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1  Overview

1.1  Motivation and Significance of the Problem Under Study

Among the pressing issues of our time, a special place belongs to the problem of the 
fight against cancer diseases, in particular with deeply located tumors. Diseases of 
this type cause fear and association with the death fate, although in reality it is only 
a diagnosis, and most cancers in the early stages of detection are treatable. The 
incredibly disturbing is the fast increase in cancer incidence around the world. 
According to the data of the World Health Organization (WHO) [1] in the absence 
of new methods of treatment, the number of cancer cases can grow from 19 million 
people in 2020 to 29.5 million until 2040. At the same time, the cancer death rate is 
growing too. As claimed by the same prediction of WHO [1], the estimated number 
of deaths due to oncological diseases during this period will increase by 71.5%: 
from 10.1 million people in 2020 to 16.4 million in 2040. Until 2040 a significant 
growth of the mortality rate is expected in African countries (>100%) and Asia 
(~77%), and slightly less in North America (~59%) and Europe (~32%). Therefore, 
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the instant task is to improve already existing methods of diagnosis and treatment of 
the oncological diseases, particularly those with deeply located tumors, as well as 
developing the new ones.

1.2  Progress in Cancer Treatment and Current Challenges

Nowadays, there are powerful methods of fighting oncological tumors, such as sur-
gery, chemotherapy, and radiation therapy (radiotherapy). The two of the last meth-
ods are characterized by high efficiency, but at the same time, they are “aggressive” 
with many side effects that negatively affect the normal functioning of the body and 
the quality of life in general. In the case of chemotherapy, the injected drugs are 
spread throughout the body and it is necessary to apply “huge” doses to achieve the 
desired concentration of the drug in the tumor area. This has a devastating effect not 
only on malignant formations but also on healthy organs, which significantly sup-
presses their vital activity. For this reason, quite often a patient must stop the drug 
treatment only to save the body from full destruction. At the same time, the radiation 
doses received during radiotherapy affect both the tumor itself and healthy tissues 
in its vicinity. This brings up the important questions: “Is it possible to focus the 
therapeutic effect only on a tumor? And how can harmful side effects be reduced?”. 
The technological progress provides an answer to these questions—magnetic hyper-
thermia (MHT) is one of the promising and safe methods with the opportunity to 
localize the effect only on the malignant formation and is gradually being intro-
duced into world medical practice.

The principle of MHT is based on the well-known fact that cancer cells are more 
sensitive to the heat than healthy body tissues. In particular, it is known that heating 
to 42–45 °C increases the sensitivity of the affected cells to chemotherapy or radio-
therapy. In this case, the doses of drugs or irradiation can be significantly lowered 
(twice or even three times compared to the independent use of these methods); 
consequently, MHT allows reduction of the side effects. Also, cancer cells can be 
destroyed by heating to 46–50 °C (in medicine it is known as thermoablation).

MHT consists of three important stages: the first—injection of magnetic nanopar-
ticles (magnetic fluids) and their localization in the tumor area; the second—
nanoparticle heating in an external alternating magnetic field (AMF); and the 
third—the use of chemotherapy or radiotherapy when reaching and maintaining a 
temperature of 42–45 °C, or further heating of the tissues to the temperature of the 
destruction of cancer cells at 46–50 °C (thermoablation). Thus, magnetic nanopar-
ticles play the role of heat mediators, which locally heat their environment (tumor) 
to the required temperature providing the desired therapeutic effect.

There are several advantages of magnetic hyperthermia over other methods of 
cancer treatment. Firstly, the location of the nanoparticles can be effectively con-
trolled by the magnetic field that allows them to concentrate and held in the tumor 
area. Secondly, the use of magnetic hyperthermia makes it possible to treat deeply 
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located tumors with little or no surgery. Third, the benefits include almost complete 
absence of the side effects of treatment.

2  Self-Controlled Magnetic Hyperthermia: Ideas 
and Approaches

Magnetic hyperthermia still has many unresolved issues on its way to wide usage. 
Important among them is the problem of reliable temperature control in the tumor 
area and beyond (to avoid overheating of healthy tissues), as well as achieving a 
uniform temperature distribution in the tumor volume.

The optimal temperature interval for the destruction of malignant tumors is 
42–45 °C (46–50 °C for the case of thermoablation) [2, 3]. The problem of uneven 
heating of the tumor in the absence of the risk of overheating and damage to healthy 
tissues of the body can be solved when used as an heat mediator of MHT substances 
for which the phase transition from magnetic to nonmagnetic state (Curie tempera-
ture TC) slightly exceeds the above ranges. In this case, when it reaches a tempera-
ture close to TC, heat dissipation in the tumor containing magnetic nanoparticles is 
automatically stopped. This eliminates the need for precise control of the tumor 
temperature (since the placement of temperature sensors in the tumor is often sim-
ply impossible), as well as the power of electromagnetic radiation. Such approach 
also allows avoiding the risk of overheating and the associated with it subsequent 
damage to healthy tissues, as well as skin burns over the tumor. If necessary, this 
will make it possible to increase the “heat dose” by increasing the time of hyperther-
mal exposure. As a result, the tumors are evenly warmed up, including deeply 
located ones.

Currently, the most common magnetic materials for the heating of tumors and 
targeted drug delivery are magnetite (Fe3O4) and maghemite (γ-Fe2O3), which crys-
tallize in a spinel structure and whose biocompatibility is well established. However, 
they have relatively high Curie temperatures (near or above 500 °C), which prevents 
them from being used in self-controlled MHT [4–7].

To uniformly heat the tumor in the absence of risk of overheating and damage to 
healthy body tissues, there are very promising nanoparticles developed based on 
strontium-substituted lanthanum manganite (La, Sr)MnO3, which are characterized 
by the structure of deformed perovskite and ferromagnetism with Curie temperature 
TC in the range 30–77 °C, where the latter can be tuned by changing the chemical 
composition and synthesis conditions. Also, magnetic materials with relatively low 
Curie temperature can be obtained from solid solutions with spinel structure, for 
example, nickel–zinc ferrite Ni1−xZnxMn2O4.

Thus, there are several groups of nanomaterials, which are currently attracting 
the attention of scientists:

 1. Materials requiring external temperature control at the time of MHT:
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 1.1. Ferrimagnetic spinels AFe2O4 (A = Fe, Ni, Mn, Co, Zn, etc.), which may 
have a wide range of magnetic properties due to variations in chemical 
composition and method of preparation [6, 8–10]. The advantages of spinel 
ferrites are the relatively high saturation magnetization and high chemical 
stability, as well as the opportunity of making an almost unlimited number 
of solid solutions.

 1.2. Composite nanostructures, in particular those that combine soft and hard 
magnetic materials in core/shell nanoparticles. By combining the high satu-
ration magnetization of soft material with the high coercivity of a hard 
material, it is possible to achieve the parameters overcoming those of the 
individual counterparts [11–14]. In this context, attention should be paid to 
the spinel ferrite materials due to the same crystallographic structure and 
almost negligible lattice mismatch, and a wide range of magnetic properties.

 2. Materials with automatic preset temperature control, which include the 
following:

 2.1. Solid solutions based on the ferrites with spinel structure and relatively low 
Curie temperature, particularly nickel–zinc ferrites Ni1−xZnxMn2O4 [15–17].

 2.2. The lanthanum–strontium manganites (La, Sr)MnO3 with structures of 
perovskite. These materials have a moderate coefficient of heating in an 
alternating magnetic field and exhibit an easily controlled Curie tempera-
ture near the range optimal for magnetic hyperthermia [18–21].

3  Techniques for the Synthesis of Magnetic Nanoparticles

3.1  Basic Characteristics of the Heat Mediators 
for the Hyperthermia

Magnetic nanoparticles have to satisfy a number of requirements to be used as the 
heat mediators of MHT. First of all, they must meet biomedical requirements (non-
toxicity, biocompatibility with living organisms, etc.). In particular, they should 
have certain parameters regarding cytotoxicity, genotoxicity, antioxidant, and anti-
viral activity [10, 22]. The size of the nanoparticles also plays a significant role: It 
should be in the range from 10 to 100 nm—the smaller particles are quickly removed 
by renal clearance, while the bigger ones are taken up by liver and spleen [23–26].

Along with the need to meet the biomedical requirements, the MHT heat media-
tors should have high heating efficiency under the influence of AMF with certain 
parameters. A quantitative measure of heating efficiency is specific loss power 
(SLP; also referred to as the specific absorption rate, SAR). SLP represents the 
energy loss of the AMF per unit time, normalized per unit mass of magnetic 
nanoparticles (MNPs) [18, 27].
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It should be noted that some limitations also apply to the magnetic field param-
eters used to heat the nanoparticles. On the one hand, the heating efficiency of the 
nanoparticles increases with the increase in amplitude and frequency of the 
AMF. But on the other hand, medical restrictions are imposed on the values of these 
parameters for the safe effect of the field on normal tissues of the body. Thus, the 
frequency f should not exceed several MHz, and the product of the magnetic field 
amplitude by the frequency, Hmax f, should be less than 5×109 А·m−1·s−1 [10, 18].

