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ABSTRACT
Despite the fact that magnetic hyperthermia seems to be a promising approach
in cancer treatment, researchers working in this field have to face several
drawbacks, as the lack of standardization in the treatment conditions and the
difficulties measuring the biological effects. This chapter revises recent
bibliography about in vivo pre-clinical studies and gives an overview of the
current state of the art in this topic. Several aspects of the methodology are
discussed, like the type of magnetic nanoparticles most commonly used,
parameters of the application of the magnetic field, animal and tumor models,
techniques used to follow the tumor growth and the evaluation of the treatment
effectiveness. The comparison and critical argumentation of all these points are
expected to shed some light on the field of magnetic hyperthermia and to show
the current tendencies in this kind of experiments.
KEYWORDS: In vivo, Magnetic nanoparticles, Magnetic hyperthermia, Animal
models, Tumor models.

1. Introduction
The heating of tumors by means of Magnetic Hyperthermia (MH) presents clear
advantages over conventional hyperthermia techniques (e.g.: ultrasounds,
microwaves and radiofrequency), as it is not limited by tissue depth, obstruction
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or reflection of the energy by bone structures and heat-sink effects near large
blood vessels. In addition, other advantages include a more homogeneous
temperature distribution in the tumor mass, a reduction of the treatment
invasiveness while enhancing its specificity, and the fact that the treatment can
be carried out at cellular level instead of at tissue or organ level (1, 2).
The first phase I trial showing the feasibility of MH in human patients was
carried out at Berlin Charité Hospital (2003 to 2005). Since then, several clinical
trials mostly on recurrent tumors (e.g. glioblastoma multiforme, prostate,
esophagus, liver cancer) have shown promising results, not only in terms of
systemic toxicity and morbidity but also in the improvement of the median
overall survival of patients (1). Specifically, in the case of glioblastoma, results
obtained when MH was applied in combination with radiotherapy in 59 patients
showed a median overall survival 10.6-16.2 months longer than the typical 6month survival rate in these patients (3). It is worth noting that these clinical
studies started only 10 years after the group headed by Andreas Jordan
initiated this field of MH (4) and not many pre-clinical studies were performed
before that.
Despite these promising results, there are still several challenges to overcome
for the establishment of MH in the clinical routine. In fact, many actual preclinical trials on MH are still trying to understand the importance of all the
relevant parameters including physical, chemical, engineering, technological
and biological aspects of this complex therapy strategy. Still, many knowledge
gaps exist in the frame of in vivo MH applications. Of special relevance are the
underlying physical mechanisms for heat generation, the cytotoxicity
mechanisms that are triggered, the effect that the interaction of the magnetic
nanoparticles (MNP) with biological media/tissues and cells have on the MNP
heat efficiency, etc. In addition, there are several difficulties to reach the
effective concentration in tumors when MNP are administered through
intravenous routes (5). In this sense, it is important to highlight that in all the
human clinical trials MNP were injected intratumorally.
Another big obstacle that the research community involved in MH studies faces
in the development of this technique is the general lack of standardization of the
experimental procedures, which makes very difficult to compare results among
different laboratories. In this context, first of all, standardization is required for
the scaled-up production of MNP with optimal magnetic characteristics for MH.
This will imply to overcome the long scientific and technological challenge of
developing synthetic methodologies with a good control of the particle size, size
distribution, shape and crystal defects (6). Another aspect that needs
standardization is the fabrication and use of adequate alternating magnetic field
(AMF) applicators. Hereof, there is still discussion about which is the best
measurement methodology (calorimetric or magnetic measurements) and the
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best experimental conditions (adiabatic or non-adiabatic) to determine the
heating efficiency in terms of the specific absorption rate (SAR) of the MNP.
This is also a crucial aspect as the higher the SAR, the lower the injected dose
of MNP needed for the patient treatment (7). Besides, as SAR values strongly
depend on the field amplitude generated by AMF generators, the calibration of
MH setups in order to obtain results that could be compared among different
models and different laboratories is fundamental (8). Other aspects to be taken
into account, besides the several well-known physical factors that influence the
heating efficiency (e.g. amplitude (H) and frequency (f) of the AMF, magnetic
anisotropy, magnetization, particle-particle interactions, size and size
distribution of the MNP, etc.), are biological issues. It has been reported that
SAR values could shrink between 50% and 90% when either biomolecules are
adsorbed onto the surface of MNP or MNP are located inside cells or tissues
(8). Therefore, it is recommended to check the actual magnetic response of
MNP in true biological environments and physiological conditions in order to
understand the underlying reasons of the reduction of their magnetic heating
(e.g. viscosity increase, aggregation) and thus engineer MNP with robust
heating efficiency regardless of the host medium. For this reasons, besides the
need of more experimentation using in vitro models that mimic better the tumor
and its microenvironment (3D cell cultures, tumor spheroids, etc.), the role of
computational simulated models of in vivo heat dissipation will be also essential
for the development of more reliable treatment planning.
Other important challenge of MH is to control heat generation in order to
achieve a uniform thermal profile within the tumor. This strongly depends on the
homogeneity of MNP distribution inside the tumor and the route of
administration. Thus, the development of efficient methods to selectively and
uniformly deliver nanoparticles to the tumor is also an important area of
research. So far, the administration mode selected in most in vivo studies is the
intratumoral injection. However, this approach is not suitable for deep-seated
and metastatic tumors. Moreover, intratumoral injection may cause tumor
incongruence, invasiveness, and recurrence, especially from under-treated
tumor regions due to a non-homogeneous temperature distribution.
A number of review articles and book chapters have already dealt with the
challenges mentioned above in order to transfer MH to the clinical practice. An
analysis of MH literature illustrated in Fig. 12.1, shows that more than 3000
articles were published from 1997 to date, dealing not only with the synthesis of
adequate MNP but also with the underlying physical factors that influence
heating efficiency. Fewer articles (around 500) were published dealing with in
vitro MH experimentation including the biological issues that affect SAR. Both
aspects of MH have followed an exponential growth at the beginning of the 21st
century.
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Fig. 12.1. Number of published articles during the period 1997-2017 using the
following search terms: A) “magnetic nanoparticles and magnetic hyperthermia”,
and B) “in vitro studies and magnetic hyperthermia”.
The number of articles reporting in vivo MH experimentation is however low,
and it is difficult to find an overview that includes a comparison in terms of type
and quantity of MNP, AMF applicator, AMF conditions, MNP administration
mode, tumor, animal model, and methodologies used to follow the biological
effect of MH. This is the reason why this chapter focuses on the analysis of in
vivo studies for pre-clinical applications of MH reported in the literature.
We have selected 33 studies published between 2001 and 2017, most of them
are in vivo animal studies with only one research work on humans, and we
compare the main relevant materials and methods used in all of them (Table
12.1). In addition, we discuss the advantages and disadvantages of the different
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animal models and the methodologies used to measure the in vivo biological
effects of MH. Lastly, as final remarks, we adress key issues where consensus
must be reached by the MH community to make real progress towards clinical
acceptance and implementation of MH in the clinical practice.
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(9)
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ND
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Other
Other
IO
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6.7 109
5.9 109
6.6 109
8.84 109
1.26 109
9.84 109
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1.87 109
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4.23 109
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1.12 109
7.58 109
4.87 109
8.18 109
ND
1.2 109
3 109
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M ID
M ID
Rat IC
Rat IC
M ID
M ID
M ID
M IC
M ID
Rat IC
M ID
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X, H
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A, O
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A, H
A, O
X, H
X, O

