Chapter 10

Magnetic Hyperthermia-Using Magnetic
Metal/Oxide Nanoparticles with Potential
in Cancer Therapy

Costica Caizer

Abstract Magnetic hyperthermia (MHT) is heat dissipation in magnetic nanopar-
ticles (MNPs) in an alternating magnetic field (AMF) of hundreds of kHz. This is an
alternative method, non-invasive, and appears to be non-toxic compared to the usual
methods — chemotherapy and radiotherapy used today in the therapy of malignant
tumours — and with great future potential in cancer therapy. For the MHT to be
effective in destroying tumour cells the temperature of biocompatible magnetic
nanoparticles (Bio-MNPs) in the tumour must reach 42-43 °C, leading to local
necrosis. There are many factors that increase the temperature of MNPs, depending
on the nanoparticles’ size (NPs) and type, metals or oxides with metallic ions. In
this chapter, I will discuss application of metal/oxide magnetic nanoparticles
(Me/O-MNPs) in MHT as possible candidates for increasing the hyperthermic effi-
ciency in cancer therapy. I will present the basic physical aspects of MHT, the mag-
netic properties of Me/O-MNPs with potential use in MHT, the results obtained
in vitro and in vivo and future development trends of the MHT technique, such as
superparamagnetic hyperthemia (SPMHT), proposed as alternative, non-invasive
and non-toxic cancer therapy.
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Nomenclature

AMF Alternating magnetic field

BioC Bioconjugation

BioFS Biofunctionalised surface

BioFS-NPs Nanoparticles with biofunctionased surface
Bio-L Biocompatible layer

Bio-MNPs Biocompatible magnetic nanoparticles
CDs Cyclodextrins

FeM Ferromagnetic

FeMNPs Ferromagnetic nanoparticles

FiM Ferrimagnetic

FiMNPs Ferrimagnetic nanoparticles

FS Functionalised surface

FS-NPs Nanoparticles with functionalised surface
LPs Liposomes

Mels Metallic ions

Me-MNPs Matallic magnetic nanoparticles
Me-FeMNPs  Metallic ferromagnetic nanoparticles
Me-SPMNPs  Metallic superparamagnetic nanoparticles
MFHT Magnetic fluid hyperthermia

MHT Magnetic hyperthermia

MNPs Magnetic nanoparticles

NPs Nanoparticles

O-FiMNPs Oxide ferrimagnetic nanoparticles
O-MNPs Oxide magnetic nanoparticles

SAR Specific absortion rate

SPM Superparamagnetic

SPMHT Superparamagnetic hiperthermia
SPMNPs Superparmagnetic nanoparticles

10.1 Introduction

Magnetic hyperthermia (MHT) is today one of the most promising alternative meth-
ods, that is non-invasive and has low toxicity upon the living organism, and with a
great future potential in cancer therapy (Gordon et al. 1979; Pankhurst et al. 2003;
Ito et al. 2005a; Kawai et al. 2006; Gazeau et al. 2008; Kobayashi et al. 2014; Datta
et al. 2015). The method relies on getting a higher temperature inside the tumor
where the magnetic nanoparticles (MNPs) are found, ~43 °C respectively, com-
pared to the normal temperature of the surrounding tissues, by using an external
alternating magnetic field (AMF) (Rosensweig 2002; Pankhurst et al. 2003; Hergt
et al. 2006). Local heating occurs through the Néel — Brown magnetic relaxation
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(Néel 1949; Brown 1963; Rosensweig 2002). The high temperatures destroy the
tumour cells through apoptosis or even necrosis (up to 45—46 °C) (Prasad et al.
2007; Gazeau et al. 2008). Since Gordon et al. (1979) revealed for the first time in
1979, the hyperthermic magnetic effect on tumour cells through the use of MNPs
coated with dextran exposed to an AMF, it has been considered that MHT with
nanoparticles (NPs) can be a viable alternative method in cancer therapy compared
to chemotherapy and radiotherapy (Gordon et al. 1979). Chemo- and radiotherapy
used today to treat cancer are highly toxic, and in many advanced cases these are
even inefficient. Therefore, finding an alternative method, which is non-invasive,
with a reduced or no toxicity, and more efficient than the current methods is desir-
able. Even more, the importance of finding better alternatives for cancer therapy is
emphasized by the high rates of cancer diagnosis in many European countries.'
According to the World Health Organisation findings, cancer is the second leading
cause of death globally with an expectancy of 70% increase in deaths over the next
two decades.

By using a natural thermal effect instead of chemicals or radiations which are
highly destructive for health cells, MHT has the advantage of a very low toxicity
rate from the beginning. In addition, under the action of AMF, thermal effects occur
only locally, inside only the tumour where are MNPs, and can be controlled by
using MNPs without affecting the other surrounding healthy tissue. Moreover, AMF
used in MHT has no negative biological effects on healthy tissues, as long as a cer-
tain threshold is not passed (Hergt and Dutz 2007). Some MNPs, such as magnetite,
are well tolerated by the body (Lacava et al. 1999; Hilger et al. 2003; Naqvi et al.
2010). Furthermore, to eliminate the possible toxicity of the MNPs and to increase
their affinity to the tumor cells, they are made biocompatible (Safarik and Safarikova
2002; Kobayashi et al. 2014) by various techniques used in bionanotechnology.
Usually, these techniques are used for coating/covering the surface of NPs with a
non-toxic organic layer (polymer, non-polymeric or different biological molecules)
(Molday and MacKenzie 1982; Portet et al. 2001; Zhang et al. 2002; Berry et al.
2003; Mart et al. 2009; Guandong et al. 2010). Given all this, MHT with MNPs
appears to be toxicity free.

However, following hyperthermic effect, MNPs can remain interstitial in the
tumour area or in the bloodstream and can possibly migrate towards some organs
(liver, spleen, etc.) (Johannsen et al. 2005). Regarding intracellular MNPs in the
tumor, those can be eliminated naturally due to their reduced sizes (a few nanome-
ters). These issues and others that can affect the toxicity and efficacy of thermo-
therapy are taken into account when studying the efficiency of the magnetic method.

