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Chapter 12

Superparamagnetic Iron Oxide
Nanoparticles for Cancer Theranostic
Applications

Dipak Maity, Ganeshlenin Kandasamy, and Atul Sudame

Abstract In the last few decades, superparamagnetic iron oxide nanoparticles
(SPIONs—particularly magnetite (Fe;O4)/maghemite (Fe,O;) nanoparticles) have
gained a great deal of attention in many biomedical applications, including mag-
netic targeting based cell isolation/sorting, tissue engineering, gene delivery, and
magnetofection, due to their unique magnetic properties, excellent chemical stabil-
ity, biodegradability, and low toxicity as compared to other magnetic materials (for
instance, Co, Mn, and Ni). But recently, SPIONs (in the form of ferrofluids—i.e.,
SPIONS dispersed in a carrier fluid) have become a highly promising candidate for
their use as therapeutic and diagnostic (theranostic) agents in cancer treatment
applications such as magnetic fluid hyperthermia (MFH) and magnetic resonance
imaging (MRI), respectively. However, the theranostic efficacies of the SPIONs (or
ferrofluids) might alter due to the differences in their physicochemical/dispersibil-
ity/magnetic properties that are significantly impacted by their synthesis methods
and their stabilization process. In this chapter, we have initially discussed the crystal
structure/composition and different synthesis methods of the SPIONs. Then, we
have described the role of the SPIONs in the formation of the ferrofluids along
with their stabilization process via diverse interactions. Finally, we have discussed
about their (1) intrinsic cancer theranostic applications of SPIONs such as magnetic
fluid hyperthermia, magnetic resonance imaging, and magnetic nanoparticle-based
drug delivery and (2) combined cancer theranostics applications including MRI as
an adjuvant to fluorescence imaging, thermo-chemotherapy, thermo-radiotherapy,
and thermo-immunotherapy.
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12.1 Introduction

Superparamagnetic iron oxide nanoparticles (SPIONs) are one of the most com-
monly used superparamagnetic nanoparticles (SPNs) and they are extensively
investigated in various biomedical applications including drug delivery, magnetic
fluid hyperthermia (MFH), magnetic resonance imaging (MRI), cell isolation and/
or sorting, gene delivery, and tissue engineering due to their unique magnetic prop-
erties, excellent chemical stability, biodegradability, and low toxicity as compared
to other magnetic materials (for instance, Co, Mn, and Ni) (Odenbach 2002;
Prashant et al. 2010; Merbach et al. 2013; Wang et al. 2013; Demirer et al. 2015; Li
etal. 2016; Ali et al. 2016). Generally, the SPIONs have core-shell structures which
are composed of the magnetite (Fe;0,) and/or maghemite (y-Fe,0O3) cores, and the
non-magnetic organic/inorganic surface coatings (or surfactants) (Kumar and
Leuschner 2005; Maity and Agrawal 2007; Issa et al. 2013; Kandasamy and Maity
2015). The surfactants/surface coating molecules play an important role (along with
the reactants during the synthesis process) in determining physicochemical proper-
ties (i.e., size, shape, surface charge, colloidal stability), and magnetic properties
(magnetic susceptibility, saturation magnetization, superparamagnetic behavior)
beside the purpose to protect the SPIONs from their aggregation/agglomeration.
Moreover, the surface coating molecules enable them for effective surface function-
alization or bio-conjugation (by bearing suitable surface functional groups), to
improve biocompatibility (by reducing toxicity) and also to enhance hydrophilicity
(water dispersibility) so that the SPIONs could be efficiently used for their instanta-
neous biomedical applications (Liu et al. 2009; Mahmoudi et al. 2011).

Iron oxide-based magnetic nanoparticles are usually synthesized in the nano-
dimensional regime—i.e., 1-100 nanometers (nm). In general, the large-sized mag-
netic particles display coercivity (H,.) and remanent magnetization (M,) values due
to their multi-domain structure ascribed to different crystallite orientations (as
shown in Fig. 12.1). However, when the sizes of these particles are reduced to sub-
micron (i.e., nanometer) regime, the multi-domain structure will get modified into a
single-domain structure, and the coercivity value increases to maximum. The
reduced nanometer-size at which these particles possess a single-domain structure
is determined as single-domain size with a specific critical radius (r.). For example,
the r. values of single-domain Fe;O, and y-Fe,O; nanoparticles are, respectively,
calculated as ~30 and ~60 nm (Trohidou 2014; Li et al. 2017). Also, when the size
of the magnetic particles is reduced further, these particles might possess “super-
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paramagnetism” and this reduced size is called as superparamagnetic size, usually
in the range of 4-20 nm for Fe;O,/y-Fe,O; nanoparticles at room temperature
(Ortega and Giorgio 2012). Herein, “superparamagnetism” indicates that the size-
reduced magnetic nanoparticles display a robust paramagnetic nature with high
saturation magnetization (Ms) and magnetic susceptibility (y) under the influence of
an externally applied magnetic field. Moreover, these nanoparticles might lose their
magnetization completely once the magnetic field is removed, which results in zero
H_and M..

Superparamagnetic iron oxide nanoparticles (SPIONs), especially magnetite
(Fe;0,) nanoparticles, have an inverse spinal crystal structure composed of (1) both
divalent iron (Fe?*) and trivalent iron (Fe**) ions at octahedral sites and (2) one tri-
valent iron (Fe**) ions at the tetrahedral sites—as shown in Fig. 12.2 (Bastow and
Trinchi 2009). Herein, the total stoichiometric ratio of Fe** to Fe** ions is 0.5.
Moreover, the crystal structure of maghemite (Fe,O;) nanoparticles is similar to that
of magnetite nanoparticles (i.e., spinel structure); however, the only difference is
that all the iron ions are in the trivalent state (i.e., Fe** ions). Besides, the oxygen
anions (O?7) are arranged among the iron ions to form a close-packed array with
cubic structure in both Fe;0, and y-Fe,O; nanoparticles (Cornell and Schwertmann
2004; Qiao et al. 2009). Usually, the magnetic moments in the SPIONs (magnetite/
maghemite) originate from the presence of unpaired 3d electrons in Fe**/Fe** cat-
ions in their crystal structure. However, these cations are located far apart from each
other to hinder their interaction (for magnetic moment formation). Nevertheless, an
exchange coupling between the cations (Fe** and Fe?* ions) is possible through the
non-magnetic oxygen anions (O*7) which helps in the formation of the magnetic
moments (Moskowitz 1991; Spaldin 2003; Tartaj et al. 2003; Liu et al. 2009; Thanh
2012; Wu et al. 2015).
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Fig. 12.2 Crystal structure representation of magnetite (Fe;O,) unit cell through ball-and-stick
model. (Adapted from Bastow and Trinchi 2009)

12.2 Synthesis Methods

SPIONSs are one of the common magnetic nanoparticles approved by Food and Drug
Administration (FDA) for usage in biomedical applications such as cancer thera-
peutics and/or diagnostics (theranostics) (Revia and Zhang 2016; Stephen et al.
2012). However, in-depth studies are required to use these SPIONs effectively in
theranostic applications under clinical scenarios. Therefore, the researchers are fine-
tuning the synthesis methods to obtain high-quality SPIONs with good colloidal
stability, high magnetization, and narrow size distribution. The following are the
major hydrolytic and non-hydrolytic synthetic chemical routes that are widely uti-
lized to synthesize high-quality SPIONs.

