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Superparamagnetic iron oxide nanoparticles (SPIONs) have attracted attention in the biomedical field thanks
to their ability to prompt hyperthermia in response to an alternated magnetic field. Hyperthermia is well
known for inducing cell death, in particular in tumour cells, which seem to have a higher sensitivity to temp-
erature increases. For this reason, hyperthermia has been recommended as a therapeutic tool against
cancer. Despite the potentialities of this approach, little is still known about the effects provoked by mag-
netic hyperthermia at the molecular level, and about the particular cell death mechanisms that are activated.
Nevertheless, in-depth knowledge of this aspect would allow improvement of therapeutic outcomes and
favour clinical translation. Moreover, in the last few decades, a lot of effort has been put into finding an
effective delivery strategy that could improve SPION biodistribution and localisation at the action site. The
aim of this review is to provide a general outline of magnetic hyperthermia, focusing on iron oxide nano-
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particles and their interactions with magnetic fields, as well as on new strategies to efficiently deliver them
to the target site, and on recent in vitro and in vivo studies proposing possible cell death pathways activated
by the treatment. We will also cover their current clinical status, and discuss the contributions of omics in
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Introduction

Hyperthermia is a medical approach where the temperature of
the body or of the target tissue is raised up to 40-45 °C. Since
cancer cells seem to show a higher sensitivity to these temp-
eratures with respect to healthy cells," hyperthermia has
been proposed as a non-invasive anticancer treatment, alone
or in combination with chemo- and radiotherapy to improve
their efficacy. Even though the mechanisms of hyperthermia-
induced cell death in tumour cells have not been fully eluci-
dated yet, its efficacy has been reported by several authors, and
clinical trials involving hyperthermia started in the 1970s.*
There are currently several methods to induce hyperthermia,
such as exposure to microwaves, to electrode-applied high-fre-
quency currents, and to lasers, or the immersion of the patient
in heated water baths (whole-body hyperthermia).” However,
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understanding molecular interactions between iron oxide nanoparticles and the biological environment.

all these methods lack selectivity towards the target tissue, and
might cause severe side effects on healthy cells. Therefore,
more specific heating sources are preferable to enhance the
therapeutic outcome. Magnetic hyperthermia opened new hor-
izons in this sense; here, the rise in temperature is due to the
heat produced by the interactions between magnetic nano-
particles and an appropriate alternated magnetic field (AMF).
Magnetic hyperthermia offers several advantages with respect
to conventional methods. First, magnetic nanoparticles can be
functionalised on their surface with antibodies or ligands that
can specifically target tumour cells, with very low accumulation
in healthy tissues. Moreover, their heating capacity can be
modulated by tuning their size, polydispersity, composition,
and physicochemical properties, allowing for a better control of
the desired outcome.® Magnetic nanoparticles can also act as
magnetic resonance imaging (MRI) contrast agents; ° therefore,
they can be used for theranostic applications.’®'’ Among the
different magnetic nanomaterials that can be used for this
purpose, iron oxide-based nanoparticles, especially superpara-
magnetic iron oxide nanoparticles (SPIONs), seem to be the
most promising, mainly because iron oxides have been
approved by the US Food and Drug Administration,'” and they
are relatively easy to synthesise." However, bare SPIONs are
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unstable in biological fluids; therefore, new solutions have been
proposed to improve their solubility, bioavailability, and delivery
to the target tissue.

Despite the massive effort that researchers have put into
the study of SPION-induced magnetic hyperthermia, there is still
little understanding of their mechanism of action at the mole-
cular level. The lack of consensus is mainly due to the fact that
magnetic hyperthermia can activate several cell death pathways,
and the prevalence of one over the others depends on many para-
meters, such as the nanoparticles’ properties, the frequency and
intensity of the AMF, and cell typology, just to name a few.