Another important aspect of the MHT is finding the most suitable MNPs to get a
maximum hyperthermic effect and a reduced toxicity. From this point of view,
besides using ferrimagnetic nanoparticles (FiMNPs) of Fe;O, and y-Fe,O; with

'World Cancer Research Fund International, Data for Cancer Frequency by Country, accessed at
http://www.wcrf.org/int/cancer-facts-figures/data-cancer-frequency-country.
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Fe*?/Fe** metallic ions (Mels), which seem to be most suitable, metallic ferromag-
netic nanoparticles (Me-FeMNPs) of small sizes (only a few nm), such as Fe, Co,
etc., are also considered for future use in superparamagnetic hyperthermia (SPMHT).
This would greatly increase the hyperthermic effect and ultimately, the efficiency of
the method (Zeisbergera et al. 2007; Habib et al. 2008; Mehdaoui et al. 2010a,
2010b; Kappiyoor et al. 2010; McNerny et al. 2010; Wu et al. 2011).

Also, another aspect worthy of attention is the homogenous dispersion and accu-
mulation of MNPs inside tumours. Moreover, if until now the more solid localized
tumors were targeted through MHT, being easily accessible by injecting the bio-
compatible magnetic nanoparticles (Bio-MNPs) suspension directly in the tumour,
with the current development of bionanotechnology, also the hidden and harder to
reach tumours or extensively metastatic have started to be widely addressed.
Through encapsulating NPs in liposomes (LPs) or coating them with a biocompat-
ible layer (Bio-L) and then functionalising the surface (FS) of the NPs (FS-NPs)
with molecules/bionanostructures and specific ligands with a high selectivity of
tumor cells, and then administer them intravenously, these new techniques become
viable alternatives (Shinkai and Ito 2004; Malhi et al. 2013; Le Renard et al. 2010;
2011). As a result of this type of thermotherapy by MHT there are also other
advanced effects such as induced anti-tumor immunity (Kobayashi et al. 2014).
Bioconjugation/biofunctionalisation the surface of nanoparticles (BioC/BioFS-
NPs) with specific antibody (Ito et al. 2005a, b), or by encapsulating the drug/anti-
tumor substances in cyclodextrins (CDs) (Fagui et al. 2011; Li et al. 2011; Nigam
etal. 2011; Yallapu et al. 2011; Hayashi et al. 2014) with double action (thermal and
biochemical) are current approaches in MHT. In vivo results so far have clearly
demonstrated tumour regression following MHT therapy (Hergt et al. 1998; Ito
et al. 2003a; Johannsen et al. 2005; Tanaka et al. 2005; Hilger et al. 2005) with
promising future use in the clinical trial and as alternative method in cancer
thermotherapy.

This chapter discusses the MHT with Me-MNPs (FeM) and O-MNPs (FiM) that
contain Mels, and presents some results obtained in vitro and in vivo about the pos-
sible use in therapy of malignant tumours. The physical principle of MHT, and in
particular, of the SPMHT, which is the best method currently used for obtaining the
magnetic hyperthermia effect with a maximum efficiency, will be discussed in detail
further on. Also, other aspects of the MHT efficiency and real prospects of using
this alternative method in the future cancer therapy will be further addressed.

10.2 Principle of Magnetic Hyperthermia

10.2.1 Hpyperthermia with Magnetic Nanoparticles

MHT consists in increasing the temperature environment (physical or biological)
that contains a magnetic material, metal (FeM) or oxides (generally based on irons)
with Mels (FiM), under the action of an external AMF. In the case of a biological
environment, when aiming at destroying tumour cells by using hyperthermic effect
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Fig. 10.1 (a) The magnetization (M) of multidomain nanoparticles in the external magnetic field
(H); (b) magnetic structures in multidomain nanoparticles of cubic (left) and uniaxial (right)
anisotropy

(more than the normal value of ~37 °C), the goal is to increase the tissue’s tempera-
ture at target values of 42-43 °C.

The magnetic effects that can lead to heating the magnetic material (FeM or
FiM) located in an external AMF are: (i) eddy currents that occur through electro-
magnetic induction in metallic magnetic materials, (ii) magnetic hysteresis, (iii)
magnetic relaxation and (iv) magnetic resonance (ferro- or ferrimagnetic). In the
case of MNPs, because they are very small (107 to 10~ m) and generally isolated
from each other in a suspension, turbionari currents (7) are negligible, even in con-
ductive MNPs (Fe, Ni, Co, etc.).

In addition, for obtaining MHT, the AMFs are used at a frequency of tens — hun-
dreds of kHz. Having in view that the magnetic resonance in a fero- or ferrimagnetic
material (FeM when NPs are metals or FiM when NPs are metal oxides) is achieved
at much higher frequencies (hundreds of MHz — tens of GHz), MHT can not be
generated by magnetic resonance (iv). Only the hysteresis effect (if) (Pankhurst
et al. 2003) and the magnetic relaxation (iii) (Néel 1949; Brown 1963) may produce
heat to the material.

Magnetic hysteresis (ii) (Fig. 10.1a is obtained, in general, in the case of large
MNPs, that have a structure of magnetic domains (Fig. 10.1b).

Power dissipation per unit of material volume in AMF can be expressed by the
formula (Pankhurst et al. 2003)

P:uofgﬁHdM, (in W/m’) (10.1)

where fis the frequency of AFM with H magnitude and M is the magnetization of
the material. Basically, this power is the surface S of hysteresis loop (Fig. 10.1a)
which gives the power dissipated during a hysteresis loop, on a period of time
t(t=1/f) of the magnetic field multiplied by frequency (P=pfS). When the sample
is comprised of MNPs the specific power dissipation is used (Habib et al. 2008)
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P, = f, (inW/g) (10.2)
P

where p is the density of the sample (nanoparticles system). For small amounts of
material, such as NPs, it is customary the use of the expression of specific power
dissipated in W/g (see Sect. 10.2.2). The loss power in NPs in the form of heat (Q),
will lead to their heating. When the MNPs are found in a biological tissue (after
previously being made biocompatible with the enviroment), as a result of applying
AMF to obtain a temperature increase of the tissue compared to normal value (ex.
~37 °C), the MNPs suffer hyperthermic effect.