12.2.1 Hydrolytic Synthetic Routes

Hydrolytic synthetic routes are utilized as conventional routes to directly synthesize
hydrophilic SPIONs, based on the chemical reactions among iron precursors in
aqueous conditions. Besides, the SPIONs synthesized via hydrolytic methods are
more appropriate for their instant biomedical applications. The major synthetic
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routes including coprecipitation, hydrothermal, microemulsion, and sonochemical
methods are discussed for the synthesis of SPIONs as follows.

12.2.1.1 Coprecipitation Method

Coprecipitation method is an extensively used hydrolytic route to synthesize
SPIONSs, where the precipitation of iron oxide nanoparticles is made via chemical
reactions between ferric/ferrous salts (nitrates/sulfates/chlorides/perchlorates) and a
base (NaOH/NH,OH) under aqueous condition at slightly elevated temperatures
(i.e., 40-80 °C). The main reaction mechanism involved in the formation of the
SPION:S (for e.g., Fe;0,) is as follows (Ahn et al. 2012):

Fe’* +2Fe’ +80H = Fe(OH), +2Fe(OH), — Fe,0, 4 +4H,0

This reaction is usually performed in an inert atmosphere (for e.g., nitrogen (N,) or
argon (Ar)) to avoid the formation of unwanted iron oxide phases (such as a-Fe,03)
in the as-synthesized SPIONs. Moreover, the reaction mechanism in the formation
of the SPIONs usually passes through a topotactic transition (structural change to
crystalline solid) phase in either one of the following routes: (1) nucleation — aka-
ganeite phase — goethite — hematite/maghemite — magnetite (Fe;O,4); (2) nucle-
ation — ferrous hydroxide — lepidocrocite — maghemite — magnetite (Fe;0,).
Furthermore, the path of this topotactic transition is majorly dependent on the varia-
tions in the pH of the aqueous reaction mixture. In addition, the physicochemical
properties (such as shape, size, colloidal stability, and morphology) of the SPIONs
can be tuned by altering reaction temperature, time of reaction, concentration of
reactants, type of base, stabilizing agents, and reactant molarity (Mahmoudi et al.
2011; Ahn et al. 2012; Fu and Ravindra 2012; Mojica Pisciotti et al. 2014; Wu
et al. 2015).

12.2.1.2 Microemulsion Method

Microemulsion is an optically transparent and thermodynamically stable solution
and is classified into three major types: (1) water-in-oil, (2) oil-in-water, and (3)
bicontinuous microemulsions. Out of these types, water-in-oil microemulsion is
mostly used to synthesize the SPIONs, where the reverse micelles (containing the
aqueous droplets of reactants—surrounded by a surfactant monolayer) are formed
in a continuous oil phase, which might react with each other to form the SPIONS.
Additionally, the synthesis of the SPIONs can also be carried out in either of the
following two routes: (1) mixing of two or more microemulsions that contain differ-
ent iron precursors; and (2) adding a precipitating agent (i.e., for example, ammo-
nia) dropwise into the microemulsion containing the iron precursors. The reactions
might take place inside the droplets (that mainly act as a nanoscale reactor) and the
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final nanoparticles can be collected by removing the excessive surfactants/solvents
(Boutonnet et al. 2008; Okoli et al. 2011). In this method, the physiochemical/mag-
netic properties of SPIONs are majorly dependent on the droplet size, concentration
of the precursors, and type of surfactants/solvent.

12.2.1.3 Hydrothermal Method

Hydrothermal method is another conventional method used to synthesize the
SPIONs (Kim et al. 2013). In this method, the nanoparticles are synthesized by
performing the aqueous chemical reactions among the iron precursors in the pres-
ence/absence of the surfactants in a sealed container (inside an autoclave) which
provide high temperature/vapor pressure (up to 250 °C/4 MPa) for chemical reac-
tions. After the reaction, the mixture of aqueous solution is cooled down to the room
temperature and the SPIONs are obtained by removing the residual surfactants,
unreacted precursors, and other impurities. In this method, the physicochemical/
magnetic properties of the SPIONs can be modified by tuning the reaction tempera-
ture, reaction time, amount of surfactant, and precursors (Kim et al. 2013; Pifieiro
et al. 2015).

12.2.1.4 Sonochemical Method

Sonochemical method is based on inducing the reaction among mixture of iron
precursors (for example, ferric or ferrous salts) via ultrasound irradiation having
frequency ranging from 20 to 60 kHz to synthesize the SPIONs (Wu et al. 2008).
This ultrasound irradiation (containing alternating expansive and compressive
acoustic waves) generates cavitation microbubbles (i.e., cavities) in iron precursor
solution, which induces nano-crystal nucleation by accumulating the ultrasonic
energy. Finally, the microbubbles might collapse and subject to release the stored
concentrated energy (with a heating and cooling rate of >10'" K/s) that tends to
increase the temperatures within the cavitation bubbles in a very short time (~1 ns)
(Morel et al. 2008). Because of this, H* and OH™ radicals are produced through the
decomposition of water, which further react with iron precursor mixtures to form
the SPIONs (Yoffe et al. 2013). This method is beneficial to reduce unwanted
growth of nano-crystals. However, the SPIONs with controlled physicochemical/
magnetic properties are difficult to synthesize via this method (Pinkas et al. 2008;
Wu et al. 2015).

Nonetheless, more research works are essential to overcome the drawbacks asso-
ciated with these hydrolytic synthetic routes, including low crystallinity, broad par-
ticle size distribution, and/or complicated surface characteristics (Qiao et al. 2009).
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12.2.2 Non-hydrolytic Synthetic Routes

The non-hydrolytic synthetic routes used in the preparation of the SPION are based
on the chemical reactions of the iron precursors (in the presence/absence of surfac-
tants) dissolved in organic solvents, which consequently results in hydrophobic
SPIONSs. Herein, thermal decomposition method is a major non-hydrolytic syn-
thetic route used for the synthesis of the hydrophobic SPIONs with controlled
physicochemical properties including size/shape/composition/crystal structure and
magnetic properties (for instance, saturation magnetization) (Mutin and Vioux
2009; Qiao et al. 2009).