As a result, the magnetic nanoparticles used as heat mediators in the hyperther-
mia must meet the stringent criteria: (1) They have to be made (or coated) of non-
toxic biocompatible material, (2) not stick together to ensure homogeneous 
distribution in the tumor and prevent thrombus formation, (3) be less than 100 nm 
in size for effective cell penetration, and, at the same time, (4) be characterized by 
efficient heating in an alternating magnetic field.

3.2  Methods of Synthesis: Advantages and Drawbacks

To prepare the nanoparticles (NPs), it is necessary to choose the methods of synthe-
sis, which would satisfy the previously presented requirements. However, different 
materials acquire different properties at the same conditions of synthesis; therefore, 
there are no sole (universal) methods of synthesis, which would be able to allow 
preparing the nanostructures with desired (predefined) properties.

One of the features, which plays an important role during choosing the method 
and conditions of synthesis, is the energy of the formation of crystalline structure. 
According to the literature data [28], the energy of formation for the spinel structure 
equals approximately 30–60 kJ/mol that is much less than for the perovskite struc-
ture, for example. Due to this fact, nanosized weakly agglomerated crystalline NPs 
of the materials with the spinel structure can be obtained during the synthesis pro-
cess at relatively low temperatures. It allows the crystalline NPs of materials with 
the spinel structure during the synthesis without additional heat treatment.

At the same time, such a method of synthesis does not allow obtaining the crys-
talline NPs of perovskites since the energy of the formation of the crystalline struc-
ture for them is much higher [29]. Therefore, an amorphous precipitate is formed 
during the synthesis of NPs with the perovskite structure in solutions independently 
on the method; to obtain the crystalline particles, it is necessary to carry out addi-
tional heat treatment, which results in the growth of NPs and their significant 
agglomeration.

Structure and properties of (La, Sr)MnO3 manganite NPs, which crystallize in 
the perovskite structure, are sensitive to the conditions and methods of synthesis, 
and it is necessary to perform the synthesis in solutions to obtain them in nanoscale 
form. It is known that the temperature of formation of single-phase crystalline prod-
uct is higher than 1000 °C during the synthesis of manganite NPs in aqueous solu-
tions that leads to the growth and agglomeration of the particles [30]. Therefore, the 
methods of synthesis with using the nonaqueous solutions and organic compounds 
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can be promising because they can allow blocking the interactions between indi-
vidual particles in contrast to the NPs synthesized in an aqueous medium.

Consequently, taking into account the features of the crystalline structure, sev-
eral methods were chosen for the synthesis of magnetic NPs with the spinel and 
perovskite structures: synthesis via cryochemical method, precipitation in micro-
emulsions and nonaqueous solutions, hydroxide precipitation, and solgel method.

3.3  Synthesis of Weakly Agglomerated Nanoparticles 
of Ferrispinels AFe2O4 (A = Fe, Ni, Co, Mn, Zn)

To synthesize the NPs with the spinel structure by the precipitation methods, aque-
ous solutions of metal salts FeCl3, FeSO4, Ni(NO3)2, and Zn(NO3)2 were used as the 
starting reagents and solutions of ammonia or sodium hydroxide as the precipita-
tors. Oleic acid was used for the stabilization of synthesized NPs.

Synthesis of Fe3O4 NPs via cryochemical method was performed in the closed 
system in the argon atmosphere according to the technique described in [31]. The 
solution, which contained the stoichiometric amount of FeSO4 and FeCl3 salts, was 
frozen using the liquid nitrogen up to the formation of ice, which was placed into 
the aqueous solution of ammonia under the intensive stirring to the formation of the 
black mixture. The obtained mixture was stirred for 20 min at 20–30 °C. Formed 
NPs were separated and washed with the bidistilled water. Prepared product was 
dispersed in the ethanol; oleic acid was added to the solution, and it was stirred for 
2 h at 50 °C. NPs coated with the oleic acid were decantated, washed with ethanol, 
and dispersed in the necessary volume of water.

As it was established by TEM microscopy, synthesized NPs were weakly 
agglomerated with the average size of 10–15 nm and narrow size distribution.

Synthesis of Fe3O4 NPs in the reverse microemulsions was performed according 
to the scheme presented in [31, 32]. To prepare the reverse microemulsions, it used 
the necessary surfactant (Triton Х–100, Brij–35 or CTAB), n-butanol as an addi-
tional surfactant, cyclohexane as a solvent, and corresponding aqueous phase. The 
aqueous phase of the first microemulsion consisted of the necessary amount of iron 
salts and the aqueous phase of the second one–the solution of precipitator (ammo-
nia). To perform the synthesis, microemulsions of salts and precipitators were mixed 
for 1 h with further intensive stirring and heating at 70 °C for 3 h. Precipitated NPs 
were separated by centrifugation and washed with ethanol and bidistilled water.

TEM microscopy data showed that such a method of synthesis allowed obtaining 
nanosized weakly agglomerated particles, which sizes could be varied in the range 
from 4–8 to 10–20  nm by using different surfactants for preparation of the 
microemulsions.

Synthesis of NPs with the spinel structure in the solution of diethylene glycol 
(DEG) was performed as described in Refs. [33–36]. For synthesis, stoichiometric 
amounts of metal salts (FeSO4 or A(NO3)2) and Fe(NO3)3 were dissolved in DEG 
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and stirred for 1 h; simultaneously, the solution of NaOH in DEG was prepared. The 
alkaline solution was added by drops to the mixture of salts with constant stirring 
for 4 h. The obtained solution was heated at 200–220 °C for 60 min; after this, the 
solution of oleic acid in DEG was added to the reaction mixture and stirred for 1 h. 
Formation of the NPs of АFe2O4 compounds was observed during the cooling the 
mixture to the room temperature, and they were washed from the impurities by 
dispersing in ethanol with further centrifugation. NPs were saved in the solution or 
dried in the air at 30–50 °C for further investigations.

As it was established by TEM, this method of synthesis provided the obtaining 
nanosized weakly agglomerated particles with size of 4–9 nm.

3.4  Synthesis of Core/Shell Structures Fe3O4/CoFe2O4

Synthesis of core/shell structures Fe3O4/CoFe2O4 was performed according to the 
technique presented in [14, 37]. Fe3O4 synthesized by the precipitation in diethylene 
glycol without the addition of the oleic acid was used as a core. The synthesis of the 
shell was performed in the argon atmosphere. Necessary amounts of cobalt and iron 
nitrates were dissolved in DEG and stirred for 1  h. The solution of precipitator 
NaOH in DEG was prepared separately, and it was added to the solution of salts 
with stirring for 2 h. Previously synthesized Fe3O4 NPs were put into the solution 
and stirred for 2 h. The reaction mixture was heated up at 200–220 °C for 90 min 
reaching the desired temperature for 1.5 h. When the heat treatment finished, oleic 
acid was added with further stirring of the reaction mass up to cooling. Synthesized 
NPs were washed with the water–alcohol solution; the precipitate was separated by 
centrifugation. During the synthesis of core/shell structures, it was considered that 
Fe3O4 NPs (core) had a spherical shape with an average size of 6.3 nm [33], on 
which different amounts of CoFe2O4 was precipitated. The volume of the coating 
CoFe2O4 (shell) was calculated according to [14] using the equation V = 
4/3*π*((R2)3−(R1)3) (R1 and R2—radii of starting and coated spherical particle, 
respectively) and taking into account that m = ρ·V (m—mass, ρ—density of the 
material of core or shell).

3.5  Synthesis of Solid Solutions of Ni1−xZnxMn2O4 
with the Spinel Structure

Synthesis of NPs of solid solutions of Ni1−xZnxMn2O4 (x = 0; 0.25; 0.50; 0.75; 0.80; 
0.85; 0.90; 0.95; 1.00) by precipitation in the aqueous solutions was performed 
according to the technique described in [15]. As it was shown, the amorphous pre-
cursors formed during the synthesis process at 80 °C; therefore, these precursors 
were subjected to the heat treatment at 800 °C for 2 h. The main advantages of this 
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method are its simplicity, low cost, and the possibility to synthesize a large amount 
of the final product. However, high-temperature treatment of the powder leads to the 
growth and agglomeration of NPs that is the drawback for their practical applica-
tion, particularly in medicine.

3.6  Synthesis and Properties of Nanosized Particles Based 
on (La, Sr)MnO3

Synthesis of (La, Sr)MnO3 (LSMO) NPs by precipitation in the nonaqueous solu-
tions. A solid solution of (La, Sr)MnO3 manganite is quite complex system since it 
consists of the ions of three different metals—La, Sr, and Mn. As it is known, all of 
them precipitate in the aqueous solutions at different pH values that make the syn-
thesis more complicated [30]. Therefore, the synthesis of LSMO NPs by precipita-
tion in the nonaqueous solutions can be more satisfactory in terms of the choice of 
the conditions for synthesis. Usually, polyhydric alcohols, namely glycols (for 
example diethylene glycol DEG), are chosen as a medium for synthesis. It is due to 
several important factors: (1) application of glycols allows performing the copre-
cipitation of the metal cations, which have a large difference in pH values for the 
precipitation in the aqueous solution; (2) as the polyhydric alcohol, DEG can react 
with the metal cations; therefore, it can affect the synthesis process and stabilization 
of NPs; (3) DEG has the relatively high viscosity that allows avoiding the interac-
tion between NPs during the precipitation process.