However, it was found that the practical use of MHT as an effect of magnetic
hysteresis has some drawbacks (Pankhurst et al. 2003). Mainly for getting an effi-
cient heating of a tissue is needed to increases its temperature in a short time and
also to reach the necessary value in a MHT. This requires that the hysteresis loop to
be as broad and saturaturated as possible, which implies the existence of high fields
for magnetization and magnetic saturation. This is hard to have at frequencies of
hundreds of kHz. Also, NPs should be large enough and be structured as magnetic
domains in order to have a pronounced hysteresis, and/or to have a large magnetic
anisotropy. Using large MNPs raises many aspects of the biological toxicity or bio-
compatibility and transportation at cellular and intracellular level.

Recent research results have shown that MHT would be more effective if instead
of large NPs (average diameter of tens of nm), with magnetic domains structure, its
would use NPs that are smaller, single-domain and superparamagnetic, with a
(mean) diameters in the ~5-25 nm range. In this case, it was found that MNPs can
achieve higher power dissipation than using hysteresis losses (Pankhurst et al. 2003;
Hergt et al. 1998), and in addition, their toxicity should be lower, due their smaller
size. Moreover, small MNPs should be more effective in intracellular therapy (Fortin
et al. 2008).

The main feature of MNPs, FeM or FiM, that have a superparamagnetic (SPM)
behavior is the lack of hysteresis (Fig. 10.2a). Their magnetization is done by a
function of Langevin type (Jacobs and Bean 1963). At the same time, the magnetic
domains structure is missing, NPs having a single-domain (Fig. 10.2b) magnetized
spontaneously to saturation. In this case, the spontaneous magnetization (Mg) is
not stable, but fluctuates along a direction, called the easy magnetization axis
(e.m.a.) under the action of thermal activation, a process known as magnetic relax-
ation, respectively, in this case superparamagnetic relaxation (Néel 1949; Bean and
Livingston 1959). The 180° magnetization reversal and the magnetic moment of
nanoparticle (I’T’L) which has volume V, respectively

m=VM,, (10.3)

are done in the Néel magnetic relaxation time (Néel 1949; Aharoni 1964), which
has the formula
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SPM -
Langevin curve

Fig. 10.2 (a) The magnetization (M) of nanoparticles that have single domain in the external
magnetic field (H); (b) magnetic structures in single domain nanoparticles with uniaxial
anysotropi

Ty =T, exp(f—\;} (10.4)

B

where KV is the energy barrier for the magnetic moment of NPs, kg7 is the thermal
energy and 7, is a time constant (10~° s Back et al. 1998). In Eq. 10.4 K is the mag-
netocrystalline anisotropy constant, which in the simplest case is considered uni-
axial, and kg is the Boltzmann constant.

This process of superparamagnetic relaxation in an external AMF leads to a dis-
sipation of energy in the form of heat. Thus, they heat up. This magnetic relaxation
effect (iii) in superparamagnetic nanoparticles (SPMNPs) is used in MHT and
appears to be more appropriate than the effect given by hysteresis (if) both in terms
of increased power dissipation obtained but also of lower toxicity, due to using
smaller nanoparticles. According to some researchers in the field, the SPMHT is
considered the future cancer therapy method, more efficient and with almost no
toxicity compared with chemo- and radiotherapy, which are used today in treatment
of cancer and have a high toxicity and in many cases are inefficient.

10.2.2 Superparamagnetic Hyperthermia

In an harmonic AMF with amplitude H, and frequency f, power (volumetric) dissi-
pated is given by (Rosensweig 2002)

Poyr = 7t f 3 "H?, (10.5)

where y” is the component of complex magnetic suspectivity, called the loss com-
ponent. This component is found (Shliomis 1974) as having the form of the Debye
equation
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x”=xoL2, (10.6)
1+(wr)
where y, is magnetic susceptibility of echilibrum, 7 is magnetic relaxation time and
@ =2xfis pulsation.
When NPs are found in colloidal suspensions, magnetic relaxation can occur by
two mechanisms, Néel and Brown, and relaxation time will be given by (Néel 1949;
Brown 1963; Aharoni 1964)

=8 (10.7)

T+,
where 7y is given by Eq. 10.4 and 73 is (Brown 1963)

3V,
7, = :Th (10.8)

B

In Eq. 10.8 7 it is the viscosity coefficient of the fluid in which the NPs are
dispersed and V;, is the hydrodynamic volume of the NPs (Fig. 10.3), which in a
spherical nanoparticles approximation model (Fig. 10.3a have the expression

4 =%(D+26)3. (10.9)

In Eq. 10.9 D is the diameter of the NPs (Fig. 10.3a) and ¢ is the thickness of the
biocompatible coating (Fig. 10.3b), such as dextran, liposomes, cyclodextrins,
polymers, etc., depending on biomedical application (Veiseh et al. 2010).

Considering Eq. 10.6, the loss power by magnetic relaxation in fluid (Eq. 10.5)
will have the formula

2r ft

—. (10.10)
1+(27rfr)

Powr = ”oﬂszlo

In many cases, NPs in biological environments are fixed, or thickness of the
Bio-L is quite thick, so the condition is achieved 7 > 7y, and relaxation time 7 is
reduced to 7y (7 = 7y). This approximation takes place in most practical cases. In this
case, the loss power occurs only through Néel relaxation process, as by rotation of
the magnetic moments within the MNPs under the action of the AMF.

In the case of different NPs, to be able to compare results, specific loss power is
used (Eq. 10.2)

22T (inw/g) (10.11)

(Pusr )5 = ﬂﬂoon2fm

where ¢ is the density of NPs (6=m/V, m is the mass).