12.2.2.1 Thermal Decomposition Method

Thermal decomposition method (thermolysis) is based on the decomposition of the
iron precursors (without/with the presence of surfactants) in high boiling
point organic solvent by heating them at very high temperatures ranging from 200
to 350 °C. Herein, decomposition of the precursor occurs due to the breakage of
their chemical bonds (via endothermic reaction) in an inert atmosphere by supply-
ing continuous nitrogen/argon gas to avoid the formation of unnecessary iron oxide
phases. The precursor materials and capping agents frequently used in the synthesis
of the SPIONSs via thermolysis are as follows: (1) iron precursors—ferric acetylace-
tonate ([Fe(acac)s] (acac = acetylacetonate)), iron pentacarbonyl (Fe(CO)s), and
iron cupferon ([Fe(cup);] (cup = N-nitrosophenylhydroxylamine)); and (2) surfac-
tants—oleylamine, hexadecylamine, oleic acid, linolenic acid, steric acid, and other
fatty amines/acids (Demirer et al. 2015; Pifieiro et al. 2015). The physicochemical/
magnetic properties of the SPIONs can be controlled by optimizing the reaction
temperature, amount of precursors/surfactants, and reaction time (Maity et al. 2008).

Nevertheless, SPIONs prepared by this method are hydrophobic in nature, and
cannot be directly used for cancer theranostic application. Therefore, the additional
surface modification procedures like bilayer surfactant stabilization/ligand exchange
methods are required to modify the hydrophobic nature of the surface of the SPIONs
into hydrophilic nature. Recently, one-pot thermal decomposition method using
polyol-based surfactants/solvents are extensively used to directly synthesize the
hydrophilic SPIONSs for instant use in cancer theranostic applications (Maity et al.
2008, 2009, 2010a, 2011a; Turcheniuk et al. 2013; Li et al. 2015; Pifieiro et al. 2015;
Kandasamy et al. 2018a, 2019a, b).
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12.3 Ferrofluids or Magnetic Fluids

12.3.1 Ferrofluid Formation: SPIONs as Building Blocks

Ferrofluids or magnetic fluids are homogeneous stable/colloidal suspensions of the
SPIONSs (coated with suitable molecules on their surfaces) that are dispersed in an
appropriate carrier liquid (which can be polar/nonpolar). Hence, a typical ferrofluid
or magnetic fluid consists of the following components (by volume): (1) magnetic
solids (~5%), (2) surfactants (~10%), and (3) a carrier fluid (~85%) (Gupta and
Gupta 2015). Moreover, the individual components that form the ferrofluids are
explained as follows:

1. Magnetic Solids: Herein, the magnetic cores of the magnetic nanoparticles/sol-
ids act as a main source in the formation of the ferrofluids. The sizes of the
magnetic cores inside the nanoparticles should be adequately (a) small enough
for their uniform suspension in the carrier liquid via Brownian motion (which is
the random motion of particles in a liquid due to multiple collisions among them)
and (b) large enough to make considerable contribution in the magnetic response
of the ferrofluids, while applying a magnetic field. Therefore, magnetic cores of
the nanoparticles should have sizes <Dy, or the individual nanoparticles should
be superparamagnetic for their effective usage as magnetic solids. In general,
SPIONSs (such as Fe;O, and/or y-Fe,O; nanoparticles) having sizes of 5-20 nm
mainly act as the magnetic solids (Araki et al. 2009; Raj et al. 1995; Kalikmanov
2001).

2. Surfactants: The surfactants are mainly used to avoid clumping/aggregation and
oxidation of the magnetic solids/SPIONs during the formation of the ferrofluids
since (a) the SPIONSs have very high dipole—dipole magnetic interactions and (b)
it is difficult to maintain the dispersibility of the SPIONs in the ferrofluid suspen-
sions by only Brownian motion—ascribed to their heavy weight (Raj and
Boulton 1987). The surfactants mainly prevent the agglomeration/oxidation
problems (even when exposed to the strong magnetic/gravitation fields and
atmosphere) by creating strong electrostatic and/or steric repulsions around
them. Generally, the surfactants consist of a polar head and/or a nonpolar tail (or
vice versa), where one of their ends might adsorb onto the surface of the SPIONs
and the other ends are exposed to the carrier liquid (to create repulsions) while
forming ferrofluid suspensions. In addition, the surfactants play also important
role in reducing the viscosity by decrementing the packing density of the SPIONs
(Raj and Boulton 1987; Odenbach 2003; Scherer and Neto 2005; Gupta and
Gupta 2015). The most commonly used surfactants in the ferrofluid formation
are phosphonic acid, carboxylic acid, silane, catechol, polymers, and gold—as
shown in Fig. 12.3 (Turcheniuk et al. 2013).

3. Carrier Liquid: The selection of a carrier liquid is significant in order to govern
the overall physical properties of the ferrofluids. The carrier liquid is generally
selected based on the following categories: (a) the surface nature (either hydro-
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Fig. 12.3 Common surfactants used for the protection/stabilization of SPIONs. (Adapted from
Turcheniuk et al. 2013)

phobic or hydrophilic) of the SPIONS, (b) field of application (water for biologi-
cal applications), and compatibility of the SPIONs with the carrier liquid. The
common carrier liquids (or solvent) used in ferrofluid formation include organic
(hexane/toluene/tetrahydrofuran) or aqueous (water/biologic media including
phosphate buffer saline (PBS), fetal bovine serum (FBS), and Dulbecco’s modi-
fied eagle medium (DMEM)) based solvents (Raj and Boulton 1987; Raj et al.
1995; Odenbach 2003; Scherer and Neto 2005; Gupta and Gupta 2015).

12.3.2 Ferrofluid Stabilization

The stabilization of the ferrofluids is chiefly dependent on (1) the balance between
the attractive and repulsive interactions, and (2) contribution from thermal energy.
The typical nanoparticle diameter (D) to avoid the agglomeration can be evaluated
by using the following equation that compares the thermal energy with the dipole—

dipole pair energy.
1/3
12K, T
<
ru,M?
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where K, T, M, and u, are Boltzmann’s constant, absolute temperature, intensity of
magnetization, and permeability of free space, respectively. Moreover, it has been
noted that the magnetic (i.e., dipole—dipole) interactions will be lower, if D < 10 nm.

12.3.2.1 Attractive Interactions

The two forces that are involved in the attractive interactions between the nanopar-
ticles in the ferrofluid are (1) Van der Waals-London force and (2) magnetic dipole—
dipole interaction force. Van der Waals-London force (U,y) between two spherical
particles—with a specific diameter (D) and separated by a limited distance (r)—is
given by the following equation:

where a = 2r/D and A—Hamaker constant. Besides, Van der Waals force increases
with the mass (size) of the nanoparticles. Moreover, the magnetic dipole—dipole
interaction force (U,q) between two magnetic dipoles () and (u,) separated by a
specific distance (r) is given by the following equation:

u, r T
Uy = T an [”i Uy _3(’41 7)[”17)}

where 7 is the relative position of the nanoparticles. The total attractive force
between two nanoparticles is the sum of their Van der Waals-London and magnetic
dipole—dipole interaction forces.