Synthesis of manganite NPs by precipitation in DEG solution was performed 
according to the technique described in detail in [38]. The solution, which contained 
the stoichiometric amounts of metal nitrates in DEG, was heated up to 200 °C in the 
argon atmosphere; then, the solution of NaOH in DEG was added by drops to the 
reaction mixture with constant stirring. The obtained reaction system was stirred 
and heated up on the oil bath at 200–220 °C for 1 h. After the heating was finished, 
the solution of oleic acid in DEG was added to the system, and it was left for cooling 
to the room temperature with stirring. Particles were separated by centrifugation 
and dispersed in ethanol. An obtained precursor was dried in the air at 30–50 °C, 
and to obtain crystalline NPs, this precursor was subjected to the heat treatment 
at 800 °C.

Synthesis of La1−xSrxMnO3 NPs by precipitation in reverse microemulsions. 
Synthesis of manganite NPs by precipitation in the reverse microemulsions was 
performed as described in [39]. It is known that the structure and nature of the sur-
factant can significantly affect the size and properties of synthesized NPs [40]. One 
more important thing for obtaining LSMO NPs is that it is necessary to choose 
surfactants, which do not contain any metal ions. It is connected with the fact that 
such ions can additionally incorporate into the structure during the heat treatment of 
the nonmagnetic precursor and it can result in a significant change of the properties 
(particularly, magnetic ones) of the final crystalline product. Therefore, 
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microemulsions were prepared based on three different surfactants: Triton X-100, 
CTAB, and Brij-35.

To synthesis LSMO NPs via this method, it was prepared two microemulsions 
(M1 and М2), which consisted of corresponding surfactant (СТАВ, Triton X-100 or 
Brij-35), n-butanol as cosurfactant, cyclohexane, and aqueous solution. The aque-
ous phase of M1 contained metal salts, and the aqueous phase of M2 contained the 
solution of the precipitator (NH3). M2 was added to M1 dropwise for 1 h with fur-
ther heating the mixture at 70 °C for 1 h. Precipitated NPs were separated by cen-
trifugation, and then they were washed with ethanol and bidistilled water for several 
times by desperation and centrifugation. To obtain crystalline NPs, corresponding 
amorphous precursors were subjected to the high-temperature treatment at 800 °C 
for 2 h.

When LSMO NPs were synthesized via a solgel method, water-soluble salts 
La(NO3)3, Mn(NO3)2, and Sr(NO3)2 were used as the starting reagents [41–47]. 
Necessary molar amounts of salts were dissolved in bidistilled water, and gel- 
formed agents, citric acid and ethylene glycol, were added to this solution. The 
obtained mixture was heated up at 80 °C with stirring, polyesterification reaction 
took place, and polymer gel was formed. Pyrolysis of the gel was at 200 °C, and 
precursor powder was obtained as a result of pyrolysis [48]. This precursor was 
subjected to further mechanochemical treatment using different approaches: (1) 
heat treatment at 800 °C for 2 h; (2) grinding with alcohol and heat treatment at 
800 °C for 2 h; (3) grinding with alcohol and further three-stage heat treatment at 
400 °C, 600 °C, and 800 °C for 2 h; (4) grinding in the mill and heat treatment at 
800 °C for 2 h; (5) effect of ultrasonication for 3 h with further heat treatment at 
800 °C for 2 h; (6) pressing into the tablet with further heat treatment at 800 °C for 
2 h; (7) heat treatment at 600 °C for 10 h; (8) grinding with the ammonium nitrate 
with further heat treatment at 800 °C for 2 h.

It is important to note that the application of different methods of mechano-
chemical treatment of the precursor after solgel synthesis allows obtaining NPs with 
different size and size distribution. However, considering some methodological fea-
tures of synthesis and treatment of obtained particles [49], this method allows 
decreasing the size of NPs to 35 nm and obtaining relatively weakly agglomerated 
manganite NPs.

As it was shown by X-ray diffraction data, nonmagnetic amorphous precursors 
formed after synthesis via all three methods. It was established that when manganite 
NPs were synthesized by methods using organic compounds and nonaqueous 
medium, single-phase crystalline structure began to form in one stage at 600° and it 
completely formed at 800 °C.

Results of microstructural studies of manganite NPs showed that their size and 
morphology significantly depended on the method and conditions of synthesis. It 
was established that manganite NPs synthesized via three different methods had the 
average sizes in the range of 20–40 nm with narrow size distribution [39].

It follows from the above-considered data that there is no unique method to syn-
thesize MNPs with reliably tunable and reproducible parameters. On the contrary, 
each specific material with certain properties needs a thoroughly adapted 
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fabrication technique. The main characteristics of the techniques we employed in 
this work for the fabrication of MNPs with the spinel and perovskite structural types 
are presented in Table 1.

4  Materials Requiring External Temperature Control when 
Used in MHT

4.1  Ferrimagnetic Spinels AFe2O4 (A = Fe, Ni, Mn, Co, 
Zn, etc.)

Synthesis of nanoparticles was carried out by precipitation in diethylene glycol 
solutions (Fe1), by cryochemical method (Fe2) and in microemulsion using Triton 
X-100 (Fe3), Brij-35 (Fe4) and CTAB (Fe5) as surfactants [31]. The X-ray diffrac-
tion revealed that the nanoparticles obtained were characterized by a cubic spinel 
crystal structure (JCPDS Card Number 19-0629 [50]) (Fig. 1). Also, the diffraction 
patterns of samples Fe3, Fe4, and Fe5 showed an additional phase of goethite 
FeOOH [50]. As can be estimated from the results of the TEM study (Fig. 1), syn-
thesized nanoparticles are nanosized and characterized by weak agglomeration. The 
mean diameter of NPs varies from 6 to 15 nm depending on the method of synthesis.

Magnetic measurements for synthesized nanoparticles were performed at the 
temperatures 300 and 10 K. As shown in Fig. 2, in both cases, magnetization tends 
to saturation at the high fields. Magnetic parameters are collected in Table  2. 

Fig. 1 TEM images of nanoparticles synthesized by various methods: (a) Fe1; (b) Fe2; (c) Fe3; 
(d) Fe4; (e) Fe5. Insets show the diagrams of size distribution for corresponding ensembles of 
nanoparticles
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Table 1 Characterization of different techniques employed in this work to synthesize MNPs with 
the parameters tailored for MHT

Synthesis 
method

MNPs with a spinel structural 
type MNPs with a perovskite structural type
Advantages Disadvantages Advantages Disadvantages

Cryochemical 
method

A possibility to 
synthesize a 
large amount of 
MNPs.
The particles 
are weakly 
agglomerated 
and nanosized.
Relatively high 
heating 
efficiency 
under the 
action of AMF

Problems with 
tuning the NPs 
size.
Fe3O4 particles 
are prone to 
oxidize into 
γ-Fe2O3 ones

Not employed in this work

Synthesis in 
reverse 
microemulsions

A possibility to 
synthesize 
weakly 
agglomerated 
crystalline 
MNPs.
Particle size 
can be 
controlled 
through 
changing 
surfactants

Problems with a 
synthesis of a 
large amount of 
MNPs.
Small particles 
often display 
degraded 
magnetic and 
heating 
characteristics

Particle size can 
be controlled 
through changing 
surfactants

Amorphous NPs 
formed at the initial 
stage of the synthesis 
should be subjected to 
additional heat 
treatment that results 
in partial NPs 
agglomeration.
Problems with a 
synthesis of a large 
amount of MNPs

Precipitation in 
nonaqueous 
solutions

A possibility to 
synthesize 
weakly 
agglomerated 
crystalline NPs 
of small sizes

Problems with a 
synthesis of a 
large amount of 
MNPs.
Small particles 
often display 
degraded 
magnetic and 
heating 
characteristics

– Amorphous particles 
formed at the initial 
stage of the synthesis 
should be subjected to 
additional heat 
treatment that results 
in partial NP 
agglomeration.
Problems with a 
synthesis of a large 
amount of MNPs

(continued)
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Analysis of the curves showed that the synthesized nanoparticles exhibit behavior 
close to superparamagnetic [31] and are characterized by weak magnetic hysteresis 
at both temperatures (see inserts in Fig. 2) and have low coercivity (<2.5 kA/m).

Figure 3 shows plots of magnetic fluid heating temperature (Tfluid) versus resi-
dence time (τ) in the applied alternating magnetic field. As can be seen, the mag-
netic fluid based on Fe2 nanoparticles is characterized by a significantly higher rate 
and temperature of heating than Fe1, Fe3, Fe4, and Fe5 samples. Calculated values 
of specific loss power (SLP) show that depending on the method of synthesis we can 
receive nanoparticles characterized by SLP value from 0.2 to 34 W/g. Such behav-
ior of magnetic losses can be related to many factors, particularly to the difference 
in NPs size (from 6 to 15 nm), variation in magnetic anisotropy energy, etc. [51, 52].