10 Magnetic Hyperthermia-Using Magnetic Metal/Oxide Nanoparticles with Potential... 201

b
Coating Polymers

So~rYor

Poly(ethylene glycol) (PEG)

Polymer Types
End-grafted Poly CoPolymers
PEG PVA-PEG, Chitosan-FEG

Fig. 10.3 (a) The core-shell model of compatible nanoparticles; (b) (color online) Illustration
depicting the assembly of polymers onto the surface of magnetic nanoparticle cores (Reprinted
from Veiseh et al. 2010, Copyright (2010), with permission from Elsevier)

The formula found (10.11) determines the temperature of heating nanoparticles
(AT), considering the adiabatic system, when entire energy (power) is transformed
into heat (Q) in a time period Af,

Q =mcAT = P, VAt (10.12)
and

P A
ATzﬂ, (10.13)
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respectively, where c is the specific heat of NPs. In studies of magnetic hyperther-
mia often one will use the heating rate (speed)

A_T:M (10.14)
At c '

which is more suggestive.

10.3 Superparamagnetic Hypethermia in Cancer
Thermotherapy

10.3.1 Factors That Can Influence the Efficiency
of Superparamagnetic Hyperthermia

Given the loss power (Eq. 10.10) and specific loss power (Eq. 10.11) and heating
rate (Eq. 10.14), we see that these observables depend on many factors, both specific
magnetic nanoparticles (type, size, shape and distribution of MNPs, magnetic
anisotropy, magnetic susceptibility, surface thickness of Bio-NPs, interactions
between NPs, which can form agglomerates) and suspension in which nanoparti-
cles are dispersed (the concentration of NPs suspension, the viscosity of the fluid,
the density of suspension) and an external magnetic field (external magnetic field
amplitude and frequency, harmonic AC). In addition, when the suspension of NPs is
introduced in a physiological environment (tissue, tumour, blood, fluid, etc.),
depending on the biomedical/pharmaceutical application, we must take into account
the characteristics of this environment, the interaction with Bio-NPs and the possi-
bility of movement or no movement (fixing) of NPs. All these factors should be
considered when the maximum efficiency of the MHT application is pursued.

However, some of these can be considered critic parameters, such as the size of
NPs. Besides thess, it quite critical is the magnetic anisotropy of MNPs that can
change the power dissipation and heating rate, in order to get a maximum hyperther-
mic effect, with direct repercussions on the size of NPs to be used in MHT.

To get a clearer picture of the influence these parameters have on the MHT,
Fig. 10.4 shows different curves of heating rates A7/At (Eq. 10.14) for different
O-MNPs with Fe?*, Fe* and Co** metal ions (FiM nanostructures of Fe;O4 (magne-
tite), y-Fe,O; (maghemite), CoFe,0O, (cobalt ferrite) and Ba ferrite) dispersed in
teradecane (carrier liquid) (Rosensweig 2002). The heating rates of these nanosys-
tems presents a maximum for each of the values of diameters (sizes) of the NPs, in
range of 3—12 nm, bigger being at Fe;0, and y-Fe,O; From the diagrams we can see
that a small change in the NPs diameter leads to a high decreases of heating rate (ex.
curves 3 and 4). This shows that the diameter of NPs is a critical measure in obtain-
ing the maximum heating rate. Also, magnetic anisotropy of NPs changes signifi-
cantly the maximum positions (the size of NPs where the maximum is obtained),
that are obtained at slightly lower diameters when the magnetic anisotropy is high.
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Fig. 10.4 Comparative heating rates for various magnetic solids. / Barium ferrite, 2 Cobalt ferrite,
3 Magnetite, 4 Maghemite. ¢ = 0.071, n = 0.00235 kg m~! s~!, =300 kHz, B=0.09 T, § =2 nm
(Reprinted from Rosensweig 2002, © (2002), with permission from Elsevier)

For example, this can be observed in the case of barium and cobalt ferrite (curves 1
and 2) compared to magnetite and maghemite (curves 2 and 4). The curves were
recorded in the magnetic field H = 71.6 kA/m (H=B/u,, B = 0.09 T) and the fre-
quency f of 300 kHz, and the dispersion environment of the NPs had the following
characteristics: the volume fraction of the NPs in liquid (¢) is 7.1% and the viscos-
ity coefficient of liquid () is 0.00235 kgm~" s7").

In Fig. 10.5 we can properly seen (in a 3D representation) the influence of the
external magnetic field (amplitude H and frequency f) and of the mean diameter
(<D>) of MNPs (taking into account a distribution of size of NPs in a real disper-
sion) on the specific loss power (SLP) (Eq. 10.11), in the case of Co ferrite NPs and
in the absence of relaxation Brown (when the viscosity of the fluid is high or NPs
are fixed), and when the magnetic susceptibility of equilibrium (y,) is constant
(Caizer 2010). For the magnetic field were considered the following values of
10-30 kA/m and the variable parameters, frequency (f) and mean diameter (<D>) in
the ranges of 100-500 kHz, and 4-7 nm, respectively. The study was done in a bio-
logical tissue without cellular damage by magnetic field (amplitude and frequency)
(Hergt and Dutz 2007)

H-f<5x10°Am'Hz. (10.15)

One such study done with a professional software, optimizes MHT (finding
the conditions to specify the highest specific loss power for a particular nanosys-
tem) study required both prior to the experiments in vitro and in vivo, and during
these tests.

The purpose of my study is the possible future use of Co ferrite NPs encapsulated
in LPs, with a SPM behavior in an external magnetic field of up to 150 kA/m



204 C. Caizer

Fig. 10.5 (Color online)
3D SLP for cobalt ferrite
nanoparticles as a function
of fand <D>; (a)

10 kAm~" and (b)

30 kAm~' (Reprinted from
Caizer 2010, © (2010),
with permission from West
University Publising
House)

(Fig. 10.6), in the therapy of malignant tumors. The curve was recorded for concen-
trations of 20 mg/ml of liposomal suspension of nanoparticles (magnetoliposomes
in distilled water). Due to the LPs sizes (>100 nm), Brown relaxation (Eq. 10.8) has
been neglected, losses taking place during Néel relaxation processes (Eq. 10.4), in
the low field of 10-30 kA/m. An important finding of this study is that the high
specific loss power is achieved at a lower mean diameter of Co ferrite NPs. This
result leads to the idea that these NPs that would be suitable for use in intracellular
therapy (Jordan et al. 1999a; Fortin et al. 2008) of hyperthermia may destroy tumour
cells more effectively within them.