C
C
C
C
I (U)
I (U)
C
C
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C
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C
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GI
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HSP 70
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C
C
ND
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C
C
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(36)
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IO
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IO
(41)
IO
(42)
IC

<20
ND
5-10 x
620
1-4
15, 12 658, 900
12
500
20-50
ND
30
2614
19
500
15
ND
12
ND
19
137
NP
2,7
12
94
ND
29
ND
ND
19
564
9
ND
9
ND
ND
210
10 o 12
ND
70-100
3050
60
ND
22

1497

4.3 109

M IC

A, O

16
30-50
20
30
22
10
ND
ND
4
30

360
ND
4850
ND
264
76
ND
ND
567
76

1.8 109
ND
1.05 109
ND
4.3 109
ND
5.9 109
2.3 109
10 109
5.9 109

M ID
M IC
M ID
M ID
M ID
M ID
M ID
M ID
M ID
M ID

X, H
A, H
X, H
X, H
X, H
X, H
X, H
X, O
X, H
X, H

SR
GI
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Table 12.1. Relevant data from all the papers revised. IO (Iron Oxides), IC (Iron Compounds),
ND (Not Described), NP (Not particles), H CT (Human Clinical Trials), M IC (Mice
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ImmunoCompetent), M ID (Mice ImmunoDeficient), Rab IC (Rabbits ImmunoCompetent), Rat
IC (Rat ImmunoCompetent), A (Allograft), X (Xenograft), O (Orthotopic), H (Heteretopic), IT
(IntraTumoral), IV (IntraVenous), IA (IntraArterial), INH (Inhalation), C (Caliper), I (Imaging), U
(Ultrasounds), MRI (Magnetic Resonance Imaging), Fluo (Fluorescence), CT (Computated
Tomography), SR (Survival Rate), GI (Growth Inhibition), CR (Complete Regression).