4.2  Spinel Ferrite Nanoparticles with Core/Shell Architecture

Core/shell architecture has acquired increasing interest due to the possibility of 
combining different materials and fabricating nanostructures with improved charac-
teristics [13, 53]. In addition to varying size, shape, and composition, tuning of 
magnetic properties through the interface coupling of different magnetic materials 
becomes a prevailing strategy, introducing a new variable for the rational material 
design and property control in fundamental science and technological applications 
[54, 55].

Table 1 (continued)

Synthesis 
method

MNPs with a spinel structural 
type MNPs with a perovskite structural type
Advantages Disadvantages Advantages Disadvantages

Solgel method Not employed in this work. A possibility to 
synthesize a large 
amount of MNPs.
The formation of 
the crystalline 
structure occurs 
in one stage 
(without the 
formation of 
intermediate 
phases).
At the final stage, 
the NP 
agglomeration 
can be controlled 
by changing the 
pH of the 
medium

Amorphous particles 
formed at the initial 
stage of synthesis 
should be subjected to 
additional heat 
treatment that results 
in the increase of NPs 
sizes and their partial 
agglomeration 
(formation of 
“bridges” between the 
particles)
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As one of the most important and widely utilized magnetic materials, the spinel 
ferrite system MFe2O4 (M = Fe, Co, Mn, etc.) consists of both magnetically hard 
and soft materials. For example, cobalt ferrite (CoFe2O4) is magnetically hard with 
a large magnetocrystalline anisotropy constant K > 106  erg/cm3 [12, 56]. On the 
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300 К and 10 К for Fe3O4 
nanoparticles synthesized 
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Table 2 The properties of Fe3O4 nanoparticles synthesized by various methods

Sample dTEM, nm
Hc, А/m Ms, Аm2/kg

Tb, К SLP, W/g(Fe3O4)300 K 10 K 300 K 10 K

Fe1 6.9±1.9 955 14800 47.0 55.3 92 0.19
Fe2 11.0 ±3.2 318 15760 64.4 74.4 400 33.80
Fe3 11.2±4.1 2550 19660 60.1 67.8 400 25.8
Fe4 15.6±4.8 636 18900 59.8 67.5 400 19.74
Fe5 8.5±3.3 2300 14400 52.2 59.9 400 16.10

Note: dTEM mean size of the nanoparticles obtained from TEM images, SLP specific loss power, Мs 
saturation magnetization, Tb blocking temperature, Hc coercivity
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other hand, magnetite (Fe3O4) is a ferrite with a much smaller magnetic anisotropy 
constant K ∼ (104 ÷ 105) erg/cm3 [57, 58]. Due to the same crystallographic struc-
ture and almost negligible lattice mismatch among these spinel ferrites, it should be 
markedly controllable to epitaxially grow a uniformed shell over a core. Among 
other things, such kind of the well-defined bimagnetic spinel ferrite nanocrystals 
with core/shell architecture can provide a better platform for the fundamental under-
standing of magnetism and the relationship between crystalline structure, morphol-
ogy, and physical properties.

In works [14, 59, 60], the effect of shell thickness on DC magnetic parameters 
(saturation magnetization, coercivity, blocking temperature) and AC losses (specific 
loss power, intrinsic loss power) has been studied for Fe3O4/CoFe2O4 core-/shell- 
like magnetic nanoparticles with a fixed diameter of core ~6.3 nm and an effective 
thickness of shell up to 2.5 nm. Also, the comparison of the properties of Fe3O4/
CoFe2O4 core/shell nanoparticles and the mechanical mixture of the Fe3O4 and 
CoFe2O4 nanoparticles taken in appropriate proportions was done, which empha-
sized the role of interface phenomena at the Fe3O4–CoFe2O4 boundary in the forma-
tion of magnetic properties core/shell nanoparticles and discussed the way to tune 
and optimize the parameters of compositional nanoparticles for their use in various 
technological and biomedical applications.

The synthesis of core/shell structures has remained a complex approach, since it 
should enable a high crystalline quality of both core and shell, guarantee their good 
epitaxy, and minimize intermixing processes at the core–shell interface. For this 
reason, the results of earlier works carried out in our and other groups were taken 
into account while fabricating Fe3O4/CoFe2O4 core-/shell-like nanoparticles [31, 59, 
61–63]. In our previous works, the combination of X-ray diffraction and 57Fe 
Mössbauer spectroscopy studies made it possible to conclude that among several 
MNPs synthesis methods, only the method of coprecipitation from diethylene gly-
col (DEG) solutions allowed fabrication of magnetite MNPs with the smallest 
amount of maghemite and goethite phases [31, 59]. Therefore, it is the method of 
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coprecipitation from DEG solutions that was chosen to fabricate the nanoparticles 
in the present work.

Broad studies were carried out to make sure that synthesized nanoparticles have 
the core/shell architecture and are not the mechanical mixture of Fe3O4 and CoFe2O4. 
Considering that individual Fe3O4 and CoFe2O4 MNPs have the same crystalline 
structure with close lattice parameters, the shell cannot be reliably distinguished 
from the core by the contrast of the TEM image. Therefore, before this work, a 
number of special experiments were carried out to check if the composite  Fe3O4/
CoFe2O4 MNPs have a core-/shell-like structure [31, 59]. The experiments included 
a comparative analysis of the most intensive (311) XRD peak collected from sepa-
rate Fe3O4 and CoFe2O4 MNPs, a mechanical mixture composed of these com-
pounds, and composite Fe3O4/CoFe2O4 particles. Besides, corresponding TEM and 
57Fe Mössbauer investigations were carried out on the individual and composite 
MNPs. As described in detail in Ref. [60], the results confirmed the formation of a 
core/shell-like structure rather than a mechanical mixture. At the same time, as fol-
lows from Refs. [59, 61, 63], the particles may contain quite a noticeable transi-
tional layer between the core and the shell, which may be composed of Co1−xFe2+xO4 
phases with a gradient of Co concentration from the surface to the core.

Results of XRD study of the synthesized nanostructures were analyzed in detail 
in Ref. [14]. All synthesized samples have a cubic spinel structure (JCPDS 19-0629) 
with no traces of impurity.

As can be estimated from the results of TEM investigations, the size of the Fe3O4 
NPs is ~ 6.3 nm and grows with the increase of effective thickness (tshell)  of the 
CoFe2O4 shell according to the calculations (Fig. 4).

Studies of field and temperature dependences of the magnetization of Fe3O4/
CoFe2O4 core/shell nanoparticles with different shell thicknesses have shown that 
the addition of the shell leads to a sharp increase in coercive force as well as in the 
blocking temperature [14, 60]. Effective anisotropy constants Keff were calculated 
based on a simple approach of coexisting superparamagnetic and blocked magnetic 
nanoparticles [12, 13, 64]. It was shown that shell addition and subsequent increase 

Fig. 4 TEM images of Fe3O4/CoFe2O4 nanoparticles with tCoFe2O4 = 0 nm (a); 0.05 nm (b); and 
1 nm (c). Insets show the diagrams of size distribution for corresponding ensembles of nanoparti-
cles (the units of abscissa axes are nanometers)
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in its thickness lead to the strong increase of Keff with a simultaneous decrease in 
magnetization. It is noteworthy that qualitatively similar behavior was observed in 
MnFe2O4/CoFe2O4 and ZnFe2O4/CoFe2O4 core/shell nanoparticles [60].

To obtain the AC magnetic heating characteristics of the synthesized MNPs, the 
time dependence of heat generation was studied under AMF with fixed amplitude 
Hmax = 100 Oe and frequency f = 300 kHz [18, 65]. The plots of magnetic fluid tem-
perature (Tfluid) versus heating time in external AMF (τ) for the fluids based on syn-
thesized MNPs are shown in Fig. 5. Based on these data, the values of SLP were 
determined and compared with those calculated from the area of magnetic hystere-
sis loops. Figure 6 compares both sets of SLP vs tshell dependences. Open squares 
show the data determined from experimental Tfluid vs t dependences. Filled triangles 
mark SLP values calculated as

 
SLP fA= µ ρ0 loop ,/

 
(1)

where μ0 = 4π 10−7 H/m and ρ is the MNPs material mass density [18, 66]. It is seen 
that general trends in both sets of SLP vs tshell dependences comply with each other. 
The discrepancies observed between experimental and calculated SLP values can 
originate from a nonnegligible effect of frequency change on coercivity and hyster-
esis loop shape [12, 13, 64].

As seen in Fig. 6, the addition of 1.0 nm CoFe2O4 shell to the Fe3O4 core strongly 
enhances the heating efficiency of the obtained composite MNPs. Thus, core/shell- 
like architecture can serve as an efficient tool to govern both the DC and AC behav-
ior of magnetic nanoparticles.