12.3.2.2 Repulsive Interactions

The major two forces involved in the repulsive interactions between the nanoparti-
cles inside the ferrofluid are (1) electrostatic repulsion (long range) and (2) steric
repulsion (short range) forces. In ionic ferrofluids (i.e., the SPIONs are surface-
coated with ionic surfactants), the electrostatic repulsive forces keep the nanoparti-
cles apart to avoid their agglomeration for assuring the colloidal stability. Moreover,
the electrostatic repulsive force (Ug) between two electrically charged spherical
particles—with diameter (D) and separation by a distance (r)—is given by the fol-
lowing equation:
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Fig.12.4 Geometric illustration of steric repulsion energy using rigid rods attached onto universal
hinge. (a) s, > 26. (b) s5; < 26. (Adapted from Rosensweig 1997)

where ¢ is surface charge density and given by the equation: ¢ = €46, and € (gy¢,)
is the electric permittivity of the fluid carrier. Moreover, ¢, is surface potential of
the charged nanoparticle at Helmholtz plane (in a double-layer model).

Besides, the steric repulsive force is linearly dependent on the temperature and
can be understood by the geometric illustration of rigid rods attached onto a univer-
sal hinge—as shown in Fig. 12.4 (Rosensweig 1997). Here, the head pole groups of
the surfactant are assumed to be adsorbed onto the surface, and the tail groups (rod)
are assumed to form a specific hemisphere orientation under the thermal motion.
The equation for the steric repulsive force between the spherical particles—having
a specific diameter (D) with surfactants shell thickness (6) and density (£ molecular
per nm?), at temperature T—is given below:

2
,i]le_m;é 2_l+2ln 1+lt !
t t
1+é

where [ = 2s/D, and s = r — D is the separation between the surfaces and 7 = 26/D.

Thus, the colloidal stability of the nanoparticles in ferrofluid suspension is
mainly dependent on the net content between the attractive and repulsive interac-
tions among them. Moreover, the net interaction curve in the ferrofluid stabilization
is given in Fig. 12.5 (Araki et al. 2009; Rosensweig 1997; Kalikmanov 2001;
Scherer and Neto 2005).

12.4 Intrinsic Cancer Theranostic Applications

The most prominent cancer theranostic applications of the SPIONs include (1) mag-
netic fluid hyperthermia (MFH) therapy, (2) magnetic resonance imaging (MRI),
and (3) magnetic drug delivery, where these SPIONs act as heating agents (HEA),
contrast enhancing agents (CEA), and drug carriers, respectively (Kudr et al. 2017).
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12.4.1 Magnetic Fluid Hyperthermia Therapy

Magnetic fluid hyperthermia (MFH) therapy is a localized thermal therapy used for
the treatment of malignant tumors/cancer, in which superparamagnetic nanoparti-
cles (especially SPIONs) act as heating generating agents (Kandasamy and Maity
2015). Figure 12.6 gives a schematic representation of the application of the SPIONs
(in the form of ferrofluids) in MFH application.

In brief, the SPIONs are normally delivered and localized near to the tumor site
via passive/magnetic/active targeting, and subsequently exposed to an alternating
magnetic field (AMF) for a certain time period (for e.g., ~1-2 h). This process gen-
erates heat which raises the tumor temperature to about 42—45 °C that is used for
treating the cancer cells. Herein, the induced heat causes obstructions or ceases
many cellular functions including cell proliferation and gene expressions in cancer
cells which tends to induce cell death via apoptosis (Laurent et al. 2011; Revia and
Zhang 2016). However, the heat produced during this therapy create very minimal
damage to the nearby normal cells/organs as compared to other conventional treat-
ment methods (for instance, chemo-radiation-therapies) (Hervault and Thanh 2014;
Abadeer and Murphy 2016). Besides, the generated heat via this method could be
controlled by tuning the physicochemical/magnetic properties of the SPIONs
(including the size, shape, saturation magnetization, surfactants, and dispersion
medium) and also the applied AMF (Kandasamy and Maity 2015; Kandasamy et al.
2018a, b).
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Fig. 12.6 Schematic representation of magnetic fluid hyperthermia (MFH) based cancer treat-
ment by using ferrofluids containing the SPIONs

12.4.1.1 Heating Generation Mechanism

The heat generated by the SPIONS is due to the susceptibility loss, hysteresis loss,
viscous heating or either one of their combinations, under the influence of the
AME. However, the susceptibility loss is a leading phenomenon for the heat genera-
tion in SPIONs, which majorly works on the Neel and Brownian relaxation losses.
Generally, the magnetic moments of the SPIONs are fluctuated in the nanosecond
timescale at their easy axis due to superparamagnetic nature (i.e., in the absence of
an externally applied AMF). However, under the influence of an external AMF,
Neel’s relaxation time lag behind the reversal time of AMF (as shown in Fig. 12.7),
which is caused by the energy of anisotropy that resists the magnetic moments to
orient in the direction of applied AMF (Laurent et al. 2008). As a result, the energy
that consumes to overcome the anisotropy is dissipated in the form of heat and
known as “Neel relaxation loss.” Moreover, the time for relaxation of magnetic
moments of the nanoparticles (i.e., Neel relaxation time) is expressed by the follow-
ing equation:
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where K, V, H, kg, and T are the anisotropy constant (i.e., 3 X 10° ergs/cm? in the
case of magnetite particles), volume of the nanoparticles, applied field, Boltzmann’s
constant, and measurement temperature, respectively. Moreover, f; is a constant
with value 10° s7.

However, apart from Neel relaxation losses, the Brownian losses are also associ-
ated with the heat generation in SPIONSs that originate from the hindrance to their
physical rotational mobility (on application of an external AMF) by the viscosity of
the carrier liquid (as shown in Fig. 12.7). Herein, the energy—that is consumed to
overcome the viscosity—is dissipated in the form of heat. Moreover, the Brownian
relaxation time is calculated by the following equation:

_3vVin

T
kT

where Vy is the hydrodynamic volume of the SPIONs (by considering total effective
diameter of the magnetic core and non-magnetic shell/coating), and # is viscosity
of medium.

So the hindrances in the Néel and Brownian relaxations lead to a phase lag
(between the AMF and the orientation direction of the magnetic moments/particles)
that tends to generate heat in the form of susceptibility loss. Moreover, the heat
induced by the SPIONS is also dependent on their size, shape, crystallinity, intrinsic
magnetic properties, and the magnitude (H)/frequency (f) of the applied AMF. For
instance, Néel and Brownian relaxations are dominant for the smaller and larger
size SPIONS, respectively. Apart from susceptibility loss, other heating mechanisms
such as hysteresis loss/viscous heating (stirring) are negligible for the SPIONS,
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since they occur mainly in single/multi-domain magnetic particles (Bedanta and
Kleemann 2009; Kozissnik et al. 2013; Laurent et al. 2011; Suto et al. 2009).

Moreover, the generated heat (i.e., heating efficacy) by the SPIONs is quantita-
tively determined in terms of specific absorption rate (SAR) which is expressed by
the following relation (Kandasamy and Maity 2015; Lahiri et al. 2016).

c
SAR(W/gFE):WAA_f

Fe
where pm, and Ci,, are, respectively, the solvent density and specific heat capacity.
Moreover, mg, and AT/At are the weight fraction of the magnetic element (i.e., Fe)
in the sample and initial slope of the time-dependent temperature curve, respec-
tively. However, some researchers prefer to calculate the heating efficiency in terms
of intrinsic loss power (ILP) via normalization of SAR by taking into account the
AMF (frequency (f) and amplitude (H)) for better comparison of the reported results
from different research laboratories. The ILP is calculated by the following equation
(Labhiri et al. 2016).