An excellent review, where the influence of other parameters on the SPMHT can
be observed, is found in Gazeau et al. (2008). For example, the viscosity of fluid or
the large dispersion of the MNPs that always exists in a real nanosystems, can sub-
stantially affect the SPMHT (Rosensweig 2002). In the case of the large dispersion
of NPs we must consider the distribution function of the sizes (diameters) of
nanoparticles. Experimentally, in most cases, it was found that the nanoparticle size
distribution can be approximated by a lognormal function (Bacri et al. 1986;
O’Grady and Bradbury 1994; Caizer 2003)
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Fig. 10.6 (Color online)
magnetisation of CoFe204
nanoparticles encapsulated
in liposomes (Reprinted
from Caizer 2010, ©
(2010), with permission
from West University
Publising House)

<
)

f(D)—;ex _M (10.16)
276D P 20° .

where D is the diameter of the NPs (Fig. 10.3) (in spherical nanoparticles approxi-
mation, for example) and d and ¢ are the distribution parameters. In this case, the
mean diameter of the NPs will be (Baker et al. 2006)

2
D :d-exp[%j (10.17)

Given such ditribution, and the Eqgs. 10.10 and 10.11, mean specific loss power in
this case is calculated by formula

P= If ) Py (D (10.18)

In order to have a small influence of the NPs sizes over the power dissipated, is
important to aims at achieving this by various methods used in obtaining nanoparticle
systems with more narrow distributions. However, in real terms this condition often is
difficult, and the formula (10.18) should be applied for assessing the correct loss power.

10.3.2 Superparamagnetic Hyperthermia with Metal Magnetic
Nanoparticles

While aiming at increasing the loss power in a short time in a system of MNPs and
given the theoretical and experimental results regarding the SPMHT, and other
results and recent studies (Baker et al. 2006; Lee et al. 2007; Ondeck et al. 2009;
Purushotham and Ramanujan 2010), an alternative route is considered in order to
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achieve the desired results. In order to reduce the side effects of toxicity on normal
cells surrounding the tumour cells targeted through MHT, the use of metallic super-
paramagnetic nanoparticles (Me-SPMNPs) is used instead of those oxides that are
limited (Kappiyoor et al. 2010).

Me-MNPs that are FeM would bring additional benefits in SPMHT compared to
the oxides, primarily by strong increase in power dissipated due to the high mag-
netic moment (Eq. 10.3) and the high susceptibility of FeMNPs, which can be tens —
hundreds of times higher than the FiM oxides (ferrites). In addition, the magnetic
anisotropy of FeM metals such as Fe, Co, brings other advantages due its generally
higher values than iron-based FiM oxides, such as Fe;O, or y-Fe,O;, the most suit-
able and used in experiments of SPMHT. This makes the maximum power dissi-
pated in SPMHT (Eq. 10.10) to be achieved at smaller sizes of NPs, which makes
FeM more suitable for use in therapy of intracellular magnetic hyperthermia (Fortin
et al. 2008). Me-FeMNPs are smaller than FiM oxides, and thus will have less effect
on cell toxicity. Moreover, smaller NPs can easily get inside cells by active transpor-
tation mechanisms, making them more efficient in terms of effects of MHT. In addi-
tion, even using various biocompatible surfactants the hydrodynamic volume
(diameter) (Fig. 10.3 and Eq. 10.9) will be smaller, thus facilitating both relaxation
mechanisms in MHT and transportation mechanisms of biocompatible NPs to the
target biological tissue.

The result shown in Fig. 10.7 is very suggestive in this regard. It can be observed
very clearly that the loss power in Me-FeMNPs of Fe or Co is noticeably higher
than in the case of O-FiMNPs of Fe;O, or y-Fe,0;. In addition, the diameter of
Me-MNPs where can achieve the maximum power is approx. two times lower than
that of the O-MNPs, being about 10 nm, aspect benefit for SPMHT. Another impor-
tant issue when using Me-FeMNPs in SPMHT is also their usage as metal alloys,

Fig. 10.7 (Color online) d T d T T T T T
volumetric power loss for
various magnetic materials
at 300 kHz and 50 mT ac
field in aqueous dispersion
with 10% particle
concentration (Reprinted
from Habib et al. 2008,
with the permission of AIP
Publishing)

Magnetite

Maghemite

FePt

Volumetric Loss Power (x 10° W!m3)

0 10 20 30 40 50
Particle Size (nm)
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Fig. 10.8 The specific loss
power for nanoparticles of
Fe, according to the
diameter of nanoparticles
and frequency of 150 +
alternating magnetic field 125 |

100 -
75 4

SLP (Wig)

50 -

25

which gives the possibility of obtaining a magnetic anisotropy adjustable depending
on the concentration of one or other of the chemicals used (ex. FeCo). This allows
a modification of Me-MNPs size in a fairly wide range without the power dissipa-
tion having to change too much, which is great for SPMHT.

In addition, the limitation imposed by Eq. 10.15 could be easily met in
Me-FeMNPs by the real possibility of using a magnetic field with amplitude or
frequency reduced, and that will lead to the same hyperthermic effect as when iron
O-MNPs are used.

Given the above advantages, preparation of colloidal suspensions of Me-FeMNPs
based on Fe and Co, and their use in SPMHT, has already caught scientist’s atten-
tion (Zhang et al. 2003; Mendoza-Resendez et al. 2004; Hutten et al. 2005; Hergt
et al. 2006; Zeisbergera et al. 2007; Habib et al. 2008; Mehdaoui et al. 2010a, b;
Kappiyoor et al. 2010; McNerny et al. 2010; Wu et al. 2011).

In Fig. 10.8 T have a 3D computational result of a study that we did in the case of
Me-MNPs of Fe as a possible use of their SPMHT. The study was aimed at finding
optimal diameter of the NPs (considered as spherical) that gives the highest specific
loss power, starting from simulating real conditions (considering the iron magnetic
characteristics, a magnetic packing fraction (volumetric) of 10%, and NPs fixed in
the future tissue (neglecting the Brown relaxation processes)). The result is surpris-
ing, because one can get a fairly high specific power dissipation even at low H and
f(.e., H<40kA/m and < 100 kHz), making these MNPs very suitable for SPMHT.

