Chapter 11

Magnetic Nanoparticle-Based Hyperthermia
for Cancer Treatment: Factors Affecting
Heat Generation Efficiency

Yasir Javed, Khuram Ali, and Yasir Jamil

11.1 Introduction

The importance of nanotechnology-based medicines, i.e., nanomedicines, has been
increasing greatly in recent years [1]. Owing to the familiar side effects of anti-
cancer drugs, medicines with high efficacy and selectivity were indispensable [2].
The problem of inconsistent proliferation of drugs at tumor sites while causing
comparatively less damage to normal tissues can be resolved with nanoparticles.
Nanoparticles can release drugs by the action of an external signal, pH values,
or physiological conditions inside tissues or cells [3]. In addition, there are great
economic benefits associated with the use of nanotechnology in cancer treatment.
In general, nanotechnology is poised to have a ground-breaking impact on cancer
diagnosis and therapy [4, 5].

Noninvasive, early-stage cancer detection is a major challenge and a precondition
for its treatment. It is also important to secure the greatest therapeutic advantages. In
cancer treatment, cell-specific and localized drug delivery is a crucial challenge [6].
A powerful fight against cancer requires efficient attacks on cancer cells while pre-
serving normal cells from unnecessary drug loadings [7]. Conversely, the majority
of anticancer drugs are developed with a view to simply killing cancer cells and
distributing drugs in healthy organs or tissues, without regard for the concomitant
severe side effects in normal tissues [8]. Furthermore, for fast elimination and
broad distribution from healthy/nontargeted organs and tissues, high dosage levels
are administered. This is not usually economical and also raises toxicity issues.
Such large quantities and the related toxicity problems have limited current cancer
therapies [9, 10].
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The use of heat as a healing source for a variety of diseases has been observed
for around 3000 years ago in India. Hippocrates (540—-480 BC) used hot sand
in the summer to cure diseases. Hyperthermia comes from Greek words hyper,
meaning “raise,” and therme, meaning “heat.” The first use of hyperthermia in
connection with cancer treatment was by a Roman doctor, Cornelius Celsus Aulus,
who observed high thermal sensitivity to early-stage cancer [11]. In the Middle
Ages, hyperthermia was used with respect to several disease treatments such as
malaria, and the first proper work on hyperthermia was published in 1886 [12].
Although the idea of using heat to treat cancer has been around for years, results
had not evolved according to expectations initially. In 1975, the first international
congress on hyperthermia oncology in Washington represented a major step toward
hyperthermia research activities in the scientific community. In later years, different
groups on hyperthermia had formed in the USA, Europe, and Japan.

In hyperthermia, body tissues are subjected to elevated temperatures by means of
external (alternating field) and internal (nanoparticle) devices (Fig. 11.1). Electro-
magnetic radiation demonstrates active interactions with tissues, which allows for
potential applications in thermal therapies. Owing to their limitations for treatment
in deep seated tissues, alternating magnetic fields in a frequency range up to 10 MHz
offer great potential for treatment in deep tissue areas. Human tissues are usually
diamagnetic and show negligible magnetic effects. However, AC magnetic fields
induce eddy currents in any conducting Medium. These eddy currents finally subject
to losses [14—16]. Clinical studies have been performed to estimate the AC field
tolerance level in the human body [17]. The results showed that the acceptable level
is confined to the product of the frequency and field strength [18-20],

fH, < 4.85x 10° A.m/s. (11.1)

It has been reported that cancer cells are more sensitive to temperature (approx-
imately 42-48 °C) compared to normal cells (approximately 50 °C) and tumor
development can stop in this temperature range [21, 22]. Temperature ranges for
cancer treatment can be split into two parts; one is the hyperthermia range, in
which temperatures between 41 to 48 °C are used for cancer treatment, while

Fig. 11.1 Schematic of magnetic hyperthermia measurement (Reproduced with permission
from [13])
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the second is the thermoablation range, which uses temperatures above 47-56 °C
[23, 24]. Thermoablation causes acute necrosis, coagulation, or carbonization of
tissues, which is why it is not required in the majority of clinical hyperthermia
treatments [25]. The efficient response of hyperthermiarelies on the temperature rise
and exposure time. For example, Valdagni and coworkers [26] compared responses
in patients subject to 24% radiation therapy alone with the responses of those subject
to 69% radiation therapy plus hyperthermia and noted an increase in local control of
metastatic lymph nodes without a concomitant increase in toxicity. The researchers
followed the two treatments (radiation therapy alone and radiation therapy plus
hyperthermia) in random trials on metastatic lymph nodes in stage IV head and
neck cancer patients for 5 years.

Hyperthermia treatments can be classified broadly into three groups: whole-
body hyperthermia, regional hyperthermia, and local hyperthermia. Whole-body
hyperthermia is usually used in cancer that can spread from its primary site (site
of origin) to other organs; such cancer is called metastatic cancer [27]. The other
two types of hyperthermia are more useful in localized tumors. These two types
can be further subdivided into external, interstitial, and endocavity hyperthermia.
Moreover, heat generation processes can also modify according to the target region
and by other parameters controlling heat generation [28, 29].

For efficient hyperthermia, delivery mechanisms should be noninvasive, be
highly tissue specific, and have the ability to produce high-intensity heat confined
to a limited area in deep tissues [13]. The dose rate requires a balance between
the quantity of magnetic fluid needed for therapeutic efficacy and damaging effects
on normal cells [30]. Gilchrist and coworkers [31] were the first to report magnetic
nanomaterials for hyperthermia in the 1950s and later years; magnetic nanoparticles
had shown promising capabilities to satisfy all the aforementioned requirements
[4, 32-37]. Magnetic nanoparticles have been used in diagnosing, imaging, and
treating cancer with different techniques [38, 39]. Magnetic fluids can be delivered
very efficiently to specific sites inside an organism noninvasively with the help of
different drug delivery routes and subsequently heated using alternating magnetic
fields at frequencies harmless to healthy tissues [40, 41]. Additionally, alternating
magnetic fields can be used to direct magnetic nanoparticles to some extent for
nonspecific remote localization [42]. Targeted localization can be attained by
functionalizing nanoparticles with appropriate biopolymers. Magnetic nanoparticles
have also shown a tendency to aggregate inside certain types of cancer tumors
[43]. The majority of nanoparticles for hyperthermia consist of magnetite (Fe3O4)
and ferrites with cobalt, nickel, and other substitutes. These materials range from
nanometers to a few microns in size.