The aim of this review is to provide an overview of magnetic
hyperthermia induced by iron oxide magnetic nanoparticles
(IONPs), and in particular by SPIONSs, focusing on the physics
behind their interaction with AMF. The latest strategies that
demonstrate effective coating/functionalisation of the surface
of SPIONs and their impact on SPION physicochemical pro-
perties, stability, biocompatibility, and bioavailability will be
discussed, with some examples of efficient SPION-targeting
ligand conjugates. An overview of the proposed mechanisms
for the anticancer activity of SPION-induced magnetic
hyperthermia will be provided, together with the most recent
in vitro and in vivo studies focusing on this topic. Particular
attention will also be paid to recent omics studies that can
help to unveil mechanisms at the molecular level. Finally, a
brief overview of clinical studies concerning SPIONs and mag-
netic hyperthermia will also be presented.

SPIONSs and their interaction with
AMFs

In nature, several types of iron oxides exist, differing in their
chemical formula and/or crystalline structure.'® Nevertheless,
the most exploited for magnetic hyperthermia are magnetite
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and maghemite, thanks to their peculiar magnetic properties
especially at the nanonascale.®'* The chemical composition of
magnetite is Fe*"(Fe*),(0*7), - hence, the chemical formula
Fe;0, - with a cubic inverse spinel structure, in which 0>~
ions form a cubic structure and Fe** and Fe®" occupy intersti-
tial sites (1/3 tetrahedral and 2/3 octahedral sites)."> The
chemical formula of maghemite is Fe,Os, but it is often indi-
cated as y-Fe,O; to differentiate it from hematite, another iron
oxide with the same chemical formula, but different crystalline
structure. Maghemite has the same spinel structure as magne-
tite, but only Fe®" is present; for this reason, maghemite is
considered a fully oxidised magnetite."® Both magnetite and
maghemite are ferrimagnetic, meaning that they are composed
of two populations of atoms with antiparallel magnetic
moments - like in antiferromagnetism - but one of the two
populations prevails; therefore, the materials possess a net mag-
netic moment different from zero.'® When an external magnetic
field is applied, all the magnetic moments align with its direc-
tion until a magnetisation saturation (Ms) is reached. When the
magnetic field is removed, the magnetisation does not spon-
taneously revert completely to the initial value, but there will be
a remanent magnetisation (Mg), and a precise magnetic field,
called the coercivity field (H), must be applied to bring the
system to the initial state.*'® Under AMFs the magnetic
moment direction cannot change instantaneously with the AMF
and a delay in the magnetic response is produced, causing a
hysteresis loop in the magnetisation cycle (Fig. 1a).*"°

Bulk iron oxide is a multi-domain magnet, constituted by
several magnetic domains; in this case, the origin of the hys-
teresis is due to reorganisation or to domain wall motions.'®
The energy dissipated in the magnetisation cycle (hysteresis
losses) produces heat, and its entity can be calculated from the
area of the hysteresis loop (Fig. 1a).*

IONPs below a critical diameter (~30 nm behave as
single-domain magnets with superparamagnetic properties.
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Thermal energy

Fig. 1 (a) Typical hysteresis loop of a ferrimagnet. M and M, are, respec
H_. is the coercivity field. The area depicted by the red lines is the energy
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tively, the magnetisation saturation and the remanent magnetisation, while
dissipated during a magnetisation cycle. (b) Typical magnetisation cycle for

a superparamagnetic material (above the blocking temperature); the squares depict the orientation of the moment of single-domain nanoparticles

with the external magnetic field (H). Reproduced and adapted with permi

SPIONSs have zero coercivity and zero remanent magnetisa-
tion; however, they have large magnetic susceptibility - the
extent to which a material can be magnetised upon application
of an external magnetic field - with respect to paramagnets.
When SPIONs are subjected to an AMF, the magnetic
moments of the single nanoparticles (magnetic domain) align
with the direction of the applied field reaching +M;g (or —Ms)
depending on the direction; however, since SPIONs have no
remanent magnetisation and coercivity, their magnetisation
curve significantly differs from that observed in bulk iron
oxide (Fig. 1b). Moreover, in SPIONs, the mechanisms of heat
generation due to relaxation losses also differ from those that
prevail in multi-domain iron oxides. During a magnetisation
cycle of SPIONs, there are essentially two ways to relax back to
the initial state when the field is removed: Néel and Brownian
relaxations.* In Néel relaxation, the magnetisation of the

Melike Belenli Giimiis is a third-
year PhD student in the joint
program between The
Biorobotics Institute of
Sant’Anna School of Advanced
Studies and the Italian Institute
of Technology (1IT). She conducts
her research activities under the
supervision of Prof. Gianni
Ciofani in the  Smart-Bio
Interfaces Research Line at the
IIT. Her research interests
include smart nanomaterials for
targeted drug delivery and
Raman spectroscopy applications
at the nano-bio interface.