Similar results were obtained by other authors. Mehdaoui et al. (2010a) reported
MHT for iron FeMNPs with cubic shape and sizes of 11 nm and 16 nm, where they
obtained a specific loss power (SAR — specific absortion rate) of 1,690 W/g in a
magnetic field of 66 mT (~53 kA/m). This power exceeds that one reported in other
nanosystems. In Fig. 10.9 SAR is shown for the two samples studied.

However, reduced biocompatibility compared to NPs of the iron oxide is a major
issue when it comes to their use in SPMHT in tumors. If the problem of
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biocompatibility and stability of suspensions of Me-MNPs in aqueous solution will
be solved the Me-FeMNPs would be used successfully in SPMHT instead of
O-FiMNPs ones, this leading to greater efficiency of the hyperthermic method. The
problem of biocompatibility and using oxide/metal NPs in MHT studies in vitro and
in vivo will be discussed in the next section.

In this respect, a first step in reducing the toxicity of Me-FeMNPs on healthy
tissues could be done by reducing from the start their concentrations in the tissue,
respectively the volume fraction of magnetic material in suspension. Because of this
there is an additional reserve of loss power that would be obtained in the case of
Me-MNPs, compared with the oxide ones. Depending on the application targeted
for using MHT, it is beyond doubt that we must find the most suitable organic
compounds, in order to obtain a good biocompatibility of Me-MNPs, so they can
then be used in SPMHT.

Overall, it is observed that FIMNPs of iron oxide, such as Fe;O, and y-Fe,O;, are
regarded today as the most suitable for use in MHT. A special attention should be
paid to nanoparticle-based metallic iron, e.g. Fe or Co metal, that increases the
power dissipated. In a good biocompatible that can be achieved, they could be used
successfully and with high efficiency in SPMHT of tumours.

10.3.3 Biocompatibility of Magnetic Nanoparticles for Cancer
Therapy by Magnetic Hyperthermia

One of the most important issues in the application of MHT is avoiding possible
toxicity on healthy tissue, which can be caused by the MHT or mostly by the used
MNPs. Damage to healthy tissue by a magnetic field can be avoided by using AMF
with low amplitudes and frequencies, so that the conditions in Eq. 10.15 are
respected. Also, the temperature achieved by the magnetic field must be maintained
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at around ~43 °C with the effect of inducing apoptosis and necrosis in the tumour
tissue, this being controlled by external electronic devices. Only in some cases, the
temperature of localized tumors may be slightly higher in the tumor (4446 °C),
healthy tissue being unaffected, warming taking place only on the tumour in which
there are MNPs.

It only remains that the NPs that mediate hyperthermia to be biocompatible with
the tissues where they are to be introduced. In this direction, since the question of
using MNPs in MHT, various methods/techniques were developed for making Bio-
MNPs using different agents (polymeric, no-polymeric, biological molecules) coat-
ing/covering surface nanoparticles (surfacted, BioC, BioFS, etc.) or encapsulating
NPs in different mebranes/biological nanostructures, creating hybrid bionanostruc-
tures core-shell (magnetic core and biocompatible biological shell (Molday and
MacKenzie 1982; Portet et al. 2001; Safarik and Safarikova 2002; Zhang et al.
2002; Berry et al. 2003; Mart et al. 2009; Guandong et al. 2010 Kobayashi et al.
2014). A synthesis of these and highlighting MNPs used in MHT was made recently
by Kobayashi et al. (2014). In Table 10.1 these are summarized (with permission
from Kobayashi et al. 2014).

Current trends are in favour of BioC of the surface of MNPs with different spe-
cific molecular nanostructures, antibodies or by inducing through MHT an immune

Table 10.1 (Color online) representative magnetic nanoparticles for magnetic nanoparticle-
mediated hyperthermia

Name Core size | Characteristics Ref.
Magnetite A few pm | The first demonstration using | Fortin et al. (2008)
magnetic particles
Dextran magnetite 6 nm The first demonstration using | Gazeau et al. (2008)
magnetite of nanometer sizes
Aminosilane-coated 15 nm Enhaces the uptake by Baldi et al. (2007)
magnetite cancer cells and prevents
intracellular digestion
Magnetite cationic 10 nm Enhaces the uptake by Gordon et al. (1979),
liposome or cationic cancer cells and stabilizes Guandong et al. (2010),
protein the colloidal solution and Hayashi et al. (2014)
NPrCAP-conjugated 10 nm Targets melanoma cells and | Hergt et al. (2006, 1998)
magnetic nanoparticle exerts chemotherapeutic and Hergt and Dutz
effects (2007)
Antibody-conjugated | 20 nm Targets human breast cancer | Hilger et al. (2005)
magnetic nanoparticle and is conjugated with
radioactive indium
Antibody or 10 nm Targets tumor cells and Hilger et al. (2003),
aptamer-conjugated stabilizes the colloidal Hutten et al. (2005), and
magnetic nanoparticle solution Ito et al. (2005a, b)
Magnetic nanoparticle | 20-30 nm | Controlled drug release Ito et al. (2003a, 2004)
with encapsulated
antitumor drug

Republished with permission of Future Medicine Ltd., from Kobayashi et al. (2014), permission
conveyed through Copyright Clearance Center, Inc
NPrCAP N-propionyl-cysteaminylphenol
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Fig. 10.10 Antibody-
conjugated
magnetoliposomes (AMLs)
for active targeting.
Magnetite nanoparticles
were wrapped in a neutral
liposome, and a G250
antibody was covalently
linked to the liposomal
surface (Reprinted from Ito
et al. 2005a, Copyright
(2005) The Society for
Biotechnology Japan, with

permission from Elsevier)

Table 10.2 Characteristic observables of nanoparticles and alternating magnetic field parameters
(Caizer 2014)

Magnetite
nanoparticles (10nm)

M, K P di [3] | deps [14] | 17 (kgm™ H
Samples | (kA/m) | (kJ/m?) | (g/cm?®) | & (nm) | (nm) s f(kHz) (kA/m)
Fe;0, 477 11 5.24 0.017 | 35 0.8 7x10~* | 100-1,000 | 10-20
[13]

CCL 2014, IOP Publishing. Reproduced by permission of CCL-IOP Publishing

response to specific proteins to stimulate the antitumoral immunity (heat shock pro-
tein (HSP) — mediated antitumor Immunity), which would make MHT possible
even in tumour metastasis (Schlesinger 1990; Ito et al. 2005a). In Fig. 10.10 the
BioC of LPs containing magnetite NPs with antibody G250 for targeting active
tumor cells is shown.