Currently, the focus has shifted toward single-domain nanoparticles, called super-
paramagnetic particles, owing to their high absorbance of power, at body acceptable
magnetic fields and frequencies, as compare to multidomain nanoparticles, [13, 44,
45]. This type of magnetism arises in tiny ferromagnetic or ferrimagnetic nanopar-
ticles where magnetic spins can flip randomly owing to temperature. In this case,
when we measure the magnetization for much longer times than their relaxation
time, the overall magnetization becomes zero, i.e., a so-called superparamagnetic



396 Y. Javed et al.

state. Nanoparticles can be magnetized by applying an external field that shows
higher magnetic susceptibility than usual paramagnetic materials. The anisotropic
energy of superparamagnetic nanoparticles corresponds to their volume. When the
particle size decreases [46—49], the anisotropic energy also decreases, and at a
certain threshold of particle size it can be equal to or less than the thermal energy
kgT. This implies that magnetization reversal can happen below this energy barrier.
The overall magnetic moment can rotate freely, whereas internal moments stay
magnetically intact, i.e., ferromagnetic or antiferromagnetic.

In summary, many research groups have investigated the ability of magnetic
nanoparticles to generate heat in vivo using different types of nanoparticles, field
parameters (different frequency and amplitude), and thermometry methods [47—
49]. However, researchers continue to study the toxicity of nanoparticles [50],
different cancer types [51-53], and field optimization and to improve biological
targeting by more efficient drug delivery methods. This chapter covers the physical
principles and different crucial aspects that can affect the heat efficiency of magnetic
nanoparticles.

11.2 Physical Basis of Magnetic Hyperthermia

To understand the physics behind the generation of heat from nanoparticles under an
AC magnetic field, a key point is to fine tune the properties of the nanoparticles for
efficient hyperthermia treatment. Magnetic nanoparticles show heating effects due
to heating losses during their magnetization reversal processes [4, 25, 54]. Although
a magnetic field can be established by different methods, inductive coils are an
efficient source owing to the uniform magnetic field inside the coils. The intensity
of the field can be calculated by

Ho=, (11.2)

where N is the number of turns of coils, I is the coil current, and L is the
length of the coil. There are three main mechanisms responsible for these losses.
First are eddy currents, which arise owing to friction heating; this mechanism
is mostly developed in bulk materials (around 1 cm in size) [55]. Second is
magnetic heating from hysteresis losses, which occurs in multidomain nanoparticles
(at least 100 nm). Third and more relevant to nanoparticles is magnetic heating
from relaxation mechanisms, i.e., Néel and Brownian relaxation mechanisms [in the
nanometric range, i.e., 20 nm (for iron oxide), also called superparamagnetic
nanoparticles] [56]. These mechanisms are discussed in detail in what follows.
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11.2.1 Eddy Currents and Hysteresis Losses

The two less effective heat mechanisms are eddy currents and hysteresis losses
that were initially considered for hyperthermia heat generation. When a changing
magnetic field is applied on a conducting material, a swirling current is produced
called an eddy current. By Lenz’s law, the current moves so as to produce a
magnetic field opposing the change, and for this, in a conductor, electrons move
in a plane perpendicular to the applied magnetic field. This opposing tendency of
the eddy current causes energy loss. In other words, it transforms the useful form
of energy, i.e., kinetic energy, to heat. This heat formation is the main source of
hyperthermia treatment in large particles. Eddy current escalates radially, therefore
it is expected that maximum losses will be induced in sections with the highest
cross-sectional area. If we consider a uniform magnetic field and cross-sectional
area as a cylinder (Fig. 11.2a), the power generation can be calculated by integrating
the time-averaged current density over the cross-sectional area:

P = o (pofH,) 1, (11.3)

where o is the bulk tissue conductivity, i, is the permeability of free space, f is the
applied frequency, H, is the applied field strength, and r is the effective radius.

This equation shows that current losses depend on the square of three factors,
frequency, field strength, and radius. Therefore, losses will rise as we increase the
frequency or applied field and be higher at the periphery of large cross-sectional
tissues.

But eddy currents are not generated entirely from magnetic materials; tissues also
have the capability to induce eddy currents owing to their low specific electrical
conductivity, but their heating effect is far below the required therapeutic dose
[57,59]. Because eddy currents are induced mostly by bigger particles (a few
millimeters in size), their contribution to heat generation is negligible when their
size is reduced to the nanometer range.

11.2.2 Hysteresis Losses

As mentioned earlier, hysteresis losses are mainly due to multidomain nanoparti-
cles. Ferromagnetic materials contain different regions in which there is uniform
magnetization or all the magnetic spins align in one direction. These regions are
called magnetic domains and each domain is separated by domain walls (Fig. 11.2).
Domains emerged to reduce the overall magnetostatic energy of materials. When
we apply an AC magnetic field to such materials, their magnetization aligns
during the positive half cycle along the field and they demagnetize during the
negative half cycle. This sequence of magnetization and demagnetization is usually
represented in the form of a nonlinear curve called a hysteresis loop. The area
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Fig. 11.2 (a) Schematic of eddy current. (b) Hysteresis of cobalt ferrite nanoparticles injected
in mice at 10 K temperature using vibrating sample magnetometer. (¢) Reversal mechanisms
in single-domain ferromagnetic nanoparticles, buckling, curling, fanning. (Reproduced with
permission from [57, 58])
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under the curve represents both the strength of the magnetic material, i.e., hard
magnetic material or soft magnetic materials, and heat loss during the AC cycle
[60]. Actually, by the application of an external field, magnetic moments tend to
minimize their potential energy by aligning in the direction of the applied field.
In multidomain nanomaterials, these domains align and expand at the expense of
neighboring domains. This movement of domain walls do not come back to their
normal positions, when the field returns to zero and this behavior evolves hysteresis
loop [61]. A hysteresis loop of cobalt ferrite nanoparticles injected into mice
intravenously at 10 K is shown in Fig. 11.2b. Different points are described in the
figure, such as saturation point, retentivity, and the coercive field. In nanomedicines,
frequencies in the kilohertz to megahertz range and a field strength between H = 0-
40 kA/m are commonly used [62].