Melike Belenli Giimiis

This journal is © The Royal Society of Chemistry 2022

ssion from ref. 4. Copyright RSC, 2014.

single nanoparticle can rapidly flip direction with a character-
istic time defined as the Néel relaxation time, 7y, that
depends, among other parameters, on the particle size and
magnetic anisotropy, and on the temperature of the medium,
as expressed by the equation:

KV
™~ = Top €Xp (kB_T> (1)

where 7, is a characteristic of the material, named the attempt
time or attempt period (usually between 107" and 107° s), K is
the anisotropy constant, V is the volume of the nanoparticle,
kg is the Boltzmann constant, and 7 is the temperature.
Usually, at temperatures higher than the blocking temperature
Tg, that is the temperature below which the magnetic
moments do not have the required energy to flip directions
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(for instance, Tg is reported to be <100 K, for oleic-acid stabil-
ised SPIONs of ~10 nm, when no external magnetic field is
applied'’), and given the measuring times of conventional
techniques, the net magnetisation of SPIONs is, on average,
equal to zero. As is evident from eqn (1), the smaller the nano-
particles, the lower the energy necessary to flip the magnetic
moment. In Brownian relaxation, the nanoparticle and its
magnetic moment rotate together, causing frictions with the
liquid where the particle is dispersed. The Brownian relaxation
time, 7, is defined by the equation:

o 37’]VH
T ksT

78 (2)
where 7 is the viscosity of the medium and Vy is the hydrodyn-
amic volume of the nanoparticles. For this relaxation mecha-
nism, the viscosity of the medium plays a fundamental role.
Brownian relaxation, in fact, is almost negligible for small par-
ticles in high-viscosity media, where Néel relaxation prevails.*
The prevalence of one mechanism over the other mainly
depends on the size of the particles, on their magnetic an-
isotropy, and on the viscosity of the liquid.

Under an appropriate high-frequency AMF, that is, when
the magnetic field direction changes faster than the relaxation
time of the nanoparticles, the reversal of the magnetic
moments is delayed, causing losses and consequently heat
dissipation.

The heat power generated by magnetic nanoparticles upon
AMF stimulation can be quantified by adapting the general
concept of specific absorption rate, or SAR, (in W g™*) to this
specific case:

SAR = C— — (3)

where C is the specific heat capacity of the sample, AT/A¢ is
the initial slope of the time-dependent heating curve, and Cr.
is the iron concentration. The SAR of magnetic nanoparticles
depends not only on their properties such as size, polydisper-
sity, and saturation magnetisation, but also on the frequency
and amplitude of the AMF; in particular, the higher these two
values, the higher the SAR. However, for biomedical appli-
cations the product between the intensity and the frequency of
the magnetic field (H x f) should be lower than 5 x 10° A m™
s~' to avoid negative effects on patients.” In fact, Atkinson
et al. observed that, when H x f is above this limit (known as
the “Brezovich limit”), the occurrence of eddy currents
might generate an unpleasant non-specific heating.'®
Superparamagnetic materials such as SPIONs are, generally,
preferred for biomedical applications with respect to ferrimag-
netic bulk materials. First of all, superparamagnetism is
achieved at the nanoscale; moreover, SPIONs generate heat
through Néel and Brownian relaxations - superimposed on fer-
rimagnetic hysteresis losses at the transition between super-
paramagnetism and ferrimagnetism - that result in higher
SAR values at lower fields and frequencies with respect to the
hysteresis losses in ferrimagnetic bulk iron oxides.'® This
means that higher effects can be achieved at lower H x f.
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Finally, SPIONs have zero net magnetisation, meaning that
they do not aggregate. However, their incompatibility with
aqueous environments makes their dispersion in biological
fluids quite challenging. Moreover, it must be stressed that,
for biological applications, nanoparticles relaxing via Néel
mechanisms are preferable, since the intracellular viscosity
might prevent Brownian relaxation."®