Another way, which I have in mind as a possible biocompatibilization of MNPs
for cancer therapy through MHT, is through the use of CDs. We can use CDs to
decorate the surface of NPs, which could lead to increase in the overall efficiency of
the method while minimizing cell toxicity (Fagui et al. 2011; Li et al. 2011; Nigam
et al. 2011; Yallapu et al. 2011; Hayashi et al. 2014; Caizer 2014). CDs are fully
biocompatible (are natural polysaccharides) being used today in pharmacy and
medicine to deliver controlled release drug carriers (Pradhan et al. 2007; Bellia et al.
2009). These form the toroidal cavity guest host for the drugs that can be encapsu-
lated in hydrophobic cavities. CDs are well dispersed in an aqueous solution. Of
these, y-CDs are most stable in aqueous solution and are more suitable for biocon-
jugation surface of MNPs using chemical agents.

In a recent study, the specific absorption rate in biocompatible Fe;O, NPs mono-
dispersed in an aqueous solution, suitable for MHT, is still being shown (Caizer
2014). The some results are presents below (republished with permission from
CCL-IOP Publishing).

“Data used in calculations, according to the formulas in Sect. 10.2, are given in
Table 10.2. I considered two cases: (i) Fe;O4 encapsulated in LPs and (ii) Fe;O,
bioconjugated with CDs, strategy currently used in research on targeted therapy.
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Fig. 10.11 (Color online)
3D diagram of SAR until
the biological limit in the
case of Fe304
nanoparticles
bioconjugated with CDs,
for magnetic field
amplitude of (a) 10 kA/m
and (b) 20 kA/m (Caizer
2014) (CCL 2014, IOP
Publishing. Reproduced by
permission of CCL-IOP
Publishing)

When the NPs are encapsulated in LPs (i), Brown relaxation time becomes much
higher than the Néel relaxation time (75(167 x 10* ns)>>7(122 ns)), and the relax-
ation time will be: 7=7y/(1 +7n/75) 27y (see Sect. 10.2.2). In this case the SAR
diagram obtained is similar to that in Fig. 10.5, these being determined only by the
Néel dissipation processes.

The results for Fe;O04-CDs are shown in Fig. 10.11 for two values of the magnetic
field, considering biological accessibility limit, Hf < 5% 10° Am~! Hz (Hergt and Dutz
2007). In this case, two magnetic relaxation processes contribute to the SAR, both Néel
and Brown, for magnetic diameters greater than 15 nm. Néel relaxation processes
become dominant with the increasing frequency to the upper limit at the ~15.5-17 nm.
Atlower frequencies, such as 150 kHz, contributions to the SAR of the Néel and Brown
relaxation processes become comparable and at the frequency of 100 kHz, Brown
relaxation prevail, especially in large diameters. When the magnetic field reaches to
20 kA/m (Fig. 10.11b), the highest maximum of SAR increases significantly from
~15 W/g to about ~38 W/g, at the biological limit, for the 17 nm diameter. In this case,
the SAR still remains high (~30 W/g) for D > 22 nm, due to Brown relaxation.
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In conclusion, the 3D study allowed us to optimize SPMHT, in order to apply it
in practice: by finding the most suitable bionanoparticles, as material and size, and
also as magnetic field parameters (f, H), in order to obtain the highest SAR within
the biological accepted limit.”

10.3.4 Main Results Obtained in Cancer Therapy by Using
Superparamagnetic Hyperthermia

The results obtained so far, both in vitro and in vivo, have demonstrated to viability
of the MHT method (Ito et al. 2003a; Johannsen et al. 2005; Tanaka et al. 2005;
Hilger et al. 2005).

For example, Johannsen et al. (2005) demonstrated an in vivo experiment for
treatment of prostate cancer done by means of MHT, using a magnetic fluid. In
experiment 48 mice were used which had induced prostate cancer. The mice were
injected once with a ferrofluid in the tumour, after which they were subjected to two
MHT treatments. Ferrofluid was injected into the tumor at a rate of 0.5 ml/cm?. It
was performed with a ferrofluid of magnetite particles in water, which were sur-
facted with aminosilane, having a mean diameter of 15 nm and a concentration in
water of 120 mg/ml. The MHT treatment was made by applying a magnetic field
with an amplitude between 0 and 18 kA/m, at a frequency of 100 kHz. The obtained
results showed that the magnetic fluid hiperthermia (MFH) treatment leads to inhi-
bition of tumour growth by 44-51%.

Other experiments (Jordan et al. 1999b; Ito et al. 2003a; 2004; Ito et al. 2003b;
Hilger et al. 2005; Sunderland et al. 2006; Baldi et al. 2007; Johannsen et al. 2007a)
emphasize the viability of the MHT method and the possibility of applying them
successfully in the not too distant future for the treatment of various cancers. Ito
et al. (2003a) showed the complete regression of mammary carcinoma by repeating
MHT with magnetite nanoparticles.

A synthesis of tumour regression results obtained by applying MHT and the
conditions used are shown in Fig. 10.12 and in the text of Figure (Gazeau et al.

