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Melanoma is responsible for the majority of deaths related to skin cancer. Worryingly, prog-
noses show an increasing number of melanoma cases each year worldwide. Radiotherapy,
which is a cornerstone of cancer treatment, has proved to be useful but insufficient in
melanoma management due to exceptionally high radioresistance of melanoma cells. This
problem could be overcome by superparamagnetic iron oxide nanoparticles (SPIONs) used
as heat mediators in magnetic hyperthermia, which not only enhance radiosensitivity, but
also enable precise targeting by exploitation of their magnetic properties.

© 2019 Greater Poland Cancer Centre. Published by Elsevier B.V. All rights reserved.

1. Melanoma

Melanoma is a type of cancer developed from pigment-
containing cells known as melanocytes, which are predom-
inantly located in the skin and eye pupil. In the human
skin, melanocytes reside within the basal layer of epider-
mis and in the hair follicles. Homeostasis of the cutaneous
melanocytes is governed by epidermal keratinocytes. Upon
exposition to ultraviolet (UV) radiation, keratinocytes produce
and secrete factors stimulating melanocytes’ proliferation,
differentiation, motility and melanin production. Melanin is a

pigment that, due to its chemical and optical properties, plays
a key role in skin protection from the detrimental effects of
UV-radiation and prevents skin cancer development.

An estimated 76,380 new cases of invasive melanoma will
be diagnosed in the US in 2016, from which 10,130 people will
die." During their lifetime, 1 in 50 men and women will be
diagnosed with melanoma of the skin.? Melanoma is also one
of only three cancers with an increasing mortality rate for
men.? About 86% of melanomas can be attributed to expo-
sure to UV-radiation from the sun, the primary risk factor for
cutaneous melanoma.? The most frequently occurring type of
the disease is aforementioned cutaneous melanoma, which is
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responsible for the majority of deaths related to skin cancer
(75%).> Survival rates in patients with melanoma (all forms)
have shown considerable discrepancies between countries in
Europe, ranging between <50% in Eastern Europe to >90% in
Northern and Central Europe for 5-year survival after primary
diagnosis.® Overall, these statistics indicate that melanoma is
a significant cause of deaths worldwide. Therefore, melanoma
treatment requires major improvement in order to overcome
these perilous trends.

Multifactorial disturbance of the homeostatic equilibrium
between melanocytes and their microenvironment leads to
carcinogenic transformation and melanoma development.
Wide spectrum of genetic mutations found in melanomas
renders them highly resistant to chemo- and radiotherapy
treatment. Interestingly, despite clear UV radiation depend-
ence, mutations found in melanomas are not limited to the
ones caused by UV light.”® Metastasis in melanoma is highly
frequent and occurs usually at the late stage of the disease
development; however, it can also take place during the pri-
mary tumor formation. Clinically evident metastasis is a very
poor prognostic factor. The 5-year survival rate in patients
with metastatic disease is less than 15%. While almost every
organ can be potentially affected, the most common sites for
metastasis development are the liver, bone and brain.*'?