2. Nanoparticle design for MH in vivo application
One can theoretically design and synthetize nanoparticles with optimal heating
properties when measured in the laboratory (see Chapters 1 and 2). However,
some limitations to the optimum nanoparticle design regarding their composition,
size, and agglomeration start to arise when we reach in vivo applications.
Moreover, in order to go one step further and envisage reaching the clinical
practice, other factors start gaining importance such as the possibility for largescale production. In this section, all the implications on the nanoparticle design
when focusing on MH are discussed in more detail.
2.1. Nanoparticle composition
MNP with different chemical composition have been prepared during the past
years to evaluate their heating efficiency for hyperthermia purposes in aqueous
suspensions, including materials such as cobalt ferrites (43), copper-nickel
alloys (44) or copper-nickel (45) nanoparticles. However, when it comes to in
vivo applications, toxicity issues arise and not all the chemical compositions are
recommended given their potential toxicity. This is the main reason why the
most commonly studied materials for in vivo magnetic hyperthermia treatments
are iron oxides (46). In fact, in our literature review of in vivo pre-clinical
hyperthermia treatments described in Table 1, we have found that the core
composition of ≈ 68 % of the materials tested was iron oxides (either magnetite
(Fe3O4) or maghemite (γ-Fe2O3)); most of the remaining compounds contained
iron in their composition (including metallic iron, molecular iron compounds,
doped ferrites or alloys). Only one paper used a completely different material
(LaSrMnO3) (See Fig. 12.2) (34).
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Fig. 12.2. Analysis of the MNP core composition used in our review of in vivo
hyperthermia studies (Table 12.1).
The main advantage of iron oxides is the existence in the body of metabolic
mechanisms to manage iron atoms, being able to store and transfer iron
released from the nanoparticles during their degradation process (47). In fact,
iron is such an important element in the treatment of widespread diseases (e.g.
iron deficiency anemia among others) that several iron supplement formulations
include iron oxyhydroxides (ferrihydrite or akaganeite) nanoparticles as part of
their composition (48). It is less frequent however, to use iron oxide (magnetite
or maghemite) nanoparticles as iron supplements (49). Iron oxides have also
been approved by the Food and Drug Administration (FDA) of the USA as
contrast agents for magnetic resonance imaging (MRI) (50), though most of the
products have been discontinued since their approval (51).
2.2. Nanoparticle size
It is known that, in case of intravenous administration, the size of nanoparticles
has a strong impact on their biodistribution. Nanoparticles with sizes below 5
nm are easily eliminated through the kidneys and those with sizes above 100
nm are rapidly cleared by macrophages and transported to the liver (52). These
clearance routes limit the blood circulation time and, as a consequence, the
possibility of reaching the targeting site in a concentration high enough for the
clinical application. Therefore, for a better in vivo performance, nanoparticles
should have sizes in the range between 5 and 100 nm. This is the case of all
the materials that have been recently reported in the literature. When looking in
more detail, the largest amount (47%) of nanoparticles used for the selected
pre-clinical studies have sizes between 10 and 20 nm (see Fig. 12.3). This data
have to be taken cautiously, as around 15% of the works do not indicate particle
core sizes. It has also to be mentioned that most of the reported materials have
a spherical shape, with only two examples of significantly different shapes (rods
(12) and rings (30)).
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Fig. 12.3. Analysis of the MNP core size used in our review of in vivo
hyperthermia studies (Table 12.1). (ND = Not described).
2.3. Nanoparticle agglomeration
Another limiting factor is nanoparticle agglomeration. The different colloidal
properties that these materials present in aqueous suspension or in biological
fluids may result in a strong agglomeration of nanoparticles in vivo. This has
several consequences. On one hand, it may generate adverse effects during
intravenous administration, if agglomerates are big enough to obstruct blood
vessels. On the other hand, agglomeration has a strong impact on the magnetic
properties of the materials, subsequently altering their heating performance.
Unfortunately, these factors are often not evaluated in research manuscripts
dealing with in vivo experiments.
2.4. Nanoparticle synthesis route
All these limiting factors, required for in vivo applications and described above,
may point to a specific nanoparticle design. However, achieving the desired
MNP through large-scale production is still a big challenge depending on the
synthesis route.
Several synthesis routes are routinely followed to produce iron oxide MNP (see
Chapter 2 for more details). Each approach presents its corresponding
advantages and drawbacks, resulting in a compendium of procedures that allow
the preparation of a wide diversity of materials with varying size, shape, and
aggregation degree. Briefly, organic decomposition synthesis routes provide
highly monodisperse nanoparticles (53) and polyol mediated synthesis allows
the production of multicore structures controlling the final morphology of the
particles (54). However, these two synthesis routes require high temperatures
and the use of organic solvents. Aqueous protocols like the co-precipitation (55)
and the hydrothermal aqueous routes (56) lead in general to aggregated
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nanoparticles with broader size distributions and not so well-defined
morphology. However, these routes are low-cost, easy to scale-up and use
non-toxic reagents.
From our literature review, regarding those studies using iron oxide
nanoparticles, half of them provided a description of the preparation route of the
nanoparticles (Fig. 12.4). The most common synthetic route for homemade
particles was thermal decomposition (seven manuscripts), followed by coprecipitation (three manuscripts) and finally by polyol synthesis (one
manuscript). Commercially available particles accounted for 18% of the studies
analyzed (four manuscripts). Sadly, a significant percentage of the works
(seven manuscripts, 32%) did not provide enough information of the synthetic
route of the magnetic cores, even without giving references to previous works
describing the material. This is a great inconvenience for the progress of
knowledge, as the systematic lack of details prevents an easier comparison of
the results.