SAR
H’f

ILP(nHm® / kg) =

12.4.1.2 SPIONSs as Heating Agents

Initially in 1957, Gilchrist et al. have used the iron oxides nanoparticles (i.e., Fe,Os
nanoparticles with size of 20-100 nm) as heating agents for the lymph node treat-
ment of dogs via MFH. This is performed by primarily injecting these nanoparticles
into the lymphatic channels of dogs, and subsequently exposing the affected area to
AMF for induction heating to destroy tumor cells (Gilchrist et al. 1957).

However lately, different research groups have performed various experimental
investigations on the heat induction process of the SPIONs having various sizes,
shapes, distributions, and organic/inorganic surface coatings under calorimetric/in
vitro conditions to evaluate their potentiality for further in vivo applications or clini-
cal trials. For instance, recently Maity et al. have synthesized triethylene glycol
(TREG)/triethanolamine (TEA) coated magnetite (Fe;O, with superparamagnetic
character) nanoclusters and have performed the calorimetric studies under the
applied AMF with H = 89 kA/m and f = 240 kHz, where these nanoclusters have
shown SAR values in the range of 135-500 W/g. Moreover, 74% inhibition in the
proliferation of MCF-7 cancerous cells is also attained (via MFH through these
nanoclusters) when treated at a therapeutic temperature of 45 °C for 1 h (Maity et al.
2011b). Similarly, Gkanas has also demonstrated that TREG/decanethiol/polyethyl-
ene glycol (PEG-800)-coated SPIONs have induced considerable inhibition in the
proliferation of three different cancer cell lines (DA3, MCF-7 and HeLa cancer)
while applying the AMF with H = 26.48 kA/m and f= 765 kHz (Gkanas 2013).
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Likewise, few in vivo MFH experiments in different cancerous animal models
are also recently performed (by using SPIONs). For example, Rabias et al. (2010)
have infused 150 pL of maghemite nanoparticles (10-12 nm) into the glioma tumors
inside the rats, where MFH therapy is done for damaging the cancerous tissue by
inducing a therapeutic temperature (for 20 min) under the applied AMF with H =11
kA/m and f'= 150 kHz (Rabias et al. 2010). In another MFH study, Ohno et al. have
reported significant survival period for glioma-bearing rats while treated with car-
boxymethyl cellulose-coated SPIONs (for 10 nm) by applying the AMF with
H = 30.3 kA/m and f = 88.9 kHz (Ohno et al. 2002). In similar fashion, arginyl
glycylaspartic acid (RGD) peptide-conjugated and poly(maleic anhydride-alt-1-
octadecene)-coated Fe;O4 nanoparticles have resulted in significant reduction in
viability of liver cancers after MFH treatment on application of AMF with H = 14
kA/m and f= 606 kHz (Arriortua et al. 2016).

In addition, researchers have executed few clinical trials (at different phases (I/1I/
IIT)) by using MFH therapy for cancer treatment but with moderate achievements.
However, very recently, researchers are majorly involved in (1) reducing the side
effects associated with this MFH therapy and also (2) achieving high therapeutic
efficacy by improving the inherent properties of SPIONs or by combining SPION-
based MFH therapy with other therapies (Silva et al. 2011; Kitture et al. 2012;
Thanh 2018).

12.4.2 Magnetic Resonance Imaging

Magnetic resonance imaging (MRI) is a diagnosis technique in radiology that uses
the principles of radio waves, magnetism, and computer technology to produce ana-
tomical images of human body. An MRI used with a nanoparticle-based contrast
agent (for instance, SPIONs) is an effective way to detect the cancerous tumors
located deep inside the body (Grover et al. 2015; Jo et al. 2016).

12.4.2.1 Relaxation Process

In general, the following process occurs in MRI: (1) initial alignment of nuclei
(containing an odd number of protons and/or neutrons) in the direction of applied
magnetic field; (2) then rotation of the aligned nuclei (also known as excitation) by
applying a pulse of radio waves; and (3) finally emission of a radio signal by the
nuclei while returning (also known as relaxation/realignment) to their equilibrium
state, which is recorded by a radio-frequency (R.F.) detector (as shown in Fig. 12.8)
and subsequently processed via a computer for images. In human MRI, the water
molecules (especially hydrogen/proton nuclei) from different tissues are utilized to
image the entire body in slices. Herein, the nuclei tend to excite and relax/realign
(while applying the magnetic field/radio waves) at a specific time period, which is
called as relaxation time that can be either T1 or T2 relaxation time ascribed, respec-
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Fig. 12.8 Schematic representation of basic principle behind magnetic resonance imaging (MRI)
based on hydrogen nuclei/proton excitation and relaxation

tively, to longitudinal (spin—lattice) or transverse (spin—spin) relaxations (Jacques
et al. 2010; Stephen et al. 2012). Moreover, these relaxations differ diversely for
various tissues which gives positive or negative contrast with corresponding relaxiv-
ity values of r1(1/T1) or r2(1/T2) (Nitz and Reimer 1999; Yin et al. 2004; Pooley
2005; McCarthy 2011).