Magnetic and calorimetric properties of the core/shell nanoparticles based on 
other spinel ferrites (MnFe2O4/CoFe2O4, ZnFe2O4/CoFe2O4, etc.) also were studied 
by our and other research groups [67–69]. The results show that the addition of the 
shell has a significant impact on the saturation magnetization, effective anisotropy 
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constants, temperature behavior of compositional nanoparticles, and their efficiency 
of heating in the applied AC magnetic field.

Major trends in the heating abilities as a function of the core size, the nature, and 
the thickness of the shell were outlined in Ref. [70] based on the systematic funda-
mental study of CoFe2O4/MnFe2O4 and CoFe2O4/spinel iron oxide core–shell MNPs 
confirmed by experiments conducted on the water-based ferrofluids. At the same 
time, the authors stress that all the findings seem to depict a more complex scenario 
behind the heating abilities of bimagnetic core–shell systems than simple relation-
ships with single magnetic or microstructural parameter(s). It follows from all the 
available data that the coating of MNPs with the shells leads to the transformation 
of the parameters of both the initial nanoparticle and its shell and, as a result, it 
makes the particles acquire new characteristics that are typical neither for the core 
nor for the shell.

Obtained results pave the way to tune and optimize open the parameters of spinel 
ferrite nanoparticles with core/shell-like architecture for their use in various techno-
logical and biomedical applications.

5  Materials with Automatic Preset Temperature Control 
when Used in MHT

5.1  Nickel–Zinc Spinel Nanoparticles: Magnetic 
Characterization and Prospects of the Use 
in Self- Controlled Magnetic Hyperthermia

It was noted above that for the use of materials in self-controlled MHT, the Curie 
temperature of these materials must be slightly above the therapeutic range of 
hyperthermia. One of the effective methods for controlling the Curie temperature in 
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ferrite spinel materials is the use of solid solutions. In [15], the effectiveness of this 
approach was demonstrated using nickel–zinc spinels as an example.

Bulk NiFe2O4 is a soft ferrimagnet with mass magnetization ∼56 A·m2/kg and 
Curie temperature TC≈658 K [67, 71]. On the contrary, bulk ZnFe2O4 is an antifer-
romagnet with a Neel temperature of ∼9.5 K [16, 67]. Heavily Zn-substituted (x > 
0.5) bulk samples of Ni1−xZnxFe2O4 display reduced values of saturation magnetiza-
tion and Curie temperature [4, 15]. Although the properties of these ferrites can be 
strongly altered at the nanoscale, it is expected that Zn substitution for Ni will make 
it possible to preset the Curie temperature slightly above the hyperthermia therapeu-
tic range to reach the self-controlled heating regime.

The important issues were: (1) to find the regularities of the effect of zinc substi-
tution on magnetic parameters and heating characteristics of nickel–zinc spinel 
nanoparticles; (2) determine the concentration region where Curie temperature is 
close to the range of hyperthermia therapy (∼330 K); (3) experimentally verify the 
idea of controllability of the MNP thermal response to the action of AC magnetic 
field; (4) weigh up the prospects of the use of synthesized MNPs in self-controlled 
magnetic nanohyperthermia.

Nanopowders of Ni1−xZnxFe2O4 (x = 0 − 1) with mean grain size of ~50 nm (see 
inset in Fig. 7) were synthesized via a method of hydroxide precipitation. Details of 
the samples preparation are described in Refs. [72, 73]

Figure 7 presents concentration dependences of spontaneous magnetization at 
140 K and 300 K. Nonmonotonous character of Ms(x) dependences implies that the 
substitution process is accompanied by the processes of redistribution of cation ions 
between different sites of spinel structure [73]

Bulk NiFe2O4 is a well-known inverse spinel with Ni2+ ions on B sites and Fe3+ 
ions distributed equally among A and B sites, where A and B indicate tetrahedral 
and octahedral sites of the spinel structure, respectively [74]. Morr and Haneda have 
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shown that NiFe2O4 in the ultrafine form exhibits noncollinear spin structure and 
that the magnetic moment at low temperatures is appreciably lower than the value 
for the bulk material [67]. They have proposed a model wherein the particle consists 
of a core with the collinear spin arrangement and a surface layer with the magnetic 
moment inclined to the direction of core magnetization. Our results agree with this 
picture: Ms of NiFe2O4 MNPs (∼35 A·m2/kg) is by far smaller than that of the bulk 
sample (∼56 A·m2/kg).

Bulk ZnFe2O4 has a normal spinel structure, in which all Zn2+ ions occupy tetra-
hedral positions (A sites) and all Fe3+ ions—octahedral positions (B sites). Zinc 
ferrite is paramagnetic at room temperature, and the transition to a magnetically 
ordered (antiferromagnetic) state occurs only at temperatures of about 9.5 K [67, 
75]. The magnetic properties change significantly when the particle size decreases 
to a few tens of nanometers: At this scale, a cation inversion occurs; i.e., a part of 
zinc ions occupy the B sites and part of iron ions—the A sites [16, 75, 76]. Thus, 
there is a transformation of structure from normal to mixed spinel which disturbs a 
balance in the system of competing magnetic interactions and, as a rule, leads to the 
appearance of resultant spontaneous magnetization. The degree of cation inversion 
depends on several factors, including the particle size [53]. The contribution from 
the subsurface region which is usually characterized by a noncollinear magnetic 
ordering depends on the particle size as well [72, 75].

As seen from Fig. 7, the substitution of Zn for Ni results in an initial rise of spon-
taneous magnetization followed by a rapid decrease as x exceeds 0.75. As x crosses 
0.85, the spontaneous magnetization levels off at Ms≈2 A·m2/kg. Similar trends were 
observed in works [77] and ascribed to the incomplete ordering of Ni2+ and Fe3+ ions 
between the octahedral and tetrahedral sites in the spinel.

To obtain the AC magnetic heating characteristics of the synthesized MNPs, the 
time dependence of heat generation was studied under AMF with fixed amplitude 
μ0Hmax=10 mT and frequency f=300 kHz.

The plots of magnetic fluid temperature versus residence time in external AMF 
for the fluids based on synthesized MNPs are shown in Fig. 8. For the samples with 
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x ≤ 0.5, Tfluid rapidly grows and in less than 1 min approaches the temperature of 
fluid boiling. This makes it impossible for an accurate determination of the tempera-
ture at which Tfluid achieves saturation. What is more, as follows from the data of 
work [19, 78–85], the precision of calorimetric measurements gets worsened in the 
vicinity of the fluid boiling point and the results of measurements become unreli-
able. For this reason, further analysis will mainly be focused on the samples with a 
higher zinc content (x > 0.5), and in some cases, the data for the sample with x=0.5 
will be presented for reference.

It is important that after an abrupt initial temperature rise, the Tfluid(τ) curves 
reach saturation at a certain Ts value. Inset of Fig. 8 compares the values of Ts and 
Curie temperature TC of the nanoparticles. It is observed that these values are quite 
close for the samples with x near 0.75, although for other samples there is a notice-
able difference between Ts and TC (for the rest of the samples, the difference exceeds 
a few tens of Kelvins).

The observed discrepancy between Ts and TC for the samples with x > 0.8 can be 
easily understood since these samples display negligible heating efficiency which is 
not enough to appropriately heat the samples. Among other factors affecting a 
degree of proximity of Ts to TC, it should noted that Ts is sensitive to the features of 
heat exchange with the environment, magnetization value, dispersion of magnetic 
parameters, etc.

The hatched region in Fig. 8 shows the temperature range which is suitable for 
hyperthermia therapy. It is seen that MNPs with x ≈ 0.75 display Ts value within this 
region, and thus, they are promising heat mediators for self-controlled magnetic 
nanohyperthermia.

5.2  (La, Sr)MnO3 Nanoparticles as Promising Heat Mediators 
for Self-Controlled Magnetic Hyperthermia

The idea of using manganite nanoparticles to implement self-controlled MHT was 
first proposed in 2002 [86], but research in this direction was intensified only after 
the publication of experimental results by a group of Czech and French scientists 
led by E. Pollert in 2006 [87]. Today, there is an active scientific work on the study 
and optimization of the properties of these materials (see, for example, [21, 48, 81, 
88–90]).

Magnetic state of La1−xSrxMnO3 manganite strongly depends on strontium con-
tent x [78, 79]. Bulk samples with Sr concentration 0.15 ≤ x ≤ 0.60 are ferromagnetic 
[38, 39, 48]. The Curie temperature TC displays a maximum at x = 0.33 (TCmax = 
370 K) and is quite sharply reduced as x deviates from 0.3. Since the development 
of heat mediators for self-controlled MHT requires NPs with TC close to 320 K, in 
this work La1−xSrxMnO3 nanoparticles with a chemical composition of x = 0.22 were 
studied.

A. Tovstolytkin et al.
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A study of the properties of LSMO MNPs synthesized by deposition from DEG, 
deposition from the reverse microemulsions and the solgel method [39] showed that 
the amorphous nonmagnetic precursor is formed immediately after synthesis in all 
three methods. A single-phase crystalline structure begins to form in one stage at a 
temperature of 600 °C and is completely formed at 800 °C. Manganite nanoparticles 
synthesized by three different methods have average sizes of 20–40 nm with a nar-
row size distribution [18].