Fig. 12.4. Analysis of the MNP synthesis route used in our review of in vivo
hyperthermia studies (Table 12.1). (ND = Not described).
The transference to the industry of all the knowledge acquired in the
nanoparticle design is complex. The production of large amounts of some kind
of materials is not straightforward due to scale-up difficulties resulting, in
products not viable economically, and so it is with MNP. Even though it may
seem that thermal decomposition is the preferred synthetic route for the
obtention of iron oxide MNP for in vivo hyperthermia applications, it has to be
pointed out that their production at large-scale (and under good manufacturing
practices) is much more complex than that of the aqueous routes. When
thinking on a clinical application, researchers should take into account the real
possibilities of producing a given material at large-scale. In such case, aqueous
routes should therefore be prioritized. Nevertheless, it should also be taken into
account that scaling up processes are usually associated with a decrease in the
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homogeneity of the final product, and that it will be difficult to obtain exactly the
same material for commercial purposes as the one obtained in smaller batches
in research laboratories.
2.5. Nanoparticle sterility
Nanoparticles should be sterile for in vivo administration, to avoid the
introduction of pathogens that may provoke undesirable biological effects in the
animals and difficulties in achieving reproducible and consistent results.
In pre-clinical trials using MNP for biomedical applications, before the in vivo
administration, magnetic nanoparticles are generally sterilized by filtration
through small pores (e.g. 0.2 µm) that allows the removal of bacteria that may
be present in the suspension. This procedure is sometimes complicated in case
of agglomerated nanoparticles with bigger hydrodynamic diameters. This
procedure was reported in three of the papers analyzed in our literature review
(13, 14, 38). Some of the manuscripts describe the use of sterile MNP although
the sterilization process is not clearly detailed (20), and some others precipitate
the MNP and just redisperse them in sterilized water (22, 27). This last
procedure is not the most appropriated one to achieve a complete sterilization
of the material. Unfortunately, the vast majority of the manuscripts revised for
this chapter do not provide specific information on the MNP sterilization
processes. If MNP have not been sterilized, this may have consequences on
the animal response to the treatment affecting the interpretation of the response
to the therapy and making more difficult to get reproducible results.
It also has to be taken into account that filtration does not eliminate endotoxins,
which are bacterially derived molecules that may be a source of variability for in
vivo studies (57, 58). The analysis of the presence of endotoxins is generally
neglected in the literature, and the use of synthetic protocols to avoid common
endotoxin contamination should be implemented, such as using high purity
water and depyrogenated labware, handling of containers with clean gloves and
testing reagents for endotoxin presence before their use. Future standardization
protocols for in vivo hyperthermia studies should include the evaluation of the
presence of endotoxins as a routine technique to evaluate the sterility of the
materials prepared before in vivo applications.
2.6. Nanoparticle heating properties
MNP heating properties under an AMF are generally described by the specific
absorption rate. SAR values are widely used to compare the heating capacity of
different magnetic particles, although this extrinsic parameter depends on
external factors such as the AMF amplitude and frequency, and the MNP
concentration. An alternative approach is the determination of the Intrinsic Loss
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Power (ILP) and its determination has been addressed in more depth in
Chapter 10.
In our literature review, SAR values of the suspensions of MNP, most of them in
aqueous solutions, were provided in ≈ 60% of the manuscripts, with values
ranging from 3 to 4850 W g-1. These values have limited interest, as the
conditions in which they were measured are completely different from one work
to another; in addition, the local concentration in the tissue samples is unknown.
This is a consequence of the lack of real-time and accessible characterization
techniques that provide a fast, cheap and reliable quantification of the MNP in
the tumor.
3. Magnetic hyperthermia conditions used in vivo
In this section, we are going to review and discuss some parameters of the MH
application, such as the values of the magnetic field amplitude and the
frequency used and the number of repetitions and duration of the AMF
exposure from the studies detailed in Table 12.1.
3.1. Equipment
In Chapter 5, a detailed description of the instrumentation for SAR
determination and application of magnetic hyperthermia in vitro and in vivo is
given. Here, our aim was to compare the equipment used in the literature
manuscripts reported in Table 12.1 to try to establish any trend on the
instrumentation being used for in vivo applications. However, we have found
that there is no clear trend on the equipment used, as the vast majority of the
research papers reported homemade equipment.
The heterogeneity of instrumentation used for hyperthermia applications leads
to a plethora of field amplitudes and frequencies resulting in a very broad range
of conditions used for the in vivo experiments. Each of the described
instruments produces an almost unique alternating current (AC) magnetic field,
in terms of frequency and amplitude of the magnetic field. Therefore, it is almost
impossible to compare the results among different studies. The frequency of the
AC magnetic field ranged between 0.02 and 1300 kHz, being the most common
ones (≈ 62%) located in the range between 360 and 650 kHz (see Fig. 12.5). In
a similar way, field amplitudes used were in the range between 0.6 and 150
kA/m, being the most common ones (≈ 47%) in the range between 9 and 20
kA/m (see Fig. 3.1.1).
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Fig. 12.5. Analysis of the frequency and field amplitude used in the in vivo
hyperthermia studies from Table 12.1.
Given the broad spectra of AMF conditions, the comparison of the results from
the different studies is a complex task, especially taking into account that for a
given frequency and amplitude of the applied magnetic field, the heating
performance of magnetic particles depends on their size and composition (59).
In such scenario not all the nanoparticles may have the same behavior in every
instrument.
Moreover, even if the particle size and composition were optimized for a given
set of experimental frequency and amplitude of the AC magnetic field conditions,
another factor, the nanoparticle concentration should be also taken into account,
to achieve an optimal design (60).
Given that so many different parameters have such a complex influence on the
final clinical performance of MNP during in vivo hyperthermia treatments, it is
extremely difficult to design the optimum material for MH purposes. Therefore,
even if MNP and field conditions were designed together to achieve the most
efficient combination for heat generation, this final combination should also take
into account the sample dose needed for the clinical application to achieve the
maximum effectiveness.