12.4.2.2 SPIONSs as Contrast Agents

Initially, the most widely used MRI contrast agents in clinical application are based
on gadolinium (Gd(IIT)) complexes (used as positive contrast agent) including
Magnevist® (Gadopentetic acid, Gd-DTPA—one of the oldest contrast agent
approved by FDA in 1988), Multihance® (Gadobenate disodium, Gd-BOPTA),
OptiMARK® (Gadoversetamide, Gd-DTPA-BMEA), and Omniscan® (Gadodiamide,
Gd-DTPA-BMA). Nonetheless, various research investigations have raised con-
cerns about the potential health risks (including nephrotoxicity) of these gadolinium-
based complexes. Therefore, it is essential to find an alternative for gadolinium-based
contrast agents for MRI imaging. Then recently, SPIONs are newly introduced as
negative contrast agents for MRI applications since these nanoparticles tend to relax
in transverse directions and they are more biocompatible/biodegradable and safe as
compared to gadolinium complexes (Maity et al. 2010b; Tan et al. 2011; Corot and
Warlin 2013; Chopra et al. 2016). Further, some of the SPION-based negative con-
trast agents are approved by FDA and in clinical trials also (Corot and Warlin 2013).
In addition, very recently it has also been proved that the SPIONs having extremely
small particle size (<5 nm) could potentially act as a positive contrast agent (Shen
et al. 2017).
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However, many researchers are widely involved in improving the relaxivity val-
ues of the SPIONs for providing better contrast and also to overcome the side effects
associated with the usage of surfactants and concentration (Shen et al. 2017). For
example, dextran-coated SPIONs (12 + 2 nm) based negative contrast agents are
prepared with high transverse relaxivity (r2) value of 90.5 = 0.8 mM™' s7' at
7 T. Moreover, the in vivo MRI experiments in nude mice model have revealed that
the as-prepared SPIONs are promising candidates for (1) tumor imaging, (2) specific
organ imaging, and (3) whole body imaging at minimum concentration (i.e., 3 mg
Fe/kg body weight) with negligible toxicity (Mishra et al. 2016). Similarly,
maghemite (y-Fe,Os) cores (with 13.08 + 2.33 nm size) that are embedded inside a
primary hydrophobic polymer (poly(4-vinyl pyridine), PAVP) matrix, and further
covered by a shell of a secondary hydrophilic polymer (polyethylene glycol, PEG)
are made, and have showed transverse relaxivity (r2) value of 104.7 £ 9.7 mM~! s~!
at 4.7 T MRI and also negligible toxicity during in vivo study in liver of mice mod-
els (up to 30 days)—observed after the nanoparticle injection (Ali et al. 2017). In
another study, nanometer-sized SPIONs (complexed with amylose nanoparticles
that are cationized with spermine, ASP-SPIONs) labeled with transgenic green fluo-
rescent protein (GFP)-mesenchymal stem cells (MSCs) were prepared for in vivo
MRI tracking. Moreover, these SPIONs have exhibited a high transverse relaxivity
(r2) value 0f 296.2 mM~! s~! in comparison to some commercially available SPION-
based contrast agents such as Sinerem (~65 mM~! s7!), Endorem (120 mM~! s71),
and Resovist (180-202 mM~! s7!) (Lin et al. 2017). Recently, Wei et al. have devel-
oped zwitterion-coated ultra-small SPIONs—composed of ~3-nm-sized magnetic
core and ~1-nm-sized hydrophilic shell—for use as positive contrast agents, which
have displayed longitudinal (#7) relaxivity value of 5.2 mM~! s7! (at 1.5 T) that is
slightly higher than the value of commercially available gadolinium-based positive
contrast agent (i.e., 4.8 mM~!s!at 1.5 T) (Wei et al. 2017). Despite the abovemen-
tioned improvements, SPION-based contrast agents are required to be crucially
optimized in terms of better physicochemical (particle size/shape), water dispers-
ibility, and magnetic (including relaxivities) properties for better clinical acceptance.

12.4.3 Magnetic Drug Delivery

Targeting techniques which are involved in the delivery of the chemotherapeutic
drugs by using the SPIONSs are classified as (1) passive targeting, (2) active target-
ing, (3) magnetic targeting, and (4) combined targeting (i.e., active + magnetic tar-
geting). Passive targeting is based on the targeting of the drugs after their conjugation/
encapsulation with SPIONs to the tumor sites through leaky vasculatures based on
the enhanced permeability and retention (EPR) effect (Danhier et al. 2010; Kim
et al. 2013; Xu and Sun 2013; Shin et al. 2015; Revia and Zhang 2016). However,
passive targeting may be inadequate to achieve efficient targeting in the tumor sites,
since it is solely relied on the EPR effect (Rosenblum et al. 2018). Therefore, active
targeting of drugs is preferred over passive targeting to increase efficiency of their
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delivery. The active targeting is achieved by the attachment/conjugation of targeting
moieties (i.e., antibodies) and drugs onto the SPIONSs for effective tumor antigen
targeting based on ligand-receptor interactions (Hairston 1996; Prijic and Sersa
2011; Yu et al. 2012). Drug delivery is also performed by utilizing the SPIONS as a
magnetic targeting agent to effectively deliver the chemotherapeutic drugs at the
site of tumors for cancer treatment with/without the influence of an externally
applied static magnetic field (Polyak and Friedman 2009; Laurent et al. 2014;
Burgess et al. 2016; Zhu et al. 2017; Ansari et al. 2018). Moreover, MRI via SPIONs
in real-time scenario can also be performed for simultaneous navigation, localiza-
tion, and the release of the drugs at tumor sites to track their bioavailability (Kokura
et al. 2016). Moreover, combined targeting involves active and magnetic targeting
techniques, and a typical combined drug delivery system may consist of SPION,
anticancer/chemotherapeutic drugs, targeting moieties (i.e., antibodies), and/or car-
riers (i.e., polymeric micelles/nanoparticles for encapsulation of SPIONs along with
drugs) (Veiseh et al. 2011; Thomsen et al. 2015).

In a recent study, a multifunctional hybrid biocompatible nanoplatform (having
a size of ~100 nm) has been prepared by constituting poly(lactic-co-glycolic acid)
(PLGA) nanoparticles stabilized with chitosan and poly(vinyl alcohol) (PVA) and
co-loaded with SPIONs and anticancer drug cisplatin (Ibarra et al. 2018). Then, they
have confirmed that the as-prepared nanoplatform has been successfully internal-
ized into both HeLa and MDA-MB-231 cells (determined through the cellular
uptake studies) via passive targeting. In another recent study, antiCD44 antibodies
and gemcitabine-conjugated multifunctional iron oxide nanoparticles were primar-
ily developed, which have demonstrated the targeting (i.e., active targeting) of
nanoparticles to different CD44-positive cancer cell lines using a CD44-negative
non-tumorigenic cell line as a control to verify the specificity by ultrastructural
characterization and downregulation of CD44 expression (Aires et al. 2016). Then,
they have also showed the selective drug delivery potential of the nanoparticles by
the killing of CD44-positive cancer cells using a CD44-negative non-tumorigenic
cell line as a control. Herein, (1) CD44 is a lymphocyte homing receptor that has
been overexpressed usually in a large variety of cancer cells, cancer stem cells
(CSCs) and circulating tumor cells (CTCs), which is actively targeted via antiCD44
antibodies; and (2) gemcitabine is a chemotherapeutic drug—currently used for
pancreatic cancer treatment in clinical scenarios.

Very recently, a 250-nm-sized nanocarrier system is prepared by constituting
paclitaxel (a chemotherapeutic drug)/SPIONs co-loaded PEG-ylated PLGA-based
nanoparticles (Ganipineni et al. 2018). An ex vivo bio-distribution study have
showed an enhanced accumulation of the SPIONs in the brain of glioblastoma
(GBM) bearing orthotopic U87MG mice with magnetic targeting. In addition, they
have observed that the blood-brain barrier is disrupted in the GBM area via mag-
netic resonance imaging (MRI) studies, which confirms the entry of the SPIONs.
Moreover, the magnetic targeting treatment based on these nanocarrier system have
significantly prolonged the median survival time of GBM bearing mice models as
compared with the passive targeting and control treatments, when tested for in vivo
antitumor efficacy. In another investigation, multifunctional nanoparticles are pre-
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Fig. 12.9 Schematic representation of the different tumor targeting strategies. (1) passive target-
ing (PT) via the enhanced permeability and retention (EPR) effect, (2) active targeting of o,
integrin via RGD grafting (RGD), (3) magnetic targeting (MT) via a magnet of 1.1 T placed on the
tumor, and (4) the combination of the magnetic targeting and the active targeting of o,f}; integrin
(RGD + MT). (Adapted from Schleich et al. 2014)