In this work, the deposition from the reverse microemulsions was used for syn-
thesizing LSMO MNPs. X-ray diffraction studies confirmed the single-phase struc-
ture of the samples [88, 89, 91, 92], and TEM measurements showed that the average 
size of nanoparticles is about 30 nm (see inserts in Fig. 9).

Figure 9 shows the temperature dependences of mass magnetizations Mfc and 
Mzfc, obtained in the magnetic field μ0H = 2 mT. The Mfc(T) and Mzfc(T) curves coin-
cide at temperatures higher than 320 K but diverge in the low-temperature region. 
Mfc(T) is a declining function of temperature, while Mzfc(T) is a curve with a maxi-
mum. The quasistatic (i.e., low frequency, with 10−4 < f < 10−2 c−1) blocking tem-
perature defined as a temperature at which Mzfc(T) achieves a maximum is Tb 
= 285 K.

In Fig. 10, hysteresis loops M(H) obtained at T = 295 K and 10 K are presented. 
Both curves have a tendency to saturation in strong fields (μ0H > 300 mT). The 
values of saturation magnetization, defined as magnetization in a field of 1 T, are as 
follows: Ms|T=10K ≈ 81 A·m2/kg and Ms|T=295K ≈ 47 A·m2/kg. The M vs. H curves are 
characterized by coercivities μ0Hc ≈ 22.7 and 1.2 mT at T = 10 K and 295 K, respec-
tively (see inset of Fig. 10).

To obtain the AC magnetic heating characteristics of the synthesized LSMO 
MNPs, the time dependence of heat generation was studied under AMF with a fixed 
amplitude Hamp, varying in the range from 5.6 to 10.5 mT in different experiments, 
and frequency f = 300 kHz. The plots of magnetic fluid temperature versus resi-
dence time in an AMF, Tfluid(τ), for the fluids based on the synthesized LSMO MNPs 
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are shown in Fig. 11. Magnetic fluid warms up due to the magnetic losses in AMF 
H(t) = Hamp cos (2πft).

In experimental measurements, the initial temperature of magnetic fluid before 
applying the AC magnetic field was 23.5 °C. It is seen from the curves of Fig. 12 
that after a sharp initial rise, the change of Tfluid with τ becomes slower and 

Fig. 10 Magnetization 
loops M(H) at T = 295 
K and 10 K. The inset 
shows the same 
dependences in the region 
of weak fields
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eventually these dependences tend to saturate. For comparison, the Tfluid(τ) depen-
dence is added for the fluid based on Fe3O4 MNPs (~12 nm in size) subjected to the 
AMF with the same frequency and Hamp = 10.5 mT. The temperature of the Fe3O4 
MNP- based fluid rapidly grows and immediately approaches the temperature of 
boiling.

With the increase in Hamp, the saturation temperature Ts rises, but eventually, it 
approaches the Curie temperature of the LSMO nanopowder TC ~ 70 °C [9, 93–96]. 
This means that the idea of self-controlled heating where the heating efficiency 
sharply reduces as the fluid temperature approaches TC of LSMO MNPs is valid. It 
should be noted that relatively small values of Hamp (< 10.5 mT) are not enough to 
warm up the magnetic fluid to the TC of LSMO nanopowder, and in these cases, the 
thermal equilibrium occurs at lower temperatures, i.e., at Ts being lower than 70 °C.

The initial slope of each curve plotted in Fig.  12 provides information about 
specific loss power [97, 98]. The SLP values, which depend on the parameters of the 
applied AC field, were calculated for a range of magnetic field amplitudes μ0Hmax 
and frequencies f. The details of the SLP calculation are described in Refs. [93, 
99, 100].

Figure 12 shows SLP vs. Hmax dependence obtained at f = 300 kHz. SLP is neg-
ligibly small at weak magnetic fields (μ0Hmax < 5 mT), rapidly rises in the region 
from ~5 to ~10 mT, and then displays a tendency to saturation. In the region from 6 
to 9 mT, the SLP(Hmax) dependence is almost linear.

It was reported in Refs. [20, 93, 97, 101] that the obtained value is high enough 
for the use of the MNPs as HT heating mediators in the treatment of cancer diseases. 
The mechanisms responsible for high heating efficiency of LSMO MNPs will be 
discussed below.
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6  Mechanisms of Losses in Magnetic Nanoparticles 
and Fluids Based on Them

6.1  General Description of the Energy Loss Mechanisms

If a magnetic fluid based on single-domain ferromagnetic nanoparticles is subjected 
to AMF action, a part of the field energy is dissipated by the nanoparticles and trans-
formed into heat. For magnetic HT, low-concentrated suspensions of MNPs in 
dielectric fluids are usually used [100]. In this case, interparticle interaction is 
assumed to be negligible and the energy dissipation can be described as a sum of 
processes occurring in separate particles.

The array of MNPs can dissipate the energy of the AMF into the environment 
due to the processes of remagnetization of nanoparticles or due to the rotation of the 
nanoparticle as a whole. The last-mentioned process is called Brown relaxation (BR 
losses). Remagnetization losses depend on the relationship between the characteris-
tic parameters of MNP (saturation magnetization Ms, the effective magnetic anisot-
ropy constant Keff, the coercive force HC, the volume of the MNP V and the relaxation 
time of the MNPs system τ and external parameters, the frequency f of the external 
magnetic field, as well as the temperature T) and require separate consideration.

1. BR losses. In fluid suspensions, the relatively high anisotropy barrier may be 
overcome by rotation of the whole particle under the influence of the AMF. In 
this case, frictional losses due to viscosity η of the carrier liquid arise. The result-
ing relaxation time is given by [99, 100, 102]

 
τ

πη
B

h

B

R

k T
=
4 3

,
 

(2)

where Rh is the hydrodynamically effective radius, which may differ from the geo-
metrical one [103]. The specific losses power caused by this mechanism is calcu-
lated by the formula (3) provided below.

2. Remagnetization losses. The behavior of single-domain MNPs depends on the 
energy balance between anisotropy (εa = Keff·V) and thermal fluctuation (εT ≈ 
kB·T) contributions (here, kB is the Boltzmann constant). In the limit εT >> εa, the 
magnetic moment of a particle can be considered as freely fluctuating. This 
results in the phenomenon of superparamagnetism, where the ensemble of par-
ticles behaves like a paramagnet consisting of particles with very large magnetic 
moments. In the opposite limit, when εT << εа, the particle magnetic moment is 
blocked on a time scale given by the experiment and lies parallel or antiparallel 
to the easy magnetization axis. The transition to the latter state occurs at the so- 
called blocking temperature Tb, below which the particle moments appear frozen 
on the time scale of the measurement τm. The Tb value depends on the measure-
ment duration and can be determined from the temperature dependences of mag-
netization: The zero-field-cooled (ZFC) magnetization Mzfc measured in a weak 
magnetic field achieves a maximum at Tb [66]. The ZFC magnetization curve is 
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usually measured in quasistatic measurements with increasing temperature in a 
weak magnetic field after cooling the specimen in the absence of a magnetic field 
down to T << Tb. The measurement duration in such a case is of the order of 
hundreds of seconds.
For two cases, particularly, when the nanoparticle is (1) in the superparamagnetic 

state or (2) in the blocked state, analytical approaches have been developed to esti-
mate the energy losses due to remagnetization. To describe energy losses in the first 
case (superparamagnetic behavior), we talk about Neel relaxation (NR losses: also 
called Neel–Arrhenius or Neel–Brown relaxation). In the second case (blocked 
state), the term hysteresis losses or remagnetization based on the Stoner–Wohlfarth 
model (SW losses) is used [9]. In the region of transition from the equilibrium 
superparamagnetic to the blocked state, only numerical simulation is correct [66, 
98, 100, 101, 104].

2.1. NR losses. If thermally activated fluctuations of the magnetic moment direction 
are fast compared to the measurement duration (τ < τm), the behavior of the 
ensemble of MNPs can be described by a linear response theory (LRT) with 
relaxation time taken in Neel–Brown form [18]. In this case, specific power dis-
sipated by an ensemble of MNPs is described by [9]:
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(3)

It is seen that PNR displays a quadratic dependence on AMF amplitude Hmax. As a 
function of frequency, it is quadratic at low values of f (2πfτ << 1), deviates from 
quadratic law as f increases, and tends to saturation at high frequencies (2πfτ >> 1), 
where the saturated value reads:
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max .→∞ =
µ χ

τ
0 0

2

2  
(4)

Heating efficiency under such conditions (2πfτ >> 1) does not depend on frequency.
In a general case, both the Brown relaxation process and the Neel relaxation 

process may be present, but the faster one is dominant.