3.2. Biological safety of the AMF
When an AMF is applied to tissues not only the therapeutically useful heating of
MNP takes place but also the tissue itself begins to non-selectively heat due to
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the generation of eddy currents. There exists an open deliberation about the
most convenient values for amplitude and frequency parameters, concerning
biological safety, since Atkinson et al. published in 1984 their very well-known
paper where they established the range of usable frequencies in MH (61) (see
Chapter 1 for more details). In that manuscript, the authors concluded that the
value of the product H*f should not exceed 4.85 108 Am-1s-1. This was the
highest well-tolerated condition that people receiving the treatment for more
than one hour could withstand without major discomfort. They showed that the
rate of heat produced per tissue is directly proportional to the square of H*f
product and also to the square of the distance from the coil center. So, the
smaller the radius of the region to be treated, the higher H*f values could be
applied. As all the experiments were carried out with a coil designed to treat the
thorax (about 30 cm), authors opened the possibility to use higher H*f limits for
smaller applicators.
Hergt and Dutz established a new and weaker criterion for this limit for smaller
coils and relating to the seriousness of the illness, dictating that the limit for the
H*f product was 5 109 Am-1s-1. Thus, these authors made theoretical
calculations to maximize the SAR of MNP when exposed to AMF respecting the
biological safety parameters (62).
If we analyze the AMF conditions used in the pre-clinical studies from Table
12.1 (Fig. 12.6) we can see that none of the papers we have revised has used
values of H and f that result in a H*f value below the limit proposed by Atkinson,
4.85 108 Am-1s-1. Half of the papers used AMF conditions between 4.85 108 Am1 -1
s and 5 109 Am-1s-1, so above the Atkinson limit but below the limit proposed
by Hergt and Duzt. This range seems to be currently the most convenient one,
at least until new studies about the biological safety of the AMF are carried out.
However, there are 35% of the studies that used H and f parameters resulting in
H*f values above the biological safety limit.
The highest condition of the H*f product we have found is the article published
by Guo et al. (1010 Am-1s-1), doubling the convenient limit. The application time
used in this work was five minutes and the temperature of the surroundings was
not measured. They combined MH with laser irradiation as some studies have
demonstrated that Fe3O4 nanoparticles are able to exhibit strong photothermal
effects when exposed to NIR laser irradiation (63). So, after combining MH with
laser irradiation and chemotherapy, the results obtained were good showing
tumor growth inhibition after two weeks post-treatment (41).
Not less important is to mention that some published studies (15%) do not
describe the conditions of the AMF used, so it is quite difficult to correlate and
position them within the research field of MH. Besides, with some papers, we
have had difficulties to find the AMF conditions used, as it was necessary to
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track back a large number of previously published works. Our particular point of
view in this respect is that when publishing a research work in this field some
data need to be always mentioned, in particular, AMF conditions should always
be provided.

Fig. 12.6. Representation of the H*f values used. Data taken from all the papers
detailed in Table 12.1.

3.3. Exposure to the AMF
The methodology followed for the application of the MH treatments varies
between published works not only in the AMF conditions used but also in other
aspects, such as the duration of the AMF exposure and the number of
consecutive applications.
As shown in Fig. 12.7 the duration of the AMF exposure in most of the reviewed
studies (41%) is between 10 and 30 minutes. In 35% of the studies the
exposure time is higher, between 30 and 60 minutes. Only 18% of the papers
reveal exposure times below 10 minutes. Is it quite difficult to elucidate in
advance which is the best exposure time to obtain the best antitumor effect. We
tend to think that the longer exposure time, the stronger the effect. But there
exist some limitations that have to be considered in this aspect, for example,
the technical limitations of the devices, as in some of them the AMF application
cannot exceed certain duration. Also, the kind of dispositive used to maintain
the temperature of the animals during the treatment is important. Some of the
devices had a 3D temperature regulation system that prevented the animals
from suffering hypothermia in a much better way than systems consisting of a
hot surface where the animals are just laid down.
The number of repetitions of the AMF exposure and the intervals between them
also differ between studies. As presented in Fig 12.7, 23% of the studies
applied MH just once, 12% applied MH twice, 21% of the studies performed the
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MH three times, 9% of the papers performed four MH exposures and 6% of the
studies reviewed applied the magnetic field five or more consecutive times.
Again, it is hard to conclude which is the best treatment option, as the
degradation of the MNP in the tissues should be taken into account. In
particular, MNP degradation will strongly depend on their composition and
coating (47). It is now well known that the exposure of iron oxide MNP to an
acidic medium could dramatically affect their heating capability. As an example,
experimental studies have shown how the heating capacity of iron oxide
nanoflowers (with polyols as organic protecting shell) decreased 70% and 99%
after 6 and 23 days respectively, under acidic media exposure (64). It is quite
obvious that the exposure of the animal to the AMF at certain time points after
the MNP injection if they have been degraded or removed from the target tissue
will be ineffective.

Fig. 12.7. Representation of the duration of the AMF exposure and the number
of consecutive repetitions of the treatment. Data taken from the papers detailed
in Table 12.1.
From these results, it can be extracted that the most common protocol for this
kind of experiments uses between one or three AMF applications (in alternating
days) with a duration length between 10 and 30 minutes. It is noteworthy again
the number of studies that do not provide enough details on the methodology
used, thus hindering the standardization of in vivo MH experiments.