2. Radiotherapy in melanoma treatment

Although modality of choice for melanoma treatment is
surgery, radiotherapy plays an important role in the dis-
ease management and offers a great alternative. Despite
being perceived as a significantly radioresistant, a growing
number of evidence indicates that radiotherapy treatment of
melanoma gives positive results. The proportion of patients
benefiting from radiotherapy at some point in their illness
was calculated at 23% of all melanoma cases.’> Modes of
radiotherapy utilized in melanoma can be divided into four
groups: upfront radiotherapy (as a substitute to surgery), adju-
vant therapy (post-surgical treatment), elective and palliative
radiotherapy. Response of melanoma to irradiation depends
on tumor volume, radiotherapy dose and fraction size.'*
Moreover, in vitro studies have shown that sublethal doses
of ionizing radiation may increase the risk of metastasis.”
Therefore, hypofractionated regimens (high dose of ioniz-
ing radiation per fraction) are seemingly more advantageous
than hyperfractionated ones (high number of low dose
irradiations).'® However, the former regimens introduce a high
risk of side effects caused by the concomitant irradiation of
normal tissue.'”'® The degree of radiation injury is related to
the total radiation dose, area and volume of tissues irradiated,
and the time interval between irradiations. The normal tissue
irradiation effects may be classified as acute, consequential,
or late effects, according to the time before the appearance of
symptoms.'® Regardless of the type of injury, patients’ qual-
ity of life is usually significantly diminished. In the worst case
scenario it may result in the second primary tumor develop-
ment (therapy-related cancer that arises as a consequence of
the treatment) or even death.?%?! Therefore, keeping the sub-
tle balance between radiotoxicity and treatment efficacy is the
major factor limiting utilization of radiotherapy in melanoma

management. In order to obtain more favorable outcome, this
equilibrium can be shifted by application of radiosensitizers.

3. Radiosensitization

The main concept behind radiosensitization is based on
enhancing the susceptibility of tumor tissue to radiation,
resulting in increased efficiency of radiotherapy treatment
and decreased radiation dose along with concomitant side
effects.”” Basic radiobiological mechanisms of interaction
between the cell and radiation involve the creation of the DNA
lesions, which may subsequently lead to cell death or senes-
cence. Irradiation may interact with DNA directly or indirectly
through reactive oxygen species (ROS) generated in the pro-
cess of water radiolysis. In brief, an incident beam hits water
molecule and causes its dissociation. In a series of chemical
reactions, products of dissociation produce highly active com-
pounds, such as hydrogen radical He, hydroxyl radical OHe,
superoxides O, and charged water species, such as H,O* and
H,0,%.23?* In the next step, produced radicals interact with
intracellular environment creating a wide variety of lesions
including DNA damage.?

3.1.  Nanoparticles as radiosensitizers

Application of nanoparticles as radiosensitizers becomes a
field that draws steadily increasing attention.’® Nanoparti-
cles are defined as particles whose size does not exceed
100nm in diameter. Such small dimensions result in drasti-
cally improved tissue penetration and cellular uptake due to
the enhanced permeability and retention (EPR) effect, provid-
ing a preferential accumulation within tumors. This selective
bio distribution facilitates the acquiring of the high NPs con-
centration within tumor, minimizing the risk of involvement
of the normal tissue.”’?®> Moreover, physicochemical prop-
erties of NPs can be tailored in detail by size and shape
modification, creation of core/shell structures and function-
alization of their surface, according to specific needs.?*->?
Due to specific interactions with ionizing radiation,
metallic NPs are in the majority of NPs considered as
potent radiosensitizers. The mechanism of radioenhance-
ment depends on the beam energy and the type of metallic
particle. The most important physical effects occurring as a
result of X-ray/nanoparticle interaction are: photon scattering,
photoelectron emission, Compton scattering, Auger emission
and fluorescent photon emission. In principle, the incident
radiation wave transfers its energy to an electron within the
atom. If the transferred energy is higher than the binding
energy, the electron is ejected from its orbital with a kinetic
energy equal to the initial wave energy minus the binding
energy. The emitted electron is called photoelectron. Most
photoelectric interactions occur in the K shell because the
density of the electron cloud is greater in this region and there
is a higher probability of interaction. In the case of Comp-
ton scattering, the radiation wave energy is lower than the
binding energy of an electron. When the radiation hits, an
incident electron recoils and deflects the wave decreasing its
energy. Production of the Auger electrons or fluorescent pho-
tons occurs as a result of electron ejection. Generated orbital
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deficiency causes higher energy electrons to fill the vacancy.
The excess of energy caused by this replacement may either
be released as fluorescent photons or transferred to another
electron, leading to secondary electron ejection (Auger elec-
trons). The derivative biological effects appear as the result
of previously described ROS generation and DNA damage
introduction.®?