»

Fig. 10.12 (continued) Although the rectum temperature did not increase by more than 1 °C,
tumors injected were heated up to 45 °C (10 °C increase). (iii) Prussian blue staining of the tumor
after thermotherapy treatment: the injection of the aminosilane-coated particles led to the forma-
tion of stable deposit into the tumor: the nanoparticles (in blue) were still distributed throughout
the tumor after treatment. (iv) Effect of treatment temperature on the survival rate after thermo-
therapy (one round, 30 min). Intratumoral temperature greater than 43 °C significantly increased
the lifespan of tumor-bearing rats compared with nontreated controls (survival fraction null at days
8-13, data not shown). The gain of survival was correlated with the intratumoral temperature
(Adapted with permission from Jordan et al. 2006). MCL magnetic cationic liposomes.
(Republished with permission of Future Medicine Ltd., from Gazeau et al. 2008; permission con-
veyed through Copyright Clearance Center, Inc)
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Fig. 10.12 (Color online) examples of tumor regression following magnetic hyperthermia. (a)
Complete regression of mouse mammary carcinoma by frequent repeated hyperthermia using
magnetic cationic liposomes. (i) Magnetite nanoparticles were embedded into cationic liposomes
(MCLs) and injected directly into 15-mm tumors, which were induced subcutaneously in mice. (ii)
Alternating magnetic field (AMF) of frequency 118 kHz was generated by a horizontal coil, where
the mouse was placed. (iii) Temperatures in the rectum and at the surface of the tumor were
recorded with an optical fiber probe during AMF exposure. For each irradiation AMF, the tumor
was heated to 45 °C for 30 min by controlling the AMF intensity. (iv) The therapeutic effect of
tumor irradiation. MCLs were injected directly into 15-mm diameter tumors (2 mg magnetite).
Tumors were irradiated for 30 min, repetitively (one to six rounds). Compared with control (blue
lines), the tumor growth was stopped after AMF irradiation (red lines). Each line represent a single
tumor (n =5 for both control and treated mice). After repeated hyperthermia, complete regression
of the tumor was observed. (v) Percentage of survival for the same group of mice. Control mice:
full circles; treated mice: open circles. All the treated mice survived for 120 days after treatment,
with no regrowth of the tumor (Adapted with permission from Ito et al. 2003a, 2005a; Kawai et al.
2006). (b) Effect of magnetic hyperthermia on rat malignant glioma. (i) Tumors were induced by
implantation of rat glioma RG-2-cells into the brains of rats and were visualized by MRI
(T1-weighted MR image). (ii) Magnetic nanoparticles with two different coatings and sizes were
administered in to the tumors by stereotactic injection (20 pl at 2 mol/l iron concentration). AMF (100 kHz,
0-18 kA/m) was generated using an applicator system (MFH 12-TS®, MagForce Nanotechnology,
Germany). Temperature into the tumor was measured using a fiber optic thermometry device.
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2008) based on the works of authors: Ito et al. (2003a, 2005a) and Kawai et al.
(2006) for Fig. 10.12a; Jordan et al. (2006) for Fig. 10.12b. Important results have
been obtained at animals with breast cancer, prostate cancer, brain cancer, renal
cancer and melanoma.

In the most advanced MHT state reached today even in the preclinical phase
(clinical trial) (in Germany) (Gazeau et al. 2008) for non-invasive treatment of pros-
tate cancer (Johannsen et al. 2007a, b, ¢) and glioblastoma (Maier-Hauff et al. 2007,
Jordan and Maier-Hauff 2007) by intratumoral injection of suspension of Bio-
MNPs and control by computed tomography (CT) and medical resonance imaging
(MRI), with good results. These treatments, when applicable, are combined with
radiation therapy to increase the effectiveness of irreversible destruction of malig-
nant tumours.

Although many results attest to the viability of the method of SPMHT, there are
many aspects still to be clarified before this method can be applied clinically, with
maximum effectiveness against tumors (complete destruction and irreversibly
against tumors) without side effects and without a longer need for radiotherapy.
Concerning the characteristics of the magnetic field, things are quite clear, and in
terms of MINPs best suited for hyperthermia, it is still necessary here to optimize.
The current efforts of researchers in the field are focused heavily on bionanostruc-
tures from the surface of MNPs, which give them specific properties for targeting
tumor cells and are mediators of MHT. Furthermore, the suspension of suitable Bio-
MNPs must be injected into the blood vessel of hidden tumours, inaccessible from
the outside. All these could result in future MHT in advanced stages of cancer,
metastases, or even cancer detection in early stages (Levy et al. 2010). In addition,
it is considered that MHT method combining with others, such as chimioterapy,
genetherapy, micro-RNA (Yin et al. 2014) etc., lead to an increase in efficiency of
destroying tumorus cells.

10.4 Conclusions

MHT, and in particular, SPMHT based on temperature increase in a tissue at ~43 °C
by Néel — Brown relaxation in SPMNPs that are biocompatible and injected inside,
it has a great potential for future use in cancer therapy. According to the results
obtained so far in vitro and in vivo, and recently even in clinical trial in the treat-
ment of prostate cancer and glioblastoma, the chances of using MHT in the not so
far future are promising. SPMHT is a advanced stage of the alternative cancer ther-
apy, non-invasive and with very low toxicity compared to chemotherapy and radio-
therapy, which are highly toxic and sometimes in advanced stages of cancer are
ineffective. SPMHT efficiency depends on: (i) using SPMNPs best suited for this
experiment (type, size, size distribution, magnetic anisotropy, etc.), (i\) AMF param-
eters and how to apply it on tumours (amplitude, frequency, time of exposure, tem-
perature control, etc.), (iii) biological nanostructures coating of SPMNPs to make
them biocompatible with the tissue and increase their affinity to targeted tumor
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cells. A future perspective of increasing the loss power in specific tumours in a short
time and reduce the side effects on healthy cells, is also an avantage resulting from
using SPMNPs of FeM metals instead of FiM oxides. While the first two issues (i)
and (ii) are well developed and addressed in the contemporary research, the third
issue (iii) has high development potential.

Future advances in bionanotehnology and finding chemical agents most suitable
for coating the MNPs with high specificity and affinity for different target tumors,
opens real prospects for the SPMHT method to become, in the not too distant future,
an alternative method, non-invasive, the most effective in cancer therapy.
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