pared by using PLGA-based nanoparticles loaded with paclitaxel and SPIONs and
then compared through different in vivo targeting strategies: (1) passive targeting
(PT) via the EPR effect, (2) active targeting of a,f; integrin via arginine—glycine—
aspartic acid (RGD) grafting, (3) magnetic targeting (MT) via a magnet placed on
the tumor, and (4) the combination of the active targeting of o,f; integrin and the
magnetic targeting (i.e., RGD + MT)—as shown in Fig. 12.9 (Schleich et al. 2014).
They have demonstrated that—as compared to non-targeted (i.e., PT) or
single-targeted nanoparticles (i.e., RGD or MT)—the combination of both active
and magnetic targeted strategies (i.e., RGD and MT) which have drastically enhanced
(1) the nanoparticle accumulation into the tumor tissue with an eightfold increase
as compared to passive targeting (1.12% and 0.135% of the injected dose, respec-
tively), (2) contrast in MRI, and (3) anticancer efficacy with a median survival time
of 22 days as compared to 13 days for the passive targeting. Finally, they have con-
cluded that the double targeting of nanoparticles to tumors by different mechanisms
could be a promising translational approach for the management of therapeutic
treatment or personalized therapy.
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12.5 Combined Cancer Theranostic Applications

The use of SPIONS is not only limited in their intrinsic cancer theranostic applica-
tions (as discussed above), but also for combined cancer theranostic applications to
improve the effectiveness of cancer diagnosis and therapy. The combined cancer
theranostics applications include: (1) MRI as adjuvant to fluorescence imaging, (2)
thermo-chemotherapy (i.e., a combination of MFH therapy and chemotherapy), (3)
thermo-radiotherapy (a combination of MFH therapy and radiotherapy), and (4)
thermo-immunotherapy (a combination of MFH therapy and immunotherapy)
(Zhang et al. 2013; Hervault and Thanh 2014; Mclaughlin et al. 2015; Grifantini
et al. 2018), which are discussed below.

12.5.1 MRI as Adjuvant to Fluorescence Imaging

MRI is a significant diagnosis tool used for the detection and planning of cancer
treatment. However, a single imaging technique is not adequate enough to examine
multiple aspects of cancers due to the limitations in detection sensitivity, resolution,
and specificity. In cancer treatment, accurate discrimination between the cancerous
tissue from healthy tissue should be done during diagnosis to avoid severe damages
to normal/surrounding tissues and effective treatment (Stephen et al. 2012;
Mclaughlin et al. 2015). This could be achieved by utilizing a multimodal diagnos-
tic approach (such as MRI as an adjuvant to fluorescence imaging) to enhance the
spatial resolution and detection sensitivity in cellular imaging, which might be done
by developing a multifunctional nanoparticle system by conjugating/co-
encapsulating the SPIONs (for MRI) along with other fluorescence agents (for fluo-
rescence imaging) such as fluorescence dyes (fluorophores, for example, Alexa
Fluor 647/750) and quantum dots (QDs, for example—carbon QDs) (Josephson
et al. 2002; Fass 2008; Maxwell et al. 2008; Kosaka et al. 2009; Ito et al. 2014; Wu
et al. 2016).

Recently, multifunctional Fe;0,-gold (Au) hybrid nanoparticles are prepared by
simultaneous conjugation of two fluorescent dyes or alternatively the combination
of a drug and a dye, selectively binding to Fe;O, and Au, which are as follows: (1)
Fe;O04-Au nanoparticles functionalized with covalently attached Sulfo-Cyanine5
NHS ester derivative (Cy5) fluorescent dye via thiol-Au bonds for nanoparticle
tracking; and (2) an anticancer drug doxorubicin (DOX) or Nile Red dye is loaded
into the polymeric shell at the Fe;O, surface (Efremova et al. 2018). The in vitro
studies have revealed (1) high accumulation of fluorescent (Cy5) labeled Fe;O,-Au
hybrids on 4T1 tumors (via passive targeting), (2) successful therapeutic payload
(i.e., Dox) delivery and release to the tumors via Fe;O,-Au hybrids labeled with Cy5
and co-loaded with Nile Red dye, and (3) high diagnostic potential of Fe;O,-Au
hybrids in 4T1 cells via MRI based on the enhanced relaxivity (r,) values as com-
pared to commercial T2 contrast agents. Similarly, near-infrared (NIR) two-photon
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fluorescence emitting Fe;O, nanostructures are prepared through trimesic acid/
citrate-mediated reaction process for live cell multimodal imaging (Liao et al.
2013). In another study, SPIONs and IR-780 dye are co-encapsulated inside stearic
acid-modified polyethylenimine to form a dual-modality contrast agent, which have
effectively labeled and tracked the stem cells through MRI and near-infrared fluo-
rescence (NIRF) imaging, respectively (Liu et al. 2016).

12.5.2 Thermo-chemotherapy

Thermo-chemotherapy that constitutes MFH therapy and chemotherapy is an effec-
tive dual/combined therapy used for cancer treatment, which is performed via
SPION-based nano-carriers (SNCs, i.e., SPIONs are co-encapsulated along with
chemotherapeutic drugs (CHDs) inside polymeric carrier/vehicles) (Hervault and
Thanh 2014). Herein, MFH therapy is utilized to enhance the sensitivity of cancer
cells toward CHDs, and this phenomenon is known as “chemo-sensitization” that
occurs due to (1) increase in cell membrane permeability, and (2) reduction of the
interstitial fluid pressure due to heating from MFH therapy (via SPIONS).
Consequently, the uptake of the CHDs by the cancerous cells might significantly
increase. Thus, thermo-chemotherapy is more effective to treat cancer than MFH
alone. In addition, MRI could also be performed for simultaneous tumor imaging
while performing thermo-chemotherapy due to the presence of SPIONs (contrast
agent) (Rao et al. 2010; Li et al. 2018). Figure 12.10 represents the possible mecha-
nism involved in cancer treatment via thermo-chemotherapy by using CHDs and
SPIONSs co-loaded SNCs.

In a recent investigation, the as-prepared 150-nm-sized magnetoliposomes, con-
sisting of magnetite nanoparticle cores and the anticancer drug gemcitabine encap-
sulated by a phospholipid bilayer, have displayed 70% drug release and better
elevated temperature—i.e., from 32 to 52 °C in 5 min—in time-dependent tempera-
ture curves, when exposed to AMF with H = 30 kA/m and f = 356 kHz (Ferreira
et al. 2016). In another investigation, 370-nm-sized thermosensitive nanocompos-
ites are prepared by having SPIONs/5-fluorouracil (anticancer drug) in the core and
poly(N-isopropylacrylamide) (PNIPAM) polymer/silica (SiO,) in the shell. These
nanocomposites have displayed good thermal efficacy (rise to therapeutic tempera-
ture of 45 °C in 3.7 min) and faster drug release at relatively lower magnetic field
(Shen et al. 2016). Moreover very recently, 64-nm-sized core-shell nanoparticles are
prepared with tightly clustered Fe;O, nanoparticles (having 17 nm size) in the core
and doxorubicin (Dox—anticancer drug)-containing polymer in the shell (Hayashi
etal. 2017). These nanoparticles have displayed a higher therapeutic efficacy against
intraperitoneal tumors (located in BALB/c-nu/nu mice) via thermo-chemotherapy
(i.e., MFH and chemotherapy) as compared to only thermotherapy (i.e., MFH) or
chemotherapy alone. Herein, good heating efficacy (i.e., SAR values of
194-353 W/g) and faster drug release (49% in 20 min) under the influence of an
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externally applied AMF (with H = 8 kA/m and f = 217 kHz) have resulted in the
overall improvement of cancer therapeutic efficiency.