2.2. SW losses. If thermally activated fluctuations of the magnetic moment direction 
are not fast in comparison with the measurement duration (τ > τm), the system is 
in the blocked state and the dependence of power losses on the magnetic field is 
of threshold character.
For the case of weak magnetic fields (Hmax << Hа), the reaction of the system to 

the external magnetic field will be very weak, remagnetization practically would not 
occur (only a minor hysteresis loop will be observed), and, thus, the power of dis-
sipation will be negligible. If the amplitude of the magnetic field equals or exceeds 
the anisotropy field, the shape and area of the hysteresis loop will approach, but 
would not exceed a theoretical limit which is described by the Stoner–Wohlfarth 
model [66, 104].
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If an ensemble of MNPs is put into an AMF, the amount of heat dissipated in 
MNPs during one cycle of the magnetic field is equal to the area of hysteresis loop 
S. The dissipated energy per second per unit volume of MNPs is then given by:

 P fSW S .=  (5)

For the MNP in a blocked state and with its easy axis aligned along the magnetic 
field direction, the hysteresis loop is a rectangle with temperature-dependent HC. At 
low temperatures (T → 0), the temperature-activated repopulation of energy minima 
is suppressed, and remagnetization can only occur when the energy barrier is fully 
removed by the magnetic field. This occurs when Hmax reaches anisotropy field Ha 
[18]. Thus, for the Stoner–Wohlfarth model Hс → Hа as T → 0. For an optimal case 
where Hmax = Hс:

 P H M fSW max s= 4 0µ .  (6)

To estimate PSW in all other cases, it is convenient to use the formula:

 P H M fSW max s= 4 0αµ ,  (7)

where α is a dimensionless parameter which equals the ratio between the areas 
of actual hysteresis loop and ideal rectangle loop, with the latter having α = 1. For 
the ensemble of MNPs with randomly oriented anisotropy axes and optimally cho-
sen relation between Hc and Hmax (Hc = 0.81Hmax), α = 0.39 [66, 104]. When Hmax is 
less than a field at which magnetization saturation occurs, α is a function of Hmax.

As a result, the upper limit of PSW for the ensemble of MNPs with randomly 
oriented anisotropy axes is:

 P H M fSW
limit

max s .= ⋅ ⋅ =4 0 0 39α µ α| .  (8)

The values of α observed in the experiment do not exceed 0.3 [20, 71, 80, 
98, 104].

6.2  Low- and High-Frequency Measurements

A usual way to model remagnetization processes and calculate SLP values is to use 
the MNP parameters extracted from LF measurements [18]. It should be noted, 
however, that such parameters as blocking temperature Tb and coercivity Hc are 
frequency dependent. This means that not only SLP values calculated with the use 
of magnetostatic parameters could be incorrect, but also the mechanisms of AC 
losses could become different as measurement conditions change from magneto-
static to HF (~100 kHz) ones.

It was noted above that blocking temperature Tb is the temperature at which a 
condition [18]
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τ τm T T= = b

.
 

(9)

is satisfied. At this temperature, the rate of thermally activated processes becomes 
insufficient to get the system into equilibrium, and MNP magnetic moment remains 
blocked in a metastable state.

Formula (9) makes it possible to estimate the dependence of blocking tempera-
ture on measurement time. Assuming that a time scale of measurements is 1/f, Tb 
can be roughly estimated as

 

T K V k
fb B≈



















eff ./ ln

1

0τ  

(10)

If MNP magnetic parameters, in particular Keff, were temperature independent, 
the change in the AMF frequency from ~0.01 Hz (magnetostatic measurements) to 
~105 Hz (the frequencies at which usually HT treatment is carried out) would result 
in the increase of Tb by (2–3) times. Thus, for the case where the Tb

hf  value exceeds 
~150 K, the Tb

lf  value can exceed room temperature. This means that the mecha-
nism responsible for AC losses in the vicinity of room temperature will be SW 
mechanism, rather than NR one, as follows from LF measurements.

Figure 13 illustrates M Tzfc
lf ( )  and M Tzfc

hf ( )  dependences obtained from LF and 
HF measurements, respectively. For each of these curves, magnetization reaches a 
maximum at temperature which equals the blocking temperature. Since Tb

lf  << Tb
hf

, the temperature region within which SW mechanism is responsible for the losses 
is by far wider in the latter case (HF measurements) than in the former one (LF 
measurements).

The scheme in Fig. 13 is given under the assumption that Tb
hf << TC. For the case, 

where Tb
hf is close to TC, the relation between Tb

lf  and Tb
hf  will qualitatively be the 

same, but quantitative difference between them will change. Naturally, Tb cannot 
exceed TC.

Thus, approaches based on modeling of remagnetization processes at high fre-
quencies (~ 100 kHz) using magnetic parameters of MNPs obtained from magneto-
static measurements are not always correct. Because the blocking temperature and 
coercive force depend on the frequency, the high-frequency remagnetization pro-
cesses can be qualitatively different from the low-frequency ones.

6.3  Energy Losses in (La, Sr)MnO3 Nanoparticles

As was mentioned above, the approaches based on the use of quasistatic measure-
ment results are not always correct for describing processes occurring in alternating 
fields with frequencies used in MHT (~ 100 kHz). Let’s consider the situation on the 
example of the properties of the LSMO MNPs described in the previous section.
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As seen in Fig. 9, the blocking temperature of the LSMO MNPs is lower than 
room temperature, so in the range of room temperature and above, it should be 
expected that the NR mechanism is dominant. But the data in Fig.  12 suggest 
another. First, the dependence of SLP on AMF amplitude is of threshold character: 
SLP becomes noticeable only when Hmax exceeds a certain value. Second, the SLP 
is almost a linear function of AMF frequency (see the inset of Fig. 12). Such kinds 
of SLP(Hmax) and SLP(f) dependences are characteristic only for SW losses. As fol-
lows from formulae (2), (3) and (4), NR and BR losses display quadratic depen-
dence on AMF amplitude. What concerns frequency dependence of SLP, NR and 
BR losses either display quadratic SLP(f) dependence or are frequency indepen-
dent. Thus, the character of SLP(Нmax) and SLP(f) dependences indicates that SW 
mechanism is responsible for LSMO MNPs heating.

The calculations performed in [21, 105–107] show that for the LSMO MNPs 
under investigation only SW mechanism can provide sufficiently high energy losses 
which correspond to experimentally obtained value of SLP (μ0Hmax = 10  mT) ≈ 
25×103 W/kg; the other kinds of AC losses are so weak that they cannot be respon-
sible for LSMO MNP heating. It also follows from the calculations that SLP can be 
increased by about an order of magnitude by means of optimization of the 
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Fig. 13 Illustration of the behavior of magnetization resulted from LF and HF measurements. The 
inset presents the frequency dependence of blocking temperature Tb. Mfc—field-cooled magnetiza-
tion, Mzfc

lf  and Mzfc
hf —the zero-field-cooled magnetization values resulted from LF and HF mea-

surements, respectively. Tb
lf  and Tb

hf —the values of blocking temperatures resulted from LF and 
HF measurements, respectively. Top and bottom diagrams schematically illustrate temperature 
regions, where either SW or NR mechanism of losses dominates for LF and HF cases, respectively
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parameters of LSMO MNPs (weakening agglomeration, narrowing size distribu-
tion, and attaining uniformity of geometrical and magnetic parameters) and corre-
sponding adjustment of AMF parameters.

The obtained data indicate the directions of further optimization of nanoparticle 
parameters for use in MHT [39].

7  Biomedical Investigations

It was mentioned above that NPs of lanthanum–strontium manganite are promising 
for application in self-controlled magnetic HT. However, the issues concerning their 
toxicity and biocompatibility have been investigated only episodically to this time 
[6, 107].

7.1  Development of Magnetic Fluids

To investigate the biomedical features of magnetic LSMO NPs as the heat mediators 
for magnetic hyperthermia, it is necessary to develop the magnetic fluid for the pos-
sibility to inject such NPs into the tumor. Magnetic fluid (MF) is the suspension of 
nanosized ferromagnetic or ferrimagnetic particles, stabilized in the polar or nonpo-
lar medium using surfactants or polymers.

To perform the biomedical investigations of manganite NPs, particles synthe-
sized via the solgel method (NPs synthesized in such way had one of the highest 
SLP values [108]) were dispersed in 0.1% aqueous agarose solution by ultrasound 
for obtaining the magnetic fluid with the concentration of magnetic phase of 50 mg/
ml [109].

7.2  Performing the Biomedical Investigations of Magnetic 
Fluid Based on Manganite NPs in vitro and in vivo

At present, it is known about the active investigations of Fe3O4 NPs in medicine due 
to their biocompatibility [22]. Therefore, to estimate the prospects of LSMO NPs in 
this area, it is important to investigate their biomedical characteristics and compare 
them with known Fe3O4 NPs. The first stage of biomedical investigations of mag-
netic fluid based on the synthesized LSMO NPs included a number of in vitro inves-
tigations [110].

Comparison of magnetic fluids based on Fe3O4 and LSMO NPs was performed 
on the ST and MCF-7S cell lines using four characteristics: cytotoxicity, 
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genotoxicity, antioxidant, and antivirus activity. The main results of performed 
studies are summarized in Table 3.