4. Animal models and biological effects
In this section, animal models, tumor models and MNP administration routes
are reviewed in the frame of the in vivo MH experiments selected and detailed
in Table 12.1. Also, we discuss the biological effects that are analyzed after the
MH treatment and the techniques currently used for their study.
4.1. Animal models
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Evaluation of the MH treatment effectiveness in small animal models is a
necessary pre-clinical step before reaching human studies. Although several
animal models exist, murine models are by far the most extended ones for
pre-clinical trials. This is also the case for MH studies. The majority of works
published until now (85% of the reviewed papers) used mice as animal model
for in vivo hyperthermia studies (Fig.12.8). Rats and rabbits have been used
scarcely. The main advantages of mice relate to their small size, easy
handling, fast reproductive cycles and their fully known genome.
Murine models can be further classified into two types, depending on the role
of the immune system in the animals: immunocompetent and
immunodeficient models. Immunocompetent mice are the most commonly
used model in oncoimmunology for the inoculation of histocompatible cancer
cell lines (65). However, in our literature review, they represent only a small
proportion of the murine models used for in vivo hyperthermia studies (12%).
In particular, the four studies that have used immunocompetent models have
worked with C57Bl/6j mice, a commonly used strain for in vivo studies.
Immunodeficient models are more frequently used (88% from the papers
revised) (Fig.12.8) in our literature review. The main reason for this trend is
that these mice can accept and develop normal and malignant grafts both
from donors of the same species (allograft) as well as from different species
(xenografts - usually from human origin). The main disadvantage of these
animal models is the lack of a complete immunologic response. Although not
deeply studied yet, there is some scientific evidence about the synergy
between different thermal treatments (photothermal, MH, radiofrequency) and
immunotherapy (66). So, the lack of immune system, which usually plays a
key role to combat diseases, could negatively influence the treatments
underestimating their real effect. There is also a study where the
effectiveness of the MH was enhanced due to the administration of immunestimulators such as IL-2 (Interleukine-2) and GM-CSF (Granulocyte and
Monocytes colony-stimulating factor), revealing the great importance of the
immune response in the final effectiveness of the treatment (67).
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Fig. 12.8. Schematic representation of the principal animal models used for in
vivo hyperthermia studies. Data taken from all the papers detailed in Table
12.1.

Several immunodeficient models, which are commercially available and that
have been used in MH studies, are described next, detailing their specific
advantages. One of the most commonly used immunodeficient models for
hyperthermia studies are nude (nu) mice, named after their hairless
phenotype. These mice are characterized by a severe reduction in the
number of functional T cells as a result of having a dysfunctional and
rudimentary thymus that remains small and cystic throughout the animals’ life.
As a consequence of this, failures in the maturation of their T cells occur.
However, they present a response by the innate immune system and also
humoral response. The homozygote model is the most widely distributed
commercially and is available in various genetic backgrounds,
consanguineous and non-consanguineous. The nude BALB/c type is the
most reported in the literature, probably due to the fact that they are generally
easy to breed and present minimal weight variations between females and
males. Other variants used to a lesser extent with nude mutation in Foxn1nu
(forkhead box N1) are Athymic Nude-nu from Charles River (NCR-Foxn1nu)
or Athymic nude from Naval Medical Research Institute (NMRI). The fact that
nude mice have scarce normal hair follicles makes them an attractive model
for evaluating the growth of subcutaneously established tumors since
epilation is not necessary to follow-up tumor growth. Another advantage of
this hairless model is that it allows following labeled tumor cells by
fluorescence imaging or by bioluminescence acquiring whole body images of
the animals.
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In general, these kind of nude mice are good models to establish rapidly
growing human tumor cell lines. However, as they maintain a robust humoral
and natural killer cell (NK) responses, nude mice are not adequate for bloodborne tumor lines such as leukemias or lymphomas. Moreover, they are also
not adequate for human primary lines or heterogenetic tumor fragments. For
this reason, another type of immunodeficient mice model used also in vivo
MH experiments is the SCID (severe combined immunodeficiency) mouse
model. The homozygous scid/scid (Prkdcscid, catalytic subunit of a DNAdependent protein kinase) mice are phenotypically normal and have very low
levels, or directly lack serum immunoglobulins. These animals have an
inability to generate an immune response, both humoral and cellular
(absence of mature T and B cells). This model presents superior success
rate than the nude mice in human tumor transplants(52). However, SCID
mice mutations do not affect the myeloid and erythroid cell lines and
therefore, these models exhibit normal levels of NK activity.

4.2. Tumor model and relationship with the administration routes
In general, one of the major problems observed when performing in vivo
experiments using nanoparticles is the low amount of material that reaches
the desired location after systemic administration. In fact, there is a recent
study that, after revising more than one hundred papers, concluded that less
than 1% of the intravenously administered dose arrives to the tumor (68).
This presents a real problem for biomedical applications that require a high
amount of nanoparticles in the target tissue, as it is the case of MH. Because
of this, the majority of the published studies (80%) use the direct injection of
the magnetic material at the tumor site as main route, therefore ensuring that
the highest possible MNP content remains in this site (Fig. 12.9). However,
this type of administration has the disadvantage that requires the
establishment of subcutaneous tumors. Heterotopic tumors are the ones
located outside the equivalent organ where the tumors should be grown, as
the subcutaneous implants. The major drawback is that the tumor
microenvironment in the subcutaneous model is very different from that of the
primary cell or tissue type that generates the tumor. Precisely these
interactions between the host envelope and tumor tissue strongly affect
tumor cell proliferation, levels of growth factors and nutrients, both during
tumor angiogenesis and in its metastatic behavior. All these reasons
constitute the major limitations of subcutaneous tumor models. On the
contrary, they are very easy to handle. The accessibility of subcutaneous
tumors is a great advantage to monitor tumor growth progression and for the
assessment of the direct effects of MH in its regression. For these reasons,
this kind of tumor model is the most commonly used (74% reviewed papers)
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(Fig. 12.10).