Magnetic hyperthermia is usually achieved by stimulating
SPIONs with AMF, the frequencies of which range from 100 to
800 kHz. Nevertheless, even if beyond the scope of this review,
it is worth mentioning that a biological effect could be
observed also at very low frequencies (<1 kHz), defined as non-
heating low frequencies, and it is ascribed to mechanical
effects on the surrounding tissues caused by the vibrations
and rotations of magnetic nanoparticles under an external
magnetic field.”**!

Recent delivery and targeting
technologies for SPIONs

Many applications benefit from the physicochemical pro-
perties of SPIONs. A remarkable number of these applications
concentrate on the use of SPIONs for diagnostic and theranos-
tic purposes. Their superparamagnetic properties make them
advantageous for MRI,>* magnetic hyperthermia,® and tar-
geted drug delivery.>* The incorporation of SPIONs into a drug
carrier*® and/or modifications on their surfaces®® enable them
to be targeted to many different tumour tissues such as pros-
tate cancer,> breast cancer,*® bone cancer, and brain cancer.?’
The major drawback of using SPIONs in biological appli-
cations is their instability and tendency to form aggregates
through van der Waals interactions in aqueous environments,
which results in their incompatibility with physiological
fluids.*® Aggregation/agglomeration of SPIONs may favour
magnetic dipolar interactions between particles, and these
interactions can affect their intrinsic magnetic properties
depending on the aggregation state of SPIONs.>® Moreover, the
formation of bigger aggregates may increase the risk of reco-
gnition by the reticuloendothelial system (RES).>* Therefore,
many studies have been focused on increasing the bio-
availability and biodistribution of SPIONs by proper surface
modifications, which enhance their biocompatibility and
stability in physiological fluids without losing their magnetic
properties. Coating the surface of SPIONs with a biocompati-
ble polymer is one of the most common ways to achieve this
purpose. Besides increasing SPION stability and water solubi-
lity, polymers can also be modified with functional groups to
have moieties on the surface that may allow further functiona-
lisation with antibodies,*® peptides,® or vitamins,** for
instance. In addition to polymers, the surface of SPIONs can
be coated with small molecules,*® lipids,> and carbon/silica
composites®” to increase their colloidal stability in physiologi-
cal fluids and provide an active surface for targeting ligands,
with minimal effects on their magnetic properties. In this
section, the latest delivery methods to increase the bio-

This journal is © The Royal Society of Chemistry 2022
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availability of SPIONs along with targeting strategies that are
necessary for imaging and cancer therapy applications will be
discussed.

Stabilisation in aqueous environments and bioavailability

The usual synthetic routes for SPIONs vary from physical to
chemical methods. Nevertheless, there are also a few studies
showing that they can be biosynthesised by magnetotactic bac-
teria®> and, in situ, by cancer cells.*® Thermal decomposition
is one of the most popular chemical synthesis methods for
SPIONS, in the presence of oleic acid as the surfactant. SPIONs
with oleate groups on their surface have good dispersibility in
apolar (organic) solvents, but to use them in in vitro or in vivo
experiments, they should be well dispersed also in polar sol-
vents. This can be obtained by using amphiphilic molecules to
cover the surface of SPIONSs; the hydrophobic part of the mole-
cule interacts with the surface of SPIONs, while the hydro-
philic residues are exposed to water molecules, giving the
nanoparticle aqueous stability.*”

Biocompatible polymers are mostly preferred to stabilise
SPIONs in water. For example, Galli et al. modified polyami-
doamine (PAA) by reacting 17% of the carboxyl groups of PAA
with the amine group of 2-nitrodopamine. Catechol groups,
which have high affinity with iron, are present in the 2-nitrodo-
pamine structure. A low amount of catechol functionalisation
did not cause any disturbance of PAA structure, while provid-
ing colloidal stability to nanoparticles.?” Polyethylene glycol
(PEG) is one of the most versatile polymers that has been
widely used in industrial and commercial products, as well as
pharmaceutical ones. PEG, alone or as a copolymer, is also
widely used in the synthesis of different kinds of nano-
materials as it provides surface stabilisation by increasing
steric hindrance, and it protects the nanoparticles from
adsorption of macromolecules.®®