12.5.3 Thermo-radiotherapy

Thermo-radiotherapy that comprises MFH-based thermotherapy and radiation ther-
apy/radiotherapy is another effective dual/combined therapy employed in cancer
treatments, which is implemented via utilization of SPIONs (for MFH) and applica-
tion of high-energy X-rays/gamma radiations (for radiotherapy). Generally in radio-
therapy, high energy radiations destroy the cancer cells by damaging their genetic
material (such as deoxyribonucleic acid (DNA)) either via direct interaction with
cellular DNA, or interaction of free radicals (generated due to ionization/excitation
of the water component) with DNA. Consequently, the shrinkage of tumor happens
due to the death of cancerous cells through apoptosis, necrosis, mitotic catastrophe,
or inhibition of the cell proliferation (Baskar et al. 2014; Desouky et al. 2015).
However, the cancer cells may recover via (1) repairing their DNA damage, and (2)
proliferation from their residual cells, after radiotherapy. Thus, the combined ther-
apy might be preferred for the treatment of cancer to resolve this challenge. MFH
can be effectively used as an adjuvant therapy for radiation therapy also, which
might enhance the radio-sensitization effect in cancer cells or used to destroy the
remaining cancer cells left after radiation therapy (Datta et al. 2015; Kaur et al.
2011). Besides, MRI can be combined with thermo-radiotherapy for effective tumor
imaging also. For instance, in a study, the accumulation of gadolinium-doped iron
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oxide nanoparticles (GAIONPs) in tumor region is clearly tracked and quantified by
T2-weighted MRI (Jiang et al. 2017). Furthermore, these GAIONPs have displayed
higher SAR value in time-dependent temperature/calorimetric studies and demon-
strated high therapeutic efficacy in C57BL/6J mice with (TRAMP)-CI1 prostate can-
cer, while used in combination with radiotherapy by utilizing a 25 Gy radiation
therapy followed by a thermotherapy (via these nanoparticles and by applying AMF
with H=19.57 kA/m and f'= 52 kHz) for 30 min. Moreover, the tumor growth curve
has showed that the radiotherapy and thermotherapy have similar effects on tumor
growth delay (2.5 and 4.5 days, respectively), while the tumor growth is delayed
more than 10 days by the combined/thermo-radiotherapy. Moreover, clinical trials
are performed in cancer-bearing patients, where the results have showed increased
survival rates for patients who are treated with combined therapy/thermo-
radiotherapy—mainly ascribed to the reduction in the actual radiation doses or the
need for repeated radiotherapies (Maier-Hauff et al. 2011).

12.5.4 Thermo-immunotherapy

Now-a-days, immunotherapy has gained significant interest in cancer treatments,
which is based on the killing of cancerous cells via artificial activation of immune
system in human body. Usually, the cancer cells have antigens on their surface that
act as a marker to reorganize and bind with the antibodies of the immune system,
which may help in proliferation inhibition or killing of cancer cells (Farkona et al.
2016; Evans et al. 2018). The three prominent mechanisms that are involved in the
cell death via immunotherapy include: (1) antibody-dependent cell-mediated cyto-
toxicity (ADCC) against tumor cells, which is triggered by the interaction of the
fragment crystallizable (Fc) portion of the monoclonal antibodies (mAb) with the
Fc receptors on the effector cells like natural killer cells, macrophages, and den-
dritic cells, (2) antibody-dependent cellular phagocytosis (ADCP), which is
described as the target tumor cell elimination by the innate network of phagocytic
cells, primarily neutrophils, monocytes, and macrophages, and (3) complement-
dependent cytotoxicity, which is the result of the Fc region of an antigen—immuno-
globulin complex triggering a cascade of more than 30 proteins that culminates in
the formation of the membrane-attack complex, an amalgam of subunits that func-
tions to perforate the phospholipid bilayer of the target cell and induce lysis (Jena
1997; Kohrt et al. 2015; Wang 2015). However, the delivery of antibodies alone to
antigen-presenting cancer cells is insufficient to induce improved immunity due to
their rapid degradation during the systemic administration. SPIONs can be used to
improve the delivery of immunotherapeutic agents at the targeted tumor sites for
enhanced cancer treatment via immunotherapy. For instance, the therapeutic effi-
cacy of immunotherapy in FAT1-positive colorectal cancer is improved by magneti-
cally targeting of the murine monoclonal antibodies (mAb198.3) conjugated
SPIONSs toward the cancer cells (Grifantini et al. 2018). Moreover, the activation of
immune system against cancer can be done through heat stimulation via MFH by
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using the SPIONs (Yanase et al. 1998; Toraya-Brown and Fiering 2014; Yagawa
et al. 2017; Lin et al. 2018; Park et al. 2018).

12.6 Conclusions and Future Perspectives

In summary, nowadays new advancements are achieved in the synthesis of high-
quality SPIONs using different synthesis routes in comparison to other types of
magnetic nanoparticles, and also in the formation/stabilization of the ferrofluids (by
using the SPIONs as major building blocks). Moreover, based on the abovemen-
tioned investigations, it can be clearly evident that the SPIONs have attained great
importance in intrinsic cancer theranostics applications (such as MFH, MRI and
magnetic drug delivery) and also in combined cancer theranostics applications
(including MRI as an adjuvant to fluorescence imaging, thermo-chemotherapy,
thermo-radiotherapy and thermo-immunotherapy). But, the overall utilization of the
SPIONS is mainly restricted to in vitro levels. Nevertheless, very few high impact-
ing efforts are being made to involve the SPIONS as an effective part of in vivo or
clinical theranostics. For example, the global researchers have made worldwide
consortiums that mainly focus to generate new treatment concepts (combined tar-
geting radio-sensitization and thermotherapy via MFH), strengthen the existing
synergies between technical advances, and inspect biocompatible coatings for mag-
netic nanoparticles (including SPIONs) in order to achieve breakthroughs in clinical
cancer treatments. In addition, companies like “MagForce” (who developed ferro-
fluid and patented) have obtained FDA approval to conduct clinical studies by using
“NanoTherm” for focal tumor ablation in prostate cancer with immediate risks.
However, more fruitful attempts are needed so that, in near future the SPION-based
theranostics will be used in full potential for treating the cancers effectively.
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