Fig. 12.9. Schematic representation of the administration via of magnetic
material for in vivo hyperthermia studies.
Orthotopic tumors are the ones implanted or generated into the equivalent
organ from which the cancer originated. This type of implantation results in
the correct microenvironment, which may more closely mimic the natural
tumorigenesis in humans, as opposite to heterotopic models. These models
are considered more clinically relevant and are better predictive models of
drug effectiveness than standard subcutaneous models.

Fig. 12.10. Schematic representation of the percentage of the different tumor
models used for in vivo hyperthermia studies.

However, although orthotopic tumor models are considered ideal for
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evaluating the real impact of therapy, they have not been established yet as
standard models (Fig. 12.10). They require more complex imaging methods
to follow their growth, and they also need more technical expertise and, in
general, it can be said that it is a labor-intensive task. But one of the main
reasons for the preference of the subcutaneous model over orthotopic tumors
is the fact that currently this is the only way to ensure that most of the
nanoparticles remain within the tumor for long periods of time. In the case of
intratumoral injection of MNP, it has been shown that around 89% of the
injected MNP get immobilized in the tumor tissue. MNP are not only retained
in the tumor interstitium, but they are also tightly packed inside endosomes of
tumor cells and macrophages associated to the tumor. Besides, even after
MH sessions using a combination of high field amplitude and frequency (25
kAm-1 and 400 kHz), they remained unaltered as homogeneous spots.
However, it is noteworthy to highlight that not only their distribution within the
tumor but also the time window where their heating capabilities are preserved
before undergoing degradation must be determined for each type of MNP (8).
Published studies of systemic administration require bigger doses to ensure
that the necessary concentration of MNP to produce a biological effect
reaches the tumor site (68). One alternative to solve this problem is the intraarterial administration of MNP (69). This administration route allows a more
selective and at the same time more widely spread distribution of the
hyperthermic agent. The main disadvantages are the technical difficulties and
the possible escape of the therapeutic material to the general circulation, with
its consequent toxic effects.
As can be seen in Fig. 12.10 when the tumor model is located
subcutaneously (heterotopic) the majority of the studies, 89%, were carried
out using immunodeficient mice where human tumors were implanted
(xenograft tumor models). These models are a very easy and fast approach
that renders an accessible tumor being the easiest in vivo models for preclinical human tumors studies. However, at the same time, they do not
provide the appropriate environment and lack the complete effect of the
immune system. Only the 11% of studies with heterotopic tumors of our
selection were made with murine tumor cells in immunocompetent animals
where the advantage is the contribution of the immune response. However,
the scenario is different when analysing the studies where an orthotopic
tumor is used, where more than half of them consist of murine cells. As
mentioned before, the technical experience needed for the development and
follow up of these models is much higher, but a more realistic tumor
environment and is mimicked. However, a part of the reviewed orthotopic
tumors (44%) were implanted in immunodeficient mice using human cells. It
is true that in these cases the environment is much appropriate than in
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heterotopic tumors but there is a lack of immune system response.
Another aspect to take into account in the choice of the tumor model is the
way the tumor is induced. Two main alternatives have been found in our
literature research, either by injection of tumor cells or by surgical
implantation of tumor fragments. Most of the studies reported used material
from cell cultures for both heterotopic and orthotopic models. It should be
noted that in the case of the latter some authors preferred to use fragments
of tissue mainly in larger animal models such as rabbits and rats. These
fragments (usually 1 mm3) were usually obtained from previous tumor growth
in the same animal model in which it will be subsequently grafted. However, a
major disadvantage of models utilizing intact tumor tissue is the intrinsically
heterogeneous nature of the different zones within the same tumor. This
makes very difficult to standardize and compare results between tumors from
different subjects. An alternative to avoid this heterogeneity is to resuspend in
balanced saline pieces of the tumor tissue obtained from the different
subjects (with a concentration of 100 pieces per milliliter), and then, inject this
mixture to the experimentation subject.

4.3. Biological effects observed and techniques used
There are several techniques to study the antitumor effect of the MH treatment
but there are two that stand out because they are the most commonly used.
These two techniques are: physical measurement of the tumor dimension with a
caliper and the use of imaging techniques to follow the tumor growth.
There are some advantages and drawbacks that have to be taken into account
when one should decide which technique is going to be used to follow the tumor
growth. The direct measurement of the tumor with a caliper is a very simple,
fast and easy way to estimate the volume also allowing the possibility to daily
follow their growth. But it is true that it is not the most accurate methodology
because, for example, inflammatory tissue and necrosis zones may lead to an
overestimation of the tumor volume. Besides, the operator in charge of such
task should always be the same to minimize errors. The accuracy of the
measurements will depend on the kind of tumor implanted and the animal
model used. The tumor shape could be different and therefore, assumptions
made to calculate the final volume may not be reliable. In this sense, the type of
skin, color and presence of hair could facilitate or restrain the measurements.
Furthermore, different equations to calculate final volume exist, the following
two being the most used ones:
1) 𝑉 =

!
!