Yan and co-workers investigated the biodistribution of
SPIONSs in rat brains by coating their surface with PEG. The
presence of PEG on the surface increased the hydrophilicity of
particles, and provided a slightly negative zeta potential on the
surface. PEG-SPIONs were injected into the substantia nigra
area in the midbrain of rats and the particles were found also
in nearby structures such as the thalamus, temporal lobe,
olfactory bulb, and prefrontal cortex. The subcellular distri-
bution of PEG-SPIONs in the substantia nigra area revealed
that they are mainly concentrated near dendrite and axon
membranes.’® In another work, SPIONs were coated with poly
(lactic-co-glycolic acid) (PLGA) by using different surfactants.
Two types of PLGA-coated SPIONs with differences in sizes and
surface charges were obtained, as the surfactants used in the
preparation method had different chemical properties: the
strong cationic nature of didodecyl-dimethylammonium-
bromide resulted in nanoparticles (DMAB-SPIONs) with higher
positive zeta potential (+54 mV) and smaller average hydrodyn-
amic diameter (30 nm) with respect to particles coated with
a-tocopheryl-polyethylene-glycol-succinate (TPGS-SPIONS),
180 nm in size and with a zeta potential of +35 mV. Both par-
ticles were orally introduced to adult male Swiss albino mice

This journal is © The Royal Society of Chemistry 2022
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and their accumulation in different organs was evaluated. In
the brain tissue of DMAB-SPION treated mice, a significant
amount of iron was detected, proving that DMAB-SPIONs
diffused through the blood-brain barrier (BBB). On the other
hand, TPGS-SPIONs were mostly observed in Kuppfer cells of
the liver, which are associated with phagocytic activity. In
addition to that, liver function enzyme levels were increased in
mice treated with TPGS-SPIONSs, indicating a certain amount
of damage due to the presence of the nanoparticles.”® In
another recent study, polyaniline and polypyrrole were separ-
ately used to modify the surface of SPIONs. From the prelimi-
nary hyperthermia and cytotoxicity results, it was shown that
coated SPIONs have slightly higher saturation magnetisation
values and both coatings have a positive effect on the biocom-
patibility of the SPIONs."!

Core-shell nanocomposite materials are another “hot
topic” for introducing SPIONs to biological fluids. Inorganic
compounds such as calcium phosphate,*” metallic materials
such as silver (Ag) and gold (Au),*® and biocompatible poly-
mers such as PEG can be used in composite structures.**
Covering the surface of SPIONs with silicon dioxide (SiO,),
which is a widely used material for ceramic coating, is another
route to obtaining controllable surface chemistry on SPIONs.
Silica coating increases the colloidal stability, reduces toxicity,
and protects the magnetic cores from oxidation. Moreover,
silanol groups of silica enable surface functionalisation of the
nanocomposites.