The lack of retraceability of magnetization curves can also be observed in the
absence of domain walls, i.e., in a single domain, where much lower values of
coercivity than anticipated by the Stoner—Wohlfarth model were observed. The
reversal processes here are very complicated, such as buckling, curling, and fanning.
These processes are difficult to explain using classical physical models such as the
Stoner—Wohlfarth model, in which uniform magnetization reversal in single-domain
particles is observed. In contrast, Hergt and coworkers [63] found a power law for
the field dependence of losses for a small-amplitude range. They formulated an
expression that anticipated losses on the basis of the applied field parameters and
particle size distribution [64]. Their experimental values and theoretical estimations
provide specific loss power in the range of superparamagnetic nanoparticles. A
schematic of three reversal mechanisms in the case of a single domain is shown
in Fig. 11.2¢ [60].

11.2.3 Néel and Brownian Relaxations

At much smaller dimensions, i.e., a few tens of nanometers, a group of distinctive
moments inside a magnetic particle is considered as a single giant spin that
represents the total magnetization of the particle. At this size threshold, thermal
fluctuations cause the flipping of the magnetization away from its normal state
by controlling the magnetic energy. This phenomenon arises when the anisotropic
energy barrier scales down to a particular position where thermal motion dominates
this barrier. This thermally triggered process is called superparamagnetic [65]. The
critical diameter for superparamagnetic behavior can be obtained by considering
the spherical shape of a nanoparticle and modifying the relation used to illustrate
the probability of relaxation. In the superparamagnetic phenomenon, although
remanence and hysteresis mechanisms disappear, appreciable losses can still be
observed owing to moment relaxation processes [66, 67].

Two relaxation mechanisms are involved in superparamagnetic nanoparticles:
Néel relaxation and Brownian relaxation (Fig. 11.3). Néel relaxation involves the
movement of all the spins in the particles and, hence, the magnetization direction,
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Fig. 11.3 Schematic of Néel and Brownian relaxation mechanisms of heat generation (Repro-
duced with permission from [4])

but not essentially the physical movement of the particle. These oscillations in
the magnetization can occur in a specific time, called the relaxation time. These
fluctuations develop above a certain critical temperature 7. Below Ty, spin blocks
are assumed to be fixed. Consequently, T is called the blocking temperature and
suggests the superparamagnetic limit for steady magnetization. The time period
of fluctuations can alter by changing the temperature and volume of a particle.
Louis Néel [68, 69] proposed this temperature dependency and gave the following
equation:

Jr el
= . 11.4
™ ) TOJF (11.4)
where
K, Vi
r="#*"M (11.5)
kg T

Here, 7, is the attempt time and 79 = 1072 s, T is the ratio of anisotropy to
thermal energies, K, is the anisotropy energy density, Vy is the volume of the
suspension, and kg is Boltzmann’s constant.
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Néel relaxation gives the vital relationship between anisotropic energy K and
thermal energy kT, which provides the relaxation of the inner magnetic core.
Brownian relaxation depends on the viscosity of the fluid and hydrodynamic volume
of the nanoparticle [70]. In this relaxation, the particle itself can rotate and align
with the external field. This movement depends on the hydrodynamic constraints of
nanoparticles and suspended medium. It is also governed by the characteristic time.
This characteristic relaxation time can be determined by the rotational mobility of
the suspended magnetic nanoparticles and is given by

3InV;
m="TH (11.6)
ksT
where Vy is the hydrodynamic volume, and 7 is the viscosity of the liquid solvent.
Néel relaxation emerges for smaller particle sizes as a dominant process, whereas
above a certain size range, the Brownian relaxation mechanism is more prominent.
For close to the critical size limit, both mechanisms can be observed and the total
effect can be calculated by taking their geometric mean [71, 72]:
TBIN

T = . 11.7
. (1L.7)

However, distinguishing the contribution of the two mechanisms is very chal-
lenging, and experimental studies have been performed to meet this challenge.
Fortin et al. [54] found that cobalt ferrite and maghemite nanoparticles have
lower specific absorption rate (SAR) values in intracellular endosomes than when
dispersed in water. They observed that Brownian mechanisms were prominent in the
case of cobalt ferrite and Néel relaxation for maghemite nanoparticles. Similarly,
Zhang and coworkers used magnetite nanoparticles dispersed in polydimethyl-
siloxane (PMDS) and water to differentiate the two relaxation mechanisms. They
concluded that there was higher specific absorption when magnetite nanoparticles
were dispersed in water due to both mechanisms. However, an additional contribu-
tion arises due to Néel relaxation by increasing the frequency and strength of an
alternating magnetic field [73].