𝑎𝑏𝑐

2) 𝑉 =
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Eq. 1 is the volume of an ellipsoid where a, b and c are the three tumor
dimensions (length, width, and height). Eq. 2 corresponds to a modified
ellipsoid equation where two dimensions, tumor height and width, are
considered to be the same. The most accurate formula is the first one because
it takes into account the three dimensions, although using a caliper to measure
the height of the implanted tumors is not always an easy task. Thus, the
modified ellipsoid volume formula is easier for the calculations as it makes the
assumption that the height of the tumors is the same as the width. However, it
should be taken into account that this assumption is not always correct.
Nevertheless, using this approximation to compare tumor volumes from animals
from the same experiment can be considered as relevant.
Other types of techniques used to follow the tumor growth are imaging
techniques. They are more accurate than measurements made with a caliper
but they are quite costly and have also their own technical limitations. There are
several imaging techniques such as: 1) Magnetic Resonance Imaging (MRI)
which is based on the different relaxation times of the protons depending on
their environment after being pulsed with a strong magnetic field in the range of
radiofrequency, 2) Computated Tomography (CT) which detects different
absorption of X-ray radiation between water, bone, fat and air, 3) Medical
ultrasounds (diagnostic sonography) which is based on the differences in the
time that takes for a pulse of sound to interact with a tissue and travel back to
the probe depending on their different acoustic impedance and 4)
bioluminescence and fluorescence imaging devices that detect the fluorescence
or photons coming from the animal. This last technique requires having the
tissue expressing a fluorophore protein or an enzyme that catalyzes
bioluminescence reactions. The spatial resolution of all of these techniques is
quite similar: MRI between 4-100 µm, CT 12-50 µm, Ultrasound 50 µm and
bioluminescence or fluorescence in vivo imaging also 50 µm (70). However,
MRI, CT and Ultrasound are independent of the tumor depth, while
bioluminescence and fluorescence imaging can only be used for real-time
imaging when the tumor is subcutaneous. The most popular ones used in the
revised bibliography were MRI and fluorescence imaging.
When we analyze the selected papers (Fig. 12.11) we can see that more than
half (57%) used only a caliper to calculate the volume of the tumors, while 23%
of the studies followed tumor development with imaging techniques, whereas
17% of the studies combined both a caliper and imaging. This last combination
allows correlating the signals obtained by the imaging techniques (e.g. photon
flux in fluorescence) with tumor volume estimated with the caliper. This
combination may not be necessary if the imaging approach is able to provide
3D reconstructions of the tumor volume.
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Fig. 12.11. Representation of the techniques used to analyze the biological
effect of the treatment. Data taken from all the papers detailed in Table 12.1.

There is just one manuscript of the reviewed ones that used a different
approach to determine tumor volume. It is the case of the study of the antitumor
effect of the treatment described by Wang et al. that is based on the
measurement of the achieved apoptosis rate by the analysis of the expression
of Bax/Bcl-2 proteins, using terminal deoxynucleotidyl transferase dUTP nick
end labeling (TUNEL) and Transmission Electron Microscopy (TEM) analysis
(11).
In spite of the diverse treatments conditions and methodologies used to check
the MH effectiveness, 80% of the revised works concluded that there is a tumor
growth inhibition after the treatment. In addition, 14% of the cases reported a
complete tumor regression, with no signs of tumor regrowth at least one month
after ending the MH treatment (36, 42). However, tumor volume regressions are
sometimes difficult to compare among different studies as different time points
are analyzed. It is truth that in some cases the antitumor effect produces a very
slight inhibition of the growth. That is why many recent studies are now focusing
on the synergistic effect of this treatment with other therapies such as
chemotherapy or radiotherapy.
One conclusion that could be extracted from this comparison is that the MH
studies that have been made are successful as tumor growth inhibition is
observed in most cases. However, it is worth mentioning that negative results
are often not published, which could lead to an overestimation of the
effectiveness of this treatment.
5. Limitations and future challenges
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Right now, one of the major problems that the scientific community working on
in vivo MH is facing is the difficulty to compare results from different laboratories,
as little attention has been paid to the standardization of protocols. Also, in
many cases, negative results are not being published.
Most of the manuscripts revised for this book chapter do not provide a complete
description of the materials and methodology used. This is a consequence of
the multitude of parameters that are involved in such complex animal
experiments. However, the limited access to these details makes more complex
the comparison between research works.
Part of these problems could be solved by a general use of commercial devices
specifically designed for in vivo MH application, as this would imply a narrower
range of AMF conditions. Moreover, it would also be ideal that each of the
equipment was commercialized with a given type of MNP, specifically optimized
for the field conditions of the applicator. In this way, optimal heating properties
would be achieved during the in vivo experiments.
The animal models used in the majority of the works revised consist of human
cell lines subcutaneously implanted in immunodeficient mice. Although this kind
of model is adequate as proof of concept of the treatment, more complex
animal models involving the correct tumor environment and a complete immune
response are needed for a better assessment of the treatment effectiveness in
real conditions. This implies the use of more complex imaging techniques to
follow the progress of the tumor growth after the treatment. In addition, an effort
should be made on evaluating the MH treatment effectiveness in tumors with
bad prognosis.
There are other two major issues that could also help to improve the MH
treatments. Monitoring MNP localization using imaging techniques (e.g. MRI
and CT imaging) (71, 72) before the treatment would allow the use of
mathematical algorithms to design personalized MH application conditions by
calculating the heat generation depending on the particle location within the
tumor. Being able to measure the in situ temperature in a non-invasive way
during the MH application would also help to understand the effectiveness of
the treatment using different materials and conditions.
Despite the fact that this chapter has focused mainly on MH, the general trend
is to use this treatment in combination with currently established ones such as
chemotherapy, radiotherapy, surgery or immunotherapy. Synergies among
these treatments may significantly improve the final antitumor effect.
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Nevertheless, the main real future challenge would be to overcome the difficult
gap between pre-clinical animal studies and the real clinical practice with
humans.
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