Santos et al. prepared a theranostic nanoplatform that takes
advantage of the interaction between Fe*" ions and curcumi-
noids (fluorescent biomarkers) based on iron-oxygen coordi-
nation and hydrogen bonding. Then, curcuminoid-adsorbed
SPIONs were further coated with silica to have good colloidal
stability and dispersibility in water. This nanoplatform showed
promising results in terms of magnetic hyperthermia and fluo-
rescent imaging, but further in vitro and in vivo studies are
necessary.”” Another interesting example of a stabilisation and
delivery strategy for SPIONs is represented by “earthicles”,
which are nanocomposites consisting of zero-valent iron,
silica, and carbon, with a composition that resembles the stra-
tified structure of the Earth (and thus the reason for their
name). Wu et al. prepared earthicles with a ferrofluid core con-
taining SPIONs instead of a zero-valent iron core; the coating,
composed of a double shell of silicate mesolayers (SiO,) and
carbon (C) crust, was kept similar to the original earthicles’
composition. The coating provided stability by means of
electrostatic effects and allowed ligand conjugation to the
surface for targeting purposes. These particles were tested
against glioblastoma and osteosarcoma cells/spheroids and
gave promising results for the treatment of these challenging
types of cancer. SPION/SiO,/C colloids show higher specific
saturation magnetisation as a result of the hydrothermal pro-
cessing during their synthesis. Thanks to the ferrofluid nature
of the core, they can be guided to the tumour area by a conven-
tional magnet. According to BBB permeability experiments on
both in vitro and in vivo models, the SiO,/C shell protects the
particles against lysosomal degradation and enables transcel-
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lular passage of SPIONs.>” Calcium phosphates and their natu-
rally occurring form, hydroxyapatite, have been also combined
with SPIONs to form composite materials; in particular, they
have been exploited to coat the surface of SPIONSs, increasing
their biocompatibility, and providing pH-responsive properties
to the composite nanoparticles that can be beneficial in
cancer therapy.*>*® Another strategy that helps in stabilizing
the surface of SPIONS is coating them with metals, such as Ag
and Au. This also enables use of the composites in photother-
mal therapy, and facilitates the functionalisation of the nano-
composite surface for targeted cancer therapy applications.***”
As an example, Lu et al. targeted human glioma cells by using
core-shell Fe;0,@Au magnetoplasmonic nanomaterials func-
tionalised with the antibody cetuximab (C225). The coating
with Au provides a biocompatible layer, enables a stable inter-
action with the antibody, and allows for local plasmonic
heating upon stimulation with a near-infrared (NIR) laser. In
vitro studies with glioma cells and in vivo studies with animal
models revealed the synergic effect of the magneto-photother-
mal strategy by showing increased apoptosis and decreased
tumour size with respect to the separate treatments with just
AMF or NIR.*®

Covering the outer surface of nanoparticles with biological
macromolecules is another well-known strategy to increase
their stability, biocompatibility, and circulation time in the
body by shielding them from being recognised by the RES.
Lipid nanocarriers are among the best candidates for drug
delivery applications, and many lipid-based formulations are
already available for clinical use.” Lipid vesicles loaded with
SPIONSs are known as magnetoliposomes,’® and depending on
the application these lipid carriers can have a third component
such as an inorganic silica shell.** Magnetoliposomes have
many advantages: their lipid surface mimics natural cell mem-
branes and decreases the rate of clearance by the RES, the
functionality of the lipids can be easily modified, different
types of drugs (hydrophobic, hydrophilic and amphiphilic) can
be encapsulated inside or in the lipid bilayer, and their temp-
erature-dependent permeability allows for controlled drug
release, thanks to the heat generated by the SPIONs upon AMF
stimulation.>® In addition, Patil-Sen and co-workers reported
that a coating made both of lipids and silica decreased the T,
relaxation time of SPIONs, enhancing the quality of MRI
imaging.**

Another class of macromolecules that can be used for the
stabilisation of SPIONSs is carbohydrates.”® Some of the most
widely used polysaccharides for coating the surface of SPIONs
are dextran and its derivatives. Although dextran-coated IONPs
are already commercially available, this type of coating can
also bring some disadvantages such as quick degradation of
dextran by enzymes in the human body, causing loss of stabil-
isation. To overcome this problem, inulin, a plant-derived poly-
saccharide, was proposed for the stabilisation of the SPION
surface. This polysaccharide cannot be digested by enzymes in
the human body, while maintaining the advantages of other
carbohydrates.*” Some studies, instead, proposed the synthesis
of iron oxide nanoparticles with a green approach, where
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Garcinia mangostana fruit peel extracts were used, which are
rich in polyphenols that can act as stabilisers.>*
Dimercaptosuccinic acid (DMSA) is a metal chelator used
for the treatment of heavy metal poisoning. It is a water-
soluble and non-toxic molecule that can be grafted on the
surface of oleate-stabilised SPIONs by ligand exchange reac-
tion. It provides a stable surface even in acidic conditions
thanks to its negatively charged carboxylate ions on the outer
surface; these carboxyl groups, together with thiol groups,
enable further functionalisation. For example,