11.2.3.1 Calculation of Specific Absorption Rate for Magnetic
Hyperthermia
The basic relation between the magnetic field and applied electromagnetic field is
B=po(Hy, +M). (11.8)

The increase in the internal energy for a complete cycle can be determined by
integrating the following relation:
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U=—u0¢MdH. (11.9)

This relation shows that eddy currents and resonance factors can be neglected.
Because both the applied field and magnetization are time dependent and the field is
sinusoidal, both the applied field and magnetization can be written in terms of field
strength and frequency:

H(f) = H, cos (27ft) , (11.10)
M(t) = Ha<)(’ cos (27tft) + 1" sin 27ft) | (11.11)

where y" and y” represent the in-phase and out-of-phase components of magnetic
susceptibility, respectively. By solving and simplifying these equations, a final
relation for the SAR is obtained:

oL

SAR = uor 2 ~
Mo XQfHol v @af” L

(11.12)

The heat generation of magnetic nanoparticles is generally presented in units of
W/g. The heat produced per unit volume can be calculated by the product of the SAR
value and the concentration of nanoparticles [58]. When the heat reaches a specific
area of infected tissues, the temperature above the therapeutic threshold of 42 °C can
be managed for half an hour to kill cancer cells. Nanoparticle size has a significant
influence on relaxation mechanisms and maximum heat observed at a particular
radius according to the type of magnetic material. Figure 11.4 shows the size-
dependent heating curves for Fe;O4 and y-Fe,;O3. The SAR peak position depends
mainly on the anisotropy of the materials; however, the frequency, viscosity, and
temperature also have a slight effect [58]. Maghemite nanoparticles have high SAR
values at sizes around 11-12 nm. The size dependency suggests that polydispersity
ultimately will be an important factor. A narrow size distribution will be more useful
for hyperthermia than highly polydisperse fluids. Motoyama et al. [74] studied the
SAR generation of magnetite nanoparticles of 13 different sizes under different
alternating magnetic field conditions. They considered the nanoparticles according
to their surface area. The particle size ranged from 10 to 120 nm. They observed that
the two highest values of SAR between 12 and 190 W/g, for different frequencies
and values increased by increasing the intensity of the field. Particles with a smaller
specific area had a strong influence on the intensity of the field compared to larger
particles.
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11.3 Magnetic Fluids for Hyperthermia

Owing to the notable heat loss in an AC magnetic field, a number of heat mediators
have been established. Mediators are nanomaterials that have the ability to produce
high heating power per particle in unit mass. Therefore, various types and shapes
of magnetic nanoparticles have been investigated and used as a source of heat
generation. These materials include metals such as Fe, Mn, Co, Ni, Zn, Gd, Mg,
and their oxides; in particular, iron oxide—based nanomaterials have been explored
extensively for their potential in hyperthermia [60, 75-78]. Superparamagnetic
iron oxide nanoparticles have shown excellent properties for heat mediation. In
addition, different ferrites, for example, CoFe,Oy4, Lig sFe; 504, NiFe,O4, ZnFe, Oy,
CuFe,0,4, and MgFe,04, have also been considered for hyperthermia [79-84].
Zinc-rich ferrite nanoparticles 11 nm in size are capable of self-regulated magnetic
heating in local glioma therapy [85]. Ferromagnetic composite nanoparticles, such
as iron-doped gold [86], zinc manganese—doped iron oxides (ZnyMn;Fes;04) [87],
and zinc manganese gadolinium—doped iron oxides [87], have also been investigated
as potential candidates for hyperthermia. However, iron oxide nanoparticles are
the main priority of researchers owing to their lower toxicity, biocompatibility,
and metabolization in the body [88]. Although the aforementioned nanomaterials
show an overwhelming response to external AC magnetic fields, their stability under
different conditions is also very critical.

11.3.1 Solvent Media

SAR values depend on the viscosity of the medium in which the nanoparticles are
suspended. Heirgeist et al. [89] probed the heat generation capability of ferrofluids
in molten and solidified gel. There was a considerable power loss in the liquid
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phase compared to the solid phase. A more detailed study was performed by
Fortin and coworkers [54] to distinguish the contribution from Brownian and Néel
relaxation mechanisms. It was observed that with a more viscous medium (glycerol
is 500 times more viscous than water), the contribution from Brownian relaxation
fizzled out and the main contribution came from Néel relaxation, though Brownian
mechanisms were prominent in the case of water for particle sizes above 9 nm
(cobalt ferrite) and 17 nm (maghemite). The Néel contribution was frequency
dependent. At a frequency of 1 MHz, the Néel contribution was highest for particle
sizes of 7 nm (cobalt ferrite) and 14 nm (maghemite). However, there is still a need
to explore the influence of viscosity on SAR values.

11.3.2 Anisotropy of Nanoparticles

Another important factor is growing nanoparticles with high anisotropy (con-
trolled shape or monocrystalline). Nanoparticles have been studied in different
size distributions as well as in different shapes (spherical [90], cubes [91], flowers
[92]). Regular-shaped iron oxide (magnetite or maghemite), i.e., nanocubes, exhibit
remarkably improved efficiency over their spherical counterparts [93]. Even iron
oxide nanoflowers (20-25 nm) have better SLP values. Nanoflowers are actually
multicore nanoparticles oriented in such a way as to produce a monocrystalline
structure. This internal collective organization modifies their magnetic properties,
which enhances their heating efficiency significantly [92] (Fig. 11.5).

11.3.3 Biological Environment

Usually hyperthermia studies are performed in biological environments (model
medium, cell culture, or mice) that nanomaterials encounter when they go in
vivo [95]. The high surface-to-volume ratio of nanoparticles increases the possibility
of undergoing chemical and physical transformations owing to this biological
microenvironment, which can affect the technologically relevant properties of
nanomaterials [96, 97]. These transformations can lead to crystal dissolution and
generate different ions. Such ions can be very toxic because they can induce
hydroxyl radicals by a Fenton reaction that can damage DNA, proteins, and lipids
in vivo [98, 99]. Different factors can modulate these transformations such as
the functionalization of nanomaterials (organic/inorganic) and the nature of the
material [100].
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Fig. 11.5 TEM micrograph (left) and heating generation abilities [right, SLP (w/g) as a function
of frequency and strength of applied magnetic field], iron oxide nanocubes with side face of
approximately 18 nm. (a) Iron oxide nanoflowers approximately 25 nm in size. (b) SLPs were
measured by making the fluids in water (black circles) and in glycerol (gray circles). The dotted
lines indicate the poor agreement with linear response theory [94] (Reproduced with permission
from [94])