Investigations of cytotoxicity on ST and MCF-7S cell lines showed that LSMO 
NPs had a constant maximum permissible concentration in contrast to Fe3O4 and it 
was higher (5.5 mg/ml) than the concentration of Fe3O4 particles (0.1–1.1 mg/ml).

Genotoxicity on NPs was investigated for magnetic fluids with the concentra-
tions of Fe3O4 and LSMO, which were limited by the maximal nontoxic concentra-
tions, established in the previous investigation of cytotoxicity. Performed studies 
showed that the magnetic fluid based on LSMO NPs did not possess a genotoxic 
effect on the ST and MCF-7S cell lines when Fe3O4 NPs in the concentration of 
0.9 mg/ml displayed small genotoxic effect both on the ST and MCF-7S cell lines.

It was also established that both types of NPs possessed small antiviral activity 
in low concentrations. However, for LSMO NPs, this concentration was higher and 
equal 0.25–1.25 mg/ml.

As it is known, the growth of oncological tumors relates to chronic inflammation 
as well as with the presence of a high level of reactive oxygen species [22]. 
Therefore, investigations of the effect of magnetic NPs on the decreasing the oxida-
tive stress were performed, and the presence of possible antioxidant properties was 
studied. Investigations were carried out on the ST cell line cultures, and they showed 
that Fe3O4 magnetite NPs could protect the cells from the oxidative stress in the 
concentrations of 1.1–1.4 mg/ml. However, as it was found out previously, such 
doses were already toxic for the cells. At the same time, LSMO manganite NPs pos-
sessed antioxidant properties in the concentrations of 0.65–5 mg/ml, which were 
nontoxic. Obtained data are very important since the main attention usually pays to 
the oxidative damage of magnetic NPs and not to their antioxidant activity.

The complex of performed cytological investigations described in [111] has 
shown that low cytotoxicity and genotoxicity of LSMO NPs make them more attrac-
tive for biological application compared to Fe3O4 NPs, which are characterized by 
higher toxicity. Moreover, LSMO NPs possess additional antioxidant activity in the 
quite wide concentration range that can be used in the different schemes of preven-
tion and treatment.

At the same time, complex in vitro and in vivo investigations showed that LSMO 
NPs had low toxicity during the intratumoral injection and did not cause the defec-
tion of the histological structure and functions of the main organs. Therefore, they 

Table 3 Comparison of cytological properties of Fe3O4 and LSMO NPs

Characteristic Fe3O4 LSMO

Cytotoxicity Maximum permissible concentration
1.1 mg/ml 5 mg/ml

Genotoxicity Possess a small genotoxic effect in 
the concentration of 0.9 mg/ml

Does not possess any genotoxic effect

Antioxidant 
activity

Does not display antioxidant activity Displays antioxidant activity in the 
concentration range of 0.65–5 mg/ml

Antiviral 
activity

Possesses antiviral activity Possesses antiviral activity
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can be used for performing further investigations as the heat mediators for magnetic 
hyperthermia.

Investigations of the toxicity of LSMO manganite NPs in vivo and their effect on 
the functioning animal organs were performed by authors [95, 97].

Acute toxicity of LSMO NPs was investigated on white mice of C57B1/6 line 
with the bodyweight of 20–22 g (each experimental group included six animals). 
The criteria of the toxicity were the death of animals in each group (in %), which 
was calculated according to the general methods that determined LD10, LD50, LD100, 
etc. These parameters are defined as doses, where index means the percentage of 
dead animals, and maximum permissible dose, which does not lead to the death of 
any animal and does not cause the falling of the bodyweight more than 10%.

LSMO manganite NPs were injected into animals in such concentrations: 50, 
100, 200, 300, and 400 mg per kg of body weight intraperitoneally and once in 
physiological solution. The duration of the investigations was 14 days. The loss of 
the bodyweight began at the dose of 200 mg/kg, but it was negligible and recovered 
just on the fourth day after the injection of NPs. The most significant weight loss 
was registered just on the first day after injection of NPs at the concentration of 
300 mg/kg; however, animals gradually increased their weight on the second and 
third days, and the bodyweight of animals began to recover and even increase on the 
fourth day. The dose of 400 mg/kg caused the significant falling the body weight, 
and animals began to increase their weight gradually only on the seventh day after 
injection of NPs.

Obtained results indicate that maximum permissible dose for LSMO manganite 
equals 300 mg/kg of body weight and LD50–1800 mg/kg of body weight.

Histological investigations were performed on the white rats with the Guerin 
carcinoma and on the mice of the C57B1/6 line with the Luice carcinoma of lungs. 
Morphological studies were carried out after 48 h of the injection of the nanocom-
posite. Any changes were not observed in the histological structure of the tumor 
(Guerin carcinoma in rats and Luice carcinoma in mice) as well as in normal organs 
such as liver, kidney, lungs, heart, and spleen after the injection of LSMO NPs in the 
dose of 300 mg/kg.

Investigations also showed that any toxic effect on the functions of the liver and 
kidneys was not present after the injection of LSMO nanocomposite into the tumor.

Complex in vitro and in vivo studies showed that LSMO NPs had low toxicity 
and did not cause the defection of the histological structure and functions of the 
main organs during the intratumoral injection. Therefore, they can be used for per-
forming further investigations as the heat mediators for magnetic hyperthermia.

Further, in vivo investigations of the magnetic fluid based on the LSMO NPs as 
the heat mediators for magnetic hyperthermia were performed on the tumors of 
Guerin carcinoma and Volker carcinosarcomas [112]. Tumors were inculcated to 
the left and right thighs of the white rat, and the volume of the tumor was waited to 
reach the value of ~1 cm3. After that, magnetic fluid was injected into the tumor in 
the right thigh, and this tumor was subjected to the effect of an alternating magnetic 
field for 30 min (treatment was performed 1–2 times with the break of 1–2 days). 
The magnetic fluid was not injected into the tumor of the left thigh. It was used for 
comparison.
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Such an approach led to the delay of the growth of the tumor in the right thigh; 
i.e., the volume of the tumor remained almost unchanged in contrast to the volume 
of the nontreated tumor (left thigh). The temperature in the tumor of the right thigh 
equaled in the average of 45–46.5 °C after the 30th minute of the heating.

 The dependence of the efficiency of magnetic hyperthermia on the number of 
heating sessions  was also established. In a series of experiments, heating was 
repeated for 3–4 times with the break of 2–3 days that led to the more significant 
decreasing the growth of tumor (Fig. 14): Volume of the tumor became 2.7 cm3 on 
the 13th day after the first treatment, and volume of the nontreated tumors reached 
47 cm3. Increasing the volume of tumors was scarcely observed after the fourfold 
processing of the tumor with the magnetic fluid by the alternating magnetic field, 
and, in some cases, the regression of the tumor up to 35% was registered.

Performed investigations showed that the application of magnetic NPs of LSMO 
manganite in combination with the effect of the alternating magnetic field allows 
decreasing and even finishing the growth of oncological tumors after some time, 
and in the number of cases, it leads to the complete death of the tumor. This implies 
that LSMO NPs are promising materials for applications in magnetic hyperthermia.

8  Unresolved Issues and Prospects

Despite the recent progress in heat generating MNPs, there remain challenges to be 
addressed for the practical applications of magnetothermal effects of MNPs in bio-
logical systems. For example, the MNPs should be more precisely tailored to be 
biocompatible in physiological environments, ensuring the biosafety. For drug 
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Fig. 14 (a) Experiments performing the magnetic hyperthermia on the previously inculcated 
tumor to the right thigh of the white rat; right thigh is placed into the coil of the generator of the 
alternating magnetic field. (b) Growth of the tumor of Guerin carcinoma in the right thigh after the 
injection of the magnetic fluid and the effect of the magnetic field (red curve) and nontreated tumor 
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release control or hyperthermia applications, the MNPs are needed to incorporate 
surface coating to have a prolonged blood half-life for the enhanced tissue-specific 
delivery [113–115]. For precise stimulation and regulation of cellular activities, fine 
controllability of local temperatures with the nanoscale spatial resolution is a criti-
cal factor, and thus, new methods to measure absolute temperature and thermal 
gradient in the close vicinity of MNP surfaces are required. To address these issues, 
notable efforts have been made and should be further confirmed in terms of surface 
chemistries (e.g., stealth coating of PEG or zwitterions and conjugation of targeting 
molecules), nanobiosystem interaction studies (e.g., pharmacokinetics, biodistribu-
tion, and cellular uptake), and nanoscale temperature measuring techniques based 
on various chemical strategies (e.g., heat-responsive azo compound and fluorescent 
polymers) [113–115].

In principle, MNPs upon the incorporation of functional molecules (e.g., anti-
bodies, chemotherapy drugs, siRNAs, aptamers, and cell-penetrating peptides) can 
be a versatile platform capable of the noninvasive, remote regulation of cellular 
activities with molecular-level specificity and without penetration depth limits. 
Based on these characteristic features, the nanoscale heating of MNPs holds great 
potential to extend the target from the single-cell level to the whole body for the 
better understanding and precise control of biological systems.
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