Efficiency of photoelectric effect is determined by (Z/E)*
formula where Z is the atomic number and E is the energy
of the incoming photon. Due to the high Z number and
good biocompatibility, it is gold nanoparticles (GNPs)**3°
that are the most widely studied. However, to obtain sig-
nificant dose enhancement, relatively large doses of GNPs
are needed, presenting a challenge to biodistribution and
delivery. To overcome this obstacle and expand the applicabil-
ity, subsequent functionalization with targeting molecules is
required.*® Although iron Z number is lower in comparison to
gold (iron Z =56, gold Z=79), the utility of superparamagnetic
iron oxide nanoparticles (SPIONs) as a potent radioenhancer
has been proved.?”-*® Moreover, SPIONs provide a wide variety
of additional properties, which make them a very promising
tool in radioenhancement. Their unique physicochemical and
magnetic characteristics have been already exploited in many
applications, for example, in MRI as a contrast agent, in tar-

geted drug delivery, in hyperthermia for cancer treatment,
etc,31,32,35,39-43

4. Magnetic hyperthermia

Magnetic hyperthermia in cancer treatment has been widely
investigated for over a decade. Magnetic hyperthermia has
been clinically tested and proved efficient in combination
with radiotherapy as a treatment of recurring glioblastoma
multiforme and recurring breast cancer.***® Magnetic hyper-
thermia is generated by magnetic nanoparticles placed in an
alternating magnetic field (AMF) operating at high frequen-
cies. Heat production occurs via three distinct mechanisms:
Brownian relaxation, Néel relaxation and hysteresis loss. In
Brownian relaxation, thermal energy is generated by rotation
of the nanoparticle and shear stress induced in the envi-
ronment. In Néel relaxation, the particle position remains
fixed, while magnetic moment rotates. Thermal energy dis-
sipates due to the rearrangement of atomic dipol moments
within the crystal lattice. Hysteresis loss occurs mainly in
particles with multiple magnetic domains or in large sin-
gle domain particles (>100 nm). From the perspective of the
15nm SPIONSs, the dominant modes of heat generation will be
Brownian and Néel relaxation. The efficiency of heat genera-
tion is described by specific absorption rate [W/g] (SAR). SAR
depends on many factors such as: magnetic field amplitude
and frequency, nanoparticles’ size, shape, crystallinity, con-
centration, aggregation, environment viscosity, etc. Therefore,
theoretical predictions of SAR values require experimental
verification.*’ Effects of magnetic hyperthermia depend on
applied thermal dose. Mild hyperthermia (~40°C) affects cel-
lular components altering the structure of phospholipids,
proteins and nucleic acids, which hinders their ability to per-
form functions and ultimately leads to cell death. Increasing
temperature above 45°C leads to protein denaturation and

thermal ablation. Interestingly, cytotoxic effects have been
observed without noticeable increase in temperature.*®%°
Magnetic hyperthermia has been shown to elevate produc-
tion of ROS, which also contributes to cytotoxic effects.”®
Considering magnetic hyperthermia at the tissue level, studies
showed that the application of magnetic hyperthermia signif-
icantly increased oxygenation of cancer cells, which directly
contributes to enhancement of radiosensitivity. Taking into
account all biological aspects of magnetic hyperthermia, there
is a very high probability for the combinatorial approach to be
successful.