11.3.4 Synthesis Protocols

The properties of nanomaterials largely depend on the synthesis protocols because
magnetic properties can change with morphology and structure [101]. There is
still a need to develop good synthesis methods to produce nanoparticles that have
controlled sizes and shapes, have narrow distributions, and are free of crystal
defects. The two major issues in the chemical methods are the formation of
monodisperse nanostructures and the reproducibility of reactions. For controlled
synthesis, nucleation should be separated from growth, and there should be no
nucleation during the growth process [102]. By considering these conditions, var-
ious physical, chemical, and biological methods have evolved during the different
research stages. Physical methods are mostly used in engineering and electronics,
whereas chemical and biological protocols are used to produce nanomaterials
for biomedical applications. These methods include coprecipitation [103], thermal
decomposition [104], microemulsion [105], hydrothermal synthesis [106], polyols
[107], sol-gels, combustion, and others. Each method has its own advantages and
disadvantages that make it suitable for the synthesis of certain nanomaterials. Every
protocol has a certain working solvent. For hyperthermia, we need nanoparticles’
suspension in water, so the nanoparticles go through a ligand exchange process
before they are made water dispersible [108].
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Fig. 11.6 Example of multifunctional nanocarriers for cancer treatment. A metal can be used to
encapsulate the therapeutic nanoparticles followed by functionalization of biocompatible polymer
and targeted biological antibodies. (a) Liposomes can also be used as carrier vehicles since they
contain at least one lipid bilayer. (b) Reproduced with permission from [110]. Copyright (2009)
American Chemical Society

11.3.5 Multifunctionality

The coupling of nanoparticles with other functional species (organic or inorganic
materials) can further enhance their efficiency for heating [109]. Multifunctionality
provides targeting, imaging, sensing, and therapeutic payloads simultaneously
(Fig. 11.6) [110]. These multifunctional nanoparticles have significantly improved
the diagnosis and treatment of prostate cancer [111]. Multifunctional nanoparticles
for specific targeting as well as for optical tracking using a two-photon fluorescent
probe have also been formulated. This type of nanoparticle has been adopted for the
magneto-cytolysis of MCF-7 and UCI cancer cells by applying a DC magnetic field
with additional optical tracking properties [112].

11.4 Biocompatibility

To develop nanomaterials for in vivo applications, nanoparticles must be acceptable
to the body, in other words, nanoparticles should be biocompatible [39]. Because
these nanomaterials are not a part of our body, bare nanoparticles can be rejected
by macrophages very rapidly from the bloodstream prior to their use for a
given application [113]. For example, dextran-coated Fe;O, nanoparticles after
IV administration in rats cleared very rapidly (half-life of 10 min) initially, then
slowed down after some time (half-life of 92 min). During the initial 2 h, particles
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spread throughout the whole body, including the liver and spleen. However, over
time, the particles accumulated in the macrophages of the splenic marginal zone.
The particles piled up in this region for 48 h, after which there was a decrease till
day 25. Iron oxide stores in Kupffer cells of the liver result in slow accumulations,
[114]. Iron oxide even persists for a long time in the body, we observed iron oxide—
gold dimers in mice even after 1 year of their administration, which confirms their
long stay in the body. Figure 11.7a—e shows the iron oxide—gold dimers present
after 1 year in the spleen. The nanoparticles were injected intravenously. Although
the iron oxide part of the dimers had been degraded, we observed gold particles
as large aggregates, small chains, and separate particles (Fig. 11.7b) [115]. In
the case of hyperthermia, an AC magnetic field cycle needs to be applied after
some specified amount of time, and nanoparticles should stay inside the body
at the target site for a longer period of time [45]. All these concerns demand
biocompatible nanoparticles. It is usually believed that nanoparticles are eliminated
from the body following therapy, which is not necessarily the case. Therefore,
the toxicity of nanoparticles and the functionalization of materials are major
concerns for developing nanoparticles as heating sources for hyperthermia [116].
In addition, it can use to prevent opsonization and the formation of protein corona
on nanoparticle surfaces, when introduced into blood compartments. Therefore,
nanoparticles should be characterized for their physicochemical and physiological
properties to ensure a longer circulation time [117].

Nanoparticles are made biocompatible by their surface modifications, usually
by applying a coat of biocompatible molecule, such as dextran, glucose, polyvinyl
alcohol (PVA), or phospholipids [118]. This coating layer provides a channel
between the nanoparticle and the target site on cells and it provides colloidal
stability. The colloidal stability depends on the particle size, charge, and surface
chemistry in order to avoid gravitational forces and steric and coulomb repulsions
[119]. There are specific binding sites on the surface of cells that are usually
targeted using antibodies such as folic acid. Antibodies have the tendency to bind
to their corresponding antigens, which results in highly accurate cell labeling. The
attachment of folic acid can increase the cytotoxicity against folate receptors, but
it had a mild effect on A549 cells [120, 121]. Nanoparticles are usually coated
by organic polymer layers, and inorganic coatings, such as silica and gold, have
also been developed [122]. These inorganic coatings protect nanoparticles from
the environment and provide additional properties of the coating material such as
the plasmonic properties of gold. The thin gold layer it heated up itself under an
alternating magnetic field during hyperthermia process [123]. In fact, gold-coated
iron oxide produces more heat compared to iron oxide alone [124]. Javed et al. [125]
investigated the influence of gold layers with different nominal thickness (3, 5, and
7 nm) on the degradation mechanisms of iron oxide nanoparticles (Fig. 11.8a—c). A
layer 3 nm thick that forms 3D clusters of gold on nanoparticles was not as efficient
as a later 7 nm thick to control degradation. A continuous layer forms with a nominal
thickness of 7 nm and serves as an effective shield against surface corrosion. The
loss of the iron contents of single nanoparticles was followed by the use of single-
particle EDX analysis in scanning transmission electron microscopy (STEM) mode.
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Fig. 11.7 (a—e) Amphiphlic polymer—coated iron oxide—gold dimers in spleen after 1 year
following intravenous (IV) administration. Isolated heterostructures can still be observed (blue
box) (b), but the majority are a gold moiety of the heterostructure assembled as large aggregates
(c), or gold chains (black arrows); (d) degraded gold entities can also be observed in (e) [115]
(Reproduced with permission from [115]. Copyright (2015) American Chemical Society)

There was a rapid loss of iron with respect to gold in a layer of gold with a nominal
thickness of 3 nm, whereas there was almost no loss in the case of the 7 nm gold
layer (Fig. 11.8d).

Physicochemical properties of nanoparticles, such as their size, shape, composi-
tion, charge, and surface chemistry, can play a significant role in the pharmacoki-
netics of nanoparticles [126]. These factors administer the flow of nanoparticles
in different parts of an organism and also control circulation time, nanoparticle
intracellular trafficking, drug release, and toxicity [127]. Nanoparticles less than
100 nm in size have a longer circulation time. But the size of nanoparticles can
also influence the surface pressure and adhesion forces [128]. Nanoparticles have
extraordinary interfacial chemical and physical reactivity owing to a high surface
area. Generally, kidneys can eliminate nanoparticles less than 6 nm in size more
rapidly compared to larger ones functionalized by, for example, polymers and
lipids [129]. Larger particles are usually stored in the spleen and liver and more
specifically in the lysosomes of macrophages cells, where they are processed by the
acidic environment, different enzymes, and proteins [116]. The factors related to
biocompatibility are discussed briefly in this section.
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Fig. 11.8 Low-pass-filtered, high-resolution images of nanoparticles covered by layers of gold
with nominal thicknesses of (a) 3 nm, (b) 5 nm, and (¢) 7 nm. (d) Follow up of iron loss by
chemical composition analysis in STEM mode [125] (Reproduced with permission from [125])

11.4.1 Opsonization

Interactions of nanoparticles with bound ligands and cellular receptors are governed
by the morphology of the nanoparticles and the density of the polymer on the
surface. The functionalization of nanoparticles helps to keep them for a longer
time in the body and limits their nonspecific distribution [130]. Intravenous
administration has a drawback in the form of rapid clearance of nanoparticles
from the bloodstream as a result of the opsonization process. This is the process
of attaching any blood serum component, which can help to identify phagocytes.
Macrophages such as Kupffer cells and others in the liver cannot precisely recognize
nanoparticles themselves but instead use opsonized proteins attached to the surface
of the nanoparticles. The most common opsonized proteins are C3, C4, C5, and
immunoglobuline. The binding and clearance of nanoparticles by nonphagocytic
cells can also be influenced by the adsorption of blood plasma proteins. For instance,
after binding of proteins such as C3b, C4b, or iC3b, nanoparticles can then interact
with platelets and erythrocytes [131].

To overcome this problem, nanoparticles are usually coated with a variety
of polymer materials that can produce a hydrophilic steric barrier [132]. This
manipulated steric boundary should oppose surface adsorption processes and as
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a result reduce the chances of nanoparticles’ clearance by macrophages in the
blood stream. This also increases the possibility of nanoparticles’ targeting specific
nonmacrophage elements. The pharmacokinetics of these modified nanoparticles
depends on the density of the polymer materials [118]. Al-Hanbali et al. [133]
showed that the attachment of at least 11,500 poloxamine molecules was required
on the surface of 230 nm polystyrene nanoparticles to overcome opsonization and
increase the circulation time compared to bare nanoparticles. Under these circum-
stances, a layer of polyethylene oxide with the appropriate density can form on
the surface of nanoparticles. It was assumed that polymeric chains have a brushlike
configuration to reduce prompt complement activation and increase circulation time.
A thin polymer layer or low surface density can speed complement activation and,
as a result, shorten circulation time. Thus, a higher polymer density on the surface of
nanoparticles allows for steric stabilization, limits protein absorption, and increases
circulation time.

11.4.2 Surface Charge

The surface charge of nanoparticles also plays a crucial role in subsequent intra-
cellular processing events. Therefore, the realization of interactions between cells
and nanoparticles is key to determining the uptake and localization of nanoparticles
[134]. There is faster uptake in vivo when nanoparticles have a positive surface
charge versus a neutral or negative charge owing to the negative charge on the
surface of cell membranes. This is done by the electrostatic attractions between
two surfaces. However, positively charged particles clear more quickly from the
blood and cause hemolysis and platelet aggregation. Thus a smaller size, neutral or
negative zeta potential, and PEG coating of the particle surface are highly influential
factors for increased circulation time in the blood after IV administration [135].

11.4.3 Protein Corona

Another important factor is the coating of a protein layer on the nanoparticle
in biological matrices, the so-called protein corona. There are 1000 different
proteins with different concentrations present in the blood plasma. Consequently,
upon injection of nanoparticles into the body, different biological entities try to
adsorb onto nanoparticles’ surface [136]. However, proteins present in higher
concentrations adsorb first, followed by the replacement of high-affinity proteins.
They can transform and protect the surface of xenobiotic particles and control their
biological properties and, consequently, their behavior in the micro environment.
Physicochemical properties, type of physiological environment, and exposure time
are critical factors governing the structure and composition of corona formation
[137]. The protein corona confers a new biological identity to nanoparticles, which
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controls physiological responses such as aggregation, cellular uptake, circulation
time, kinetics, transportation, accumulation, and toxicity [138].

The formation of a protein corona depends on the binding affinities between
proteins and nanoparticles and protein—protein interactions. Proteins with high
affinity are bound more tightly, and a corona so formed is called a hard corona.
These proteins cannot desorb easily from the surface of nanoparticles. Proteins that
adsorb with low affinity form a soft corona. These are loosely bound proteins. The
concern raised by the adsorption of proteins or protein corona formation has been
explored very little because it is a very complex situation when nanoparticles are
administered directly into a living organism. Additionally, there is no general protein
corona for all nanomaterials; in fact, protein corona formation is distinct for the
different nanomaterials and there are many dependent factors [139].

11.4.4 Toxicity

The toxicity of nanoparticles and functionalized polymers is usually determined by
many factors, such as dose rate, composition, administration method, biodegrad-
ability, surface chemistry, shape, and many more. An understanding of animals’
and nanomaterials’ toxicity profiles is necessary to guarantee their safe use [140].
It is usually believed that nanoparticles are more toxic than larger particles of
the same chemical composition and that toxicity is inversely proportional to
particle size [141]. Surface modification of nanoparticles is a vital tool in reducing
toxicological effects. In addition, during oral or dermal exposure or inhalation,
nanoparticles can accumulate in the lungs and may absorb across the gastrointestinal
tract. A common method of evaluating in vitro toxicity is by the use of fluorescent
dyes to determine cell death by necrosis and apoptosis. Cell death because of injury
is called necrosis and is usually identified by membrane breakage and discharging
to other cell surroundings, which results in an immune response, whereas apoptosis
is systematic cell death where cells retain their membrane intact till the last stage,
apoptosis. Then the cell constituents transform into amino acids and nucleotides
that can be recycled and used again by nearby cells. Superparamagnetic iron oxide
nanoparticles can activate apoptosis itself in cells; consequently, necrosis cannot
be used to measure this action in the early stages in vitro and can only be useful
in the late stages when the cell membrane disintegrates [142]. Therefore, it is
necessary to measure both necrosis and apoptosis simultaneously. More specifically
regarding the toxicity of iron oxide nanoparticles in vivo, after infiltrating into cells,
these nanoparticles reside in endosomes/lysosomes and then, after processing, are
released into the cytoplasm and sequestered in ferritin proteins. It has been observed
that after inhalation, they accumulate largely in the liver and spleen and in small
quantities in the lungs and brain. Their toxic effects appear in the form of cell
lysis, inflammation, and a reduction in cell viability. Naqvi and coworkers [143]
observed that a low dose (20-200 pg/mL, exposure time 2 h) of iron oxide (30 nm)
caused more cell toxicity than a high dose (300-500 pg/mL, exposure time 6 h).
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However, there was 20% less cell death when dextran-functionalized iron oxide
nanoparticles (100-150 nm, 1 mg/mL) were incubated for 7 days in human
macrophages. It is commonly believed that cell death is caused by the generation
of reactive oxygen species as a result of Fenton reactions. These produce oxide
and hydroxyl ions that can stimulate DNA damage and the oxidative degradation of
lipids by extracting electrons.

In brief, for hyperthermia, nanoparticles should be water dispersible, biocompat-
ible, smaller in size, negatively or neutrally charged, and nontoxic. However, there
are still a few limitations on the efficient delivery of nanoparticles at target sites.
An embolus can form in the blood vessels owing to the aggregation of nanocarriers.
Second, complications can arise as a result of the focus on nanoparticles from animal
models because of the larger gap that exists between intended sites and magnets in
such models.

11.5 Measurement Systems

Although much work has been done on magnetic hyperthermia based on parameter
control (e.g., size, shape, distribution) to improve the heating capabilities of
nanoparticles, few sophisticated systems have been made available on the market
for measuring specific loss power. Most systems designed for experiments are built
by different research groups. They use these homemade systems to measure heat
loss in the form of nanoparticle fluid and for experimentation in mice. On the other
hand, some commercial devices are the magnetherm by nanoTherics (Newcastle
under Lyme, UK), the DM 100 series from nB nanoScale Biomagnetics (Zaragoza,
Spain), EASYHEAT from Ambrell (Scottsville, NY, USA), or the MGF1000 in vitro
magnetic field generator by the European Institute of Science AB (Lund, Sweden).
These commercial devices have offered a range of variations in AC magnetic
fields, i.e. frequency, amplitude, or flux density. These devices provide reliable and
reproducible results for nanoparticle heating.

Regarding the homemade systems for hyperthermia that are being used by
different research groups, these devices are usually based on simple resonant RLC
circuits to create an AC magnetic field with a copper coil [54, 144—146]. Researchers
all over the world are using locally made devices applying the aforementioned idea
to make certain modifications, for example, changing the coil diameter, number of
turns, or cooling agents. Here we will discuss a few systems that have been reported
in the literature.

Fortin et al. [54] tried to distinguish the contributions of Néel and Brownian
relaxation mechanisms with respect to specific loss of power. They used a device
with a copper coil 16 mm in diameter having a frequency range of 300 kHz to
1.1 MHz and an amplitude up to 27 kA/m. Variations in frequency and amplitude
are made using a variable capacitor (10 pF—4 nF) in series and self-inductance
of 25 pH. To avoid heat generated by the coil, continuous circulation of nonane
was maintained during measurements. A small sample volume of 300 pL was



11 Magnetic Nanoparticle-Based Hyperthermia for Cancer Treatment. . . 413

used so that a homogenous magnetic field could be established on the particles A
fluorooptic thermometer was used for temperature measurements. The researchers
presented quantitative magnetic hyperthermia data matching with theoretical pre-
dictions considering relevant parameters such as size, materials, solvent, and field
characteristics. Ma and coworkers [145] investigated the size dependence of iron
oxide nanoparticles on heat generation. They used a three-loop copper coil with a
frequency of 80 kHz and amplitude of 32.5 kA/m for calorimetric measurements.
In addition, they used an asbestos sleeve to avoid excessive heat produced by
the copper coil. An alcohol thermometer was used to measure the heat generated by
the particles. Magnetic fluids were prepared in water at a concentration of 2 g/L. The
maximum SAR value (75.6 W/[g of Fe]) was observed at a particle size of 46 nm.
Further increases in the particle size showed a low heat generation efficiency. Sadat
et al. [147] used a 10-turn coil that was 84 mm long and had an inner diameter
of 39 mm. A sinusoidal 13.56 MHz frequency signal was generated by a radio
frequency generator. Cold water circulation was used to cool down the coil from
the high AC current. A fiber optic temperature sensor (FOT-L-SD) was connected
to detect the temperature signal. The researchers observed high SAR values for
uncoated nanoparticles compared to coated or confined nanoparticles in another
material such as iron oxide in a Si shell. They attributed the high absorption rate
in uncoated nanoparticles to Néel relaxation and hysteresis losses whereas dipole—
dipole interactions caused lower SAR values. The schematics of the system are
shown in Fig. 11.9a—c.

A safe and effective external magnetic field is required to stimulate implanted
nanoparticles. Major issues for designing such a system are field uniformity, patient
convenience, and proficiency at working on the entire body. Multiturn induc-
tive coils, discussed earlier, satisfy the requirements for small animal preclinical
trails [148].

Clinical trials: Although the European Union (EU) approved several iron
oxide nanoparticles, the US Food and Drug Administration (FDA) has endorsed
three nanoparticles (Feraheme, polyglucose coated superparamagnetic iron oxide
nanoparticles, dextran-coated iron oxide (Feridex), and silicon-coated iron oxide
(GastroMark). Feridex and GastroMark were later withdrawn over concerns
regarding their long-term toxicity in vivo [149]. Nanoparticle-based induction
hyperthermia (thermal ablation) was first investigated by Kida et al. [150] for
brain tumor treatment in 1990. Fe-Pt alloy particles were studied in connection
with metastatic brain tumor along with radiation therapy. The particles were of
millimeter size (15-20 mm long with a diameter of 1.8 mm). The temperature of
the tissues raised up to 46 °C during treatment. In two cases, there was complete
destruction of tumor (complete response), whereas in one case, a 50% tumor volume
reduction occurred (partial response). In another study, 23 patients with brain tumor
were treated by the aforementioned method and the response rate was 34.8%
on average [151]. However, there are few studies on intracranial tumor therapy,
apparently because of complications such as that it required infiltration through
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Fig. 11.9 Homemade systems used by different research groups: (a) [54]; (b) [145]; (¢) [147]
(Reproduced with permission from [54, 145, 147]. Copyright (2007)American Chemical Society)

the skull, which can cause significant trauma. Another implication is the access of
nanoparticles to the tumor site by passing through healthy brain tissue, which can
also be critical. These limitations hamper the application of induction hyperthermia
in other brain tumor applications [152].
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Hyperthermia based on superparamagnetic nanoparticles has also been applied
in combination with other therapies. Aminosilane-coated iron oxide nanoparti-
cles 12 nm in size were administered intratumorally following tumor resection.
Treatment by radiotherapy and 100 kHz variable magnetic field combined was
compared with traditional radiotherapy alone. Patient survival was prolonged from
13.4 months to 23.2 months and the tumor revival time was also enhanced [153,
154]. Patient rehabilitation was evaluated by MRI and CT overlay (Fig. 11.10a—f).
Phase 1 trails showed no systematic toxicities upon intratumoral administration.
However, patients felt some discomfort owing to the rise in temperature around the
tumor to 44 °C [156]. Magnetic hyperthermia coupled with chemotherapy generated
collective malignant cell death.

Methoterxate-functionalized iron oxide nanoparticles (10 nm) were activated by
a 300 kHz, 130 Gs alternating magnetic field. The combined therapy produced
greater apoptotic response [157]. A phase II study was performed in recurrent
glioblastoma. The study revealed the utility of integrating magnetic nanoparticle—
based hyperthermia immediately before or after radiotherapy.

11.6 Conclusions

The generation of localized heat by magnetic nanoparticles and an alternating
magnetic field in the area surrounding malignant cells has the potential to kill cancer
cells. The method can be employed alone or coupled with radio- or chemotherapy
to enhance its efficacy. Despite all the advances, proper technology development
remains immature. A few crucial enhancements must be made to improve the
clinical viability of magnetic nanoparticle-based hyperthermia:

1. The functionalization of nanoparticles is required for biocompatibility, biological
recognition, toxicity reduction, and nanoparticle life cycle regulation.

2. Although iron oxide nanoparticles show reasonably high SAR values, improve-
ments can be made by higher magnetic moment nanoparticles. This includes
iron—iron oxide composites, magnetosomes, and iron—cobalt core shell struc-
tures.

3. By incorporating magnetic nanoparticles into multifunctional systems, their
therapeutic, imaging, and diagnostic capabilities can be improved.

4. An alternating magnetic field should selectively heat the nanoparticles, engulfing
the tumors and avoiding the accumulation of nanoparticles in other regions, for
example, the liver or kidney. In addition, alternating waves can deliver enhanced
power input.

5. Nanoparticles should absorb sufficient power to reach cytolytic tumor tempera-
tures but maintain the surrounding tissue temperature at manageable levels.
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Fig. 11.10 Glioblastoma recurrence. (a, b) Control brain MRI. (¢, d) Magnetic nanoparticle
deposits in brains are shown in the form of hyperdense areas (CT image). Calculated treatment
temperatures are represented in the form of isothermal lines, minimum 40 °C (blue), maximum
50 °C (red). The brown line shows the tumor area. (e, f) 3D reconstruction of merged MRI and CT
[155] (Reproduced with permission from [155])

6. Noninvasive in vivo tracking of nanoparticles is necessary to confirm that
nanoparticles reside at the target site.

7. The efficacy of the method should be accurately evaluated so that concerns
related to dose rate, temperature, exposure time, administration procedure, and
repetition of treatments can be addressed.
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