular permeability and

blood flow, which is helpful for chemotherapy and increases blood oxygenation and oxygen content in

tissues, thus sensitizing them for radiotherapy [8]. New methods of heat generation are constantly
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being sought and currently existing are constantly being optimized to enhance the delivery of 

nanomedicines. For this purpose, it is possible to use a new method: sono-magnetic heating. The 

presence of magnetic particles in tissue (tumor) increases the ultrasonic attenuation. The 

nanoparticles work as sonosensitizing materials in the case of ultrasound-induced heating [9]. 

Superparamagnetic iron oxide nanoparticles are also used for induction of heat by an externally 

applied AC magnetic field magnetic heating [10]. Because nanoparticles have the dual ability to act as 

both magnetic and sonosensitizer agents, magnetic and ultrasonic heating may work synergistically to 

produce a more efficient treatment [11]. Such combination of different therapies allows to use lower 

dosage of potentially harmful (especially in high concentrations) drugs, substances, and nanoparticles. 

It can also reduce the time of therapy and magnitude of heating power which can result in the 

minimization of negative side effects [5, 12, 13]. The promising first results of sono-magnetic heating 

[11] are encouraging for further research in this area. 

The main aims of this work are to study the heating process induced by the AC magnetic field 

(AMF) and focused ultrasounds (FUS) in the presence of iron oxide nanoparticles and the combined 

effect resulting from magnetic and ultrasound heating acting simultaneously. For this purpose, we use 

a tissue-mimicking tumor phantom. It consists of stiff agar phantom embedded with nanoparticles (to 

model the tumor) surrounded by less stiff pure agar phantom (healthy tissue). 

 

2. Materials and methods 

2.1 Nanoparticles fabrication  

Dextran magnetic fluid (DEX-MF) was prepared using the slightly modified Molday procedure [14]. 

Briefly, 38 g of dextran was dissolved in 150 ml of water while 10 g of FeCl3∙6H2O and 4.2 g of FeCl2∙4H2O 

were dissolved in 26 ml of 2M HCl. Reacting mixture consisting of ferrous chloride and ferric chloride 

with dextran polymers of 150 000 molecular weight was put to the water bath and heated to 60–65°C 

under mixing. 150 ml of 7.5 % ammonium hydroxide was added dropwise and the mixing continued 

for another 20 min at 65°C. Agglomerates were removed by centrifugation at 5000 rpm for 45 min.  

The hydrodynamic particle size distribution of magnetic nanoparticles (MNPs) was measured 

using a dynamic light scattering (DLS) with a scattering angle of 173°. Temperature trend 

measurements in the particle size were carried out with the same method. For this, a sample was 

prepared at room temperature and the Z-average was determined during the heating of the sample 

inside the measuring device with a temperature-controllable cell. The measurement was performed 3 

times at a heating rate of 1°C per 5 min ranging from 20 to 90°C. The magnetization curve was 

measured using a vibrating sample magnetometer (VSM) installed on a cryogen-free superconducting 

magnet from Cryogenic Ltd. The ultrasonography images of the tumor phantom were obtained with 

the system USG (Sonoline Prima, SIEMENS). 

 

2.2 Agar gel-based tumor model 

Tissue-mimicking phantoms are widely used to study various treatment methods e.g., the 

hyperthermia and thermal ablation therapy [15-17]. Custom made phantoms, with specific shapes and 

properties, offer the possibility to conduct experiments in conditions similar to the human body. We 

choose to use agar-based phantoms since they possess the acoustical properties similar to those of 

real tissues [9, 18-21]. Agar powder was dissolved in hot water or in a mixture of hot water and 

magnetic fluid and then leave to cool down, see Fig. 1 [22, 23]. Tissue-mimicking phantom with tumor 
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model was formed using a cylindrical phantom with magnetic nanoparticles (mimicking a tumor loaded 

with magnetic nanoparticles) surrounded by a pure agarose gel (mimicking healthy tissue). Phantom 

with nanoparticles (tumor model) has the cylindrical shape with 1.0 cm diameter, 2.0 cm height and 

volume about 3ml. The concentration of the agar in phantom, ϕA, was 5% (w/w) and the concentration 

of the magnetic nanomaterial, ϕM, was approximately 0.33% (w/w). The concentration of pure agarose 

gel surrounding tumor model was 4% (w/w). The volume of the whole phantom containing the tumor 

model was about 25 ml. Owing to the fact that healthy tissues and tumors have different mechanical 

properties [24] — tumors exhibit higher stiffness and lower elastic moduli than normal tissues [25-27] 

— our tumor model has a higher concentration of agar (higher stiffness) comparing to the surrounding 

pure agar phantom (lower stiffness). For the preparation of agar-gel phantom with MNPs we used agar 

powder characterized by the company HiMedia as a standard plate count agar (Standard Methods Agar 

M091- 500G) and magnetic nanoparticles. 

 

 

Fig. 1. Preparation of tissue-mimicking phantom: A) 3 ml tissue-mimicking phantom embedded with 

MNPs (tumor model), B) 25 ml tissue-mimicking phantom with placed inside 3 ml tumor model. 

 

2.3 Sono-magnetic heating system 

The measuring system for sono-magnetic heating consisted of two parts: the magnetic heating system 

(EASYHEAT, Ambrell Corporation) with an induction coil and the ultrasound heating system (Optel Ltd.) 

with a transducer emitting focused ultrasound (Fig. 2). The induction coil had a length of 60 mm and 

five turns of 56-mm diameter. The frequency of AMF was equal to 356 kHz, and the intensity was in 

the range of 5.2–16.2 kA/m. The ultrasound transducer worked in continuous mode with the operating 

frequency of 1 MHz and acoustic power ranging from 0.6–1.4 W. The acoustic power was estimated 

using the radiation force balance method [28]. In order to position the thermometer as close as 

possible to the focus of the ultrasound beam, the phantom (containing the optical fiber) was mounted 

on a tri-axis positioning system (x, y, z). To locate the ultrasound focus point the phantom was manually 

moved by steps of 1 mm, along the x,y,z-axis in order to find localization (x,yz) of the highest 

temperature rise (ultrasound focus). During experiments the phantom was  exposed to either 

alternating magnetic field or focused ultrasound, and simultaneously to AMF and FUS. The ultrasonic 
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transducer, induction coil and the phantom were immersed in degassed and distilled water at room 

temperature. The temperature variations induced during this sono-magnetic experiments were 

registered by a digital thermometer (FLUOTEMP, Photon Control Inc.) with optical probe placed inside 

the tumor phantom. 

 

 
Fig. 2. The measurement setup for sono-magnetic heating.  

 

3. Results and discussion 

3.1 Nanoparticles characterization  

The particle size distribution (PSD) in the initial magnetic fluid (non-diluted) as obtained from the DLS 

measurement is shown in Fig. 3a together with the dependence of the average hydrodynamic 

diameter, dhyd, and polydispersity index (PDI) on temperature (Fig. 3b). It can be seen that temperature 

does not affect the values of dhyd and PDI so the preparation of phantoms in high temperature does 

not change the particle size distribution.  
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Fig. 3. a) Intensity size distribution of the hydrodynamic diameter dhyd (Dynamic Light Scattering (DLS) 

measurements). b) Mean hydrodynamic diameter and polydispersity index PDI in the function of 

temperature. 
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 The DC-magnetization curves in water-based magnetic fluids used to prepare the agar 

phantoms with different concentrations of nanoparticles are shown in Fig. 4a whereas the 

magnetization curves of the agar phantoms embedded with magnetic nanoparticles are presented in 

Fig. 4b. The results show that the magnetic saturation of magnetic fluids is slightly smaller than that of 

agar phantoms embedded with magnetic nanoparticles, despite the same concentrations of magnetic 

nanoparticles in both cases, e.g., 0.22 emu/g for magnetic fluids with 0.9%-concentration of magnetic 

nanoparticles and 0.26 emu/g for the agar phantom prepared using the same magnetic fluid and doped 

with the same amount of nanoparticles. This trend is seen for all concentrations of magnetic 

nanoparticles and can be explained as follows: the magnetic nanoparticles locked in the gel are more 

resistant to thermal movements that disturb the magnetic moment orientation along the magnetic 

field direction and increase the value of saturation magnetization. 

The well-known method to estimate particles size distribution from VSM measurements requires 

the finding of the best fit of the volume averaged-Langevin function with the lognormal PSD of the 

form  

𝑓(𝑥) =
1

√2𝜋𝑥𝑆
  exp [−

ln2(𝑥 𝐷0⁄ )

2𝑆2
] (1) 

to experimental magnetization data, where D0  and S are the parameters of the distribution. Then the 

mean particle diameter 𝑑𝑚 and its standard deviation 𝜎 can be evaluated from the formula 

𝑑𝑚 = 𝐷0 exp(𝑆 2⁄ ) and 𝜎 = 𝐷0(exp𝑆2 − 1)1/2 [29]. The results are shown in Fig. 5. It should be noted 

that the nanoparticle size determined from magnetization measurement is the magnetic core size. It 

is always less than hydrodynamic size obtained from DLS measurement by the thickness of additional 

layer/layers surrounding magnetic particle. The average size of the magnetic grain is virtually the same 

in MF and agar phantom confirming that the process of preparing the phantom does not change the 

granular properties of magnetic nanoparticles. The solid lines in Fig. 4 present the magnetization 

curves predicted theoretically with PSDs shown in Fig. 5.  
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Fig.4. Magnetization curves of a) magnetic fluid (MF) and b) pure agar phantom and agar phantoms 

with magnetic nanoparticles. The solid lines present the theoretical predictions calculated with the 

magnetic lognormal size distribution with the parameters shown in Fig. 5. 
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Fig. 5. Magnetic core size distribution obtained from magnetization curves of  magnetic fluids and 

phantoms 
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Fig. 6. Ultrasound images of the tumor phantom placed in a cuvette filled with water;  side view on 

the left, top view on the right. 

 

 The studied tumor phantom was scanned with ultrasonography (USG). Fig. 6 presents the  

ultrasound images of the prepared phantom placed in a cuvette filled with water. The images show 

clearly the boundaries between the water and the agar gel and between the agar and the agar with 

nanoparticles. The fragment containing the magnetic nanoparticles exhibits higher echogenicity (the 

largest brightness) because of the higher acoustic impedance Z = c·ρ (c — ultrasound velocity,  

ρ — density) [20, 30]. The boundary of the gel with nanoparticles is visible (the intensity of the reflected 

echo is greater). The prepared phantom simulates the tumor well. 

 

3.2 Ultrasonic and magnetic heating 

Temperature increase that appears in biological tissues during ultrasound sonication can be explained 

by the mechanism of ultrasound attenuation resulting from scattering and absorption of the wave by 

the tissues. Absorption of ultrasound in homogenous media occurs mostly as a result of relaxation 

losses and partially from internal friction and thermal conductivity, and increase in general with 

frequency [31]. 

The effectiveness of ultrasound heating can be improved by using sonosensitizers in the form 

of solid nanoparticles. The interaction between the ultrasonic wave and nanoparticles suspended in 

the continuous phase of medium (tissues) leads to the higher attenuation of the ultrasound wave 

compared to the attenuation in the continuous phase alone [32, 33]. In our previous works we showed 

that the presence of nanoparticles leads to the additional attenuation of ultrasound and in 

consequence to the higher temperature increase [9, 20]. Moreover, the valuable advantage of 

ultrasonic waves is that they can be focused in a small area and the depth of their penetration can be 

controlled. Therefore focused ultrasound heating can induce precise hyperthermia [34-36]. 

The experimental results of temperature changes vs time for agar phantom embedded with 

0.43%-concentration of MNPs at different acoustic powers are presented in Fig. 7. The results 

demonstrate that in the first seconds temperature increases linearly with time and higher acoustic 

power causes faster growth of temperature. However, after about 5 s a steady state is achieved since 

the energy gain from the external source (ultrasound) is balanced by energy loss, mainly from heat 

conduction: the heat from the very small and hot focal zone of ultrasound (inset in Fig. 7) is transferred 

outside. That is why temperature stabilizes and saturates. 
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Fig. 7. Ultrasonic heating as a function of time and acoustic power. Inset: the ultrasound focal zone 

becomes the source of heat in phantom. 

 The nanoparticles used in magnetic heating have superparamagnetic properties. When 

magnetic nanoparticles placed in tumor tissue are subjected to an alternating magnetic field, the 

magnetic energy is transformed into heat. In case of superparamagnetic nanoparticles the only 

mechanism responsible for the heat generation is relaxation. This mechanism has two variants: Néel 

relaxation and Brown relaxation. The nanoparticle magnetic moment tends to align with the direction 

of the external magnetic field through the movement of the magnetic moment within a nanoparticle 

(Néel relaxation) or the rotation of the whole nanoparticle (Brown relaxation) [37, 38]. The 

temperature variations with time for the phantom with 0.43%-concentration of MNPs for different 

values of the magnetic field strength during magnetic heating are presented in Fig. 8. 
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Fig. 8. Magnetic heating as a function of time and magnetic field strength. Inset: tumor phantom 

embedded with nanoparticles placed in the AMF becomes the source of heat. 
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The results obtained demonstrate that with increasing strength of the magnetic field the 

higher temperature rise can be achieved. However, the initial temperature growth rate is much smaller 

than in case of ultrasonic heating, e.g., 0.0135 K/s for magnetic heating with magnetic field strength 

of 16.2 kA/m and 0.25 K/s for ultrasonic heating with the smallest acoustic power of 0.6 W. Moreover, 

the curve for low magnetic field strength (5.2 kA/m) tends to bend downward. This is because more 

heat is transferred to surroundings (as healthy tissues or as in our case to pure agar phantom 

surrounding tumor model) than generated by magnetic nanoparticles. In clinical conditions the 

temperature achieved during the heating therapy can be substantially lowered by blood flow and 

blood perfusion. Blood perfusion through the vascular network influences the local temperature 

distribution thus changing the temperatures of the blood and tissue, which leads to convective heat 

transport [39]. Therefore, for low magnetic field strength it is difficult to maintain high-temperature 

increase and keep it stable over time. The reason for the weak temperature growth in tumor phantom 

during magnetic heating is the blockage of a Brown mechanism by the firm structure of gel (tissues). 

One possibility is to use light (photo-induced hyperthermia) [40] or ultrasound which can be 

applied independently as a second source of heat [9, 11]. The big advantage of ultrasound comparing 

to light wave is that FUS therapy reaches areas localized deep within the body [41]. The penetration 

depth of ultrasound in tissue can be controlled by appropriate choice of frequency. For 1 MHz 

ultrasound penetration depth is about 20 cm and it increases for lower ultrasound frequencies [42, 

43]. Whereas light can only be used if the tumor is not located deep in the body [40]. 

 

3.3.Sono-magnetic heating 

The effectiveness of magnetic and ultrasonic heating used separately as a single modes of heating can 

be improved, as was shown in the previous section, by the use of the appropriate solid nanoparticles. 

They can noticeably enhance the thermal effect of the FUS heating due to the increase of ultrasound 

attenuation. Moreover, if they possess magnetic properties they will become the source of heat in 

alternating magnetic field. Therefore, magnetic nanoparticles constitute the perfect all-in-one material 

for bimodal heating. The combination of magnetic and ultrasound heating is a very promising 

approach. The bimodal therapy gives not only a cumulative heating in the site of interest but also 

creates conditions for synergistic interaction between the two mechanisms, namely the ultrasound 

sonication can improve the thermal effect of magnetic hyperthermia through the unblocking Brown’s 

relaxation mechanism [11].  

In our previous work [15] we showed that the effectiveness of magnetic heating depends on 

MNPs ability to rotate. However, MNPs movement in the gel structure of phantom (tissue) is limited. 

Therefore we assume that during this double heating ultrasound sonication increases the temperature 

and expands the pores of the phantom, which leaves more space for Brownian motions of 

nanoparticles, normally blocked in gel structure of phantom (tissues). This results in the observable 

additional temperature increase during magneto-ultrasonic heating.  

During magneto-ultrasonic experiments the tumor phantom, immersed in distilled water, was 

simultaneously sonicated by ultrasound and exposed to the alternating magnetic field (Fig. 2). Fig. 9 

presents the results of ultrasonic heating, magnetic heating and sono-magnetic heating for the tissue-

mimicking phantom with tumor model. 
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Fig. 9. Magnetic, ultrasonic and sono-magnetic heating as a function of time. Parameters: magnetic 

field strength 16.2 kA/m, ultrasound frequency 1MHz with 1W of acoustic power. Inset: Unlocking of 

the Brown relaxation mechanism is responsible for the observed increase in temperature during  

sono-magnetic heating.  

The results of sono-magnetic heating demonstrate that the simultaneous action of ultrasound and 

magnetic field is more effective. It allows for achieving a better and faster heating comparing to the 

heating induced by single hyperthermia modalities. The ultrasound and magnetic heating are 

complementary to each other. The temperature rise caused by ultrasound is fast changing and by 

magnetic field slow changing. So the parameters of ultrasound can serve as coarse-tuning settings of 

heating while the parameters of magnetic field as fine-tuning enabling more precise hyperthermia. 

The magnetic core also provides the hybrids with MRI detection (theranostic particles), 

allowing an in-depth imaging [40]. 

 

4. Conclusion 

If we are to consider the application of magnetic hyperthermia on human tissues, experiments should 

be performed in conditions similar to the human body. In fluid suspensions, magnetic particles move 

freely and easily generate heat, however, in tissue-mimicking phantoms with mechanical properties 

that differ from fluids nanoparticle movement is limited and consequently less heat is generated. 

Moreover, if we are using tissue-mimicking phantoms or perform experiments on real tissues containg 

tumor we need to take into account the fact that healthy tissue surrounding cancerous one receives 
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heat and it is difficult to maintain high-temperature increase and keep it stable over time. However, 

the effectiveness of magnetic heating can be improved by merging it with other heating methods. In 

our work, we successfully improved magnetic heating by combining it with focused-ultrasounds and 

performed this bimodal treatment on tissue-mimicking phantoms with tumor model, placed inside, of 

different mechanical properties than healthy tissue. However, it is of importance to carry out, in the 

future, sono-magnetic experiments on real tissues. This bimodal heating appears to be more effective 

than magnetic or ultrasonic heating alone. In this bimodal heating, we can achieve the desired 

temperature increase in a shorter time than for magnetic or ultrasonic heating applied alone. 

Moreover, the double thermal stimulation of phantoms embedded with nanoparticles enables more 

precise control over the heating process and is a promising approach to treat cancer at lower 

nanoparticle concentrations and with shorter exposure times. The results show the potential of sono-

magnetic heating for cancer treatments which comparing to other methods like photo-thermal 

therapy is able to reach tissues and areas localized deep within the body. Hopefully, in the future, it 

will help to create a new heating method suitable for thermal anticancer therapy. 
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