5. Superparamagnetic iron oxide
nanoparticles

5.1.  Synthesis

The synthesis of SPIONs could be done using several meth-
ods: co-precipitation, hydrothermal method and thermal
decomposition. Co-precipitation is a simple, high-yield and,
therefore, popular method, in which an aqueous solution mix-
ture containing ferric or ferrous slats is precipitated using a
base of pH 8-14 at elevated temperature of 70-90°C in the
absence of oxygen. The functionalization of particles after
synthesis is not needed, because of their hydrophilic char-
acter. Although because of an inability to properly separate
nucleation and growth, the size distribution of the parti-
cles is rather wide.°® The nanoparticles synthesized with
this method also lack crystallinity.”? On the other hand,
the hydrothermal method involves dissolving iron precursors
with capping agents in an aqueous solution and placing the
mixture in an autoclave in high temperature and high pres-
sure conditions. In order to obtain metal oxides addition of
NaOH, urea or ammonia is usually needed.”® Size, shape and
magnetic properties can be adjusted by manipulation of tem-
perature, reaction time and the precursor/capping agent ratio.
This time-consuming method yields moderate crystallinity
of obtained SPIONs.”! The most sophisticated method allow-
ing synthesis of highly crystalline, monodispersed, uniform
in size and shape nanoparticles is thermal decomposition. It
involves the decomposition of organic iron compounds, e.g.
iron oleate or iron acetyloacetonate with a non-polar solvent
in the presence of a capping agent acting as a stabilizing factor.
The iron saltis heated up to the boiling temperature of the sol-
ventand keptin this temperature for a desired amount of time.
Because of perfect separation of nucleation and growth pro-
cesses, thermal decomposition of iron salts enables fine size
tuning, narrow size-distribution and scalability. Simple one-
pot, cost-efficient synthesis allows to obtain gram amounts of
monodispersed NPs.>* SPIONSs obtained using thermal decom-
position are hydrophilic, although they can be converted into
water-soluble particles by either ligand exchange or bilayer
surfactant stabilization methods.>*

5.2.  Physicochemical properties

Magnetic properties of SPIONs depend strongly on their
composition and size. Magnetite (Fe304) and maghemite (y-
Fe;03) have superior magnetic properties in comparison to
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wistite (FeO) and hematite (a-Fe;0s3), thus being the most
desirable constituents of SPIONs. Superparamagnetism is a
phenomenon defined as a magnetization upon application of
an external magnetic field. In the presence of magnetic field,
SPIONs become magnetized and act as a ferromagnetic mate-
rial. When the field is removed, no residual magnetization is
observed. This property is size-dependent and can be observed
in particles of up to 20nm in diameter. Below this size, each
particle acts as a single domain or a single spin. In comparison,
bulk magnets contain many domains with spins aligned in
one direction. This phenomenon provides exceptionally high
magnetic susceptibility.>>>°

Surface chemistry of SPIONs provides a broad spectrum
of modifications that can be easily implemented and utilized
in many applications. Surface design allows for fine tuning
of such crucial parameters as bioavailability, toxicity, cellular
uptake and retention, biodistribution, stability, etc. There is a
plethora of scientific articles providing protocols and in-depth
analyses of many different coatings, for example, dextran,
polyethylene glycol (PEG), polyvinyl alcohol (PVA), or func-
tional groups, such as thiols, amines or carboxyls.”’~%°

5.3.  Biological properties

Toxicity and cytotoxicity of SPIONs is strongly dependent on
their size, type of coating and concentration.®’ In several stud-
ies, a wide range of surface coatings have been tested to
prove that toxic effects of SPIONs can be diminished to a
great extent.®” The mechanism of cellular uptake is deter-
mined by particles’ size and coating. The most frequently
postulated internalization pathway is endocytosis.®*®* How-
ever, the exact mechanism has been shown to be cell-type
dependent.®>® SPIONs that are in the size range between
10 and 100nm are considered to be optimal for intravenous
administration, whereas particles >200nm and <10nm are
sequestered by the spleen or removed through renal clear-
ance, respectively.®® After intravenous administration in rats,
the particles were cleared out by the mononuclear phago-
cyte system. Internalized NPs were subsequently degraded in
the lysosomal compartment. The highest concentrations of
SPIONS can be observed in the Kupffer cells, the liver and retic-
uloendothelial system of the spleen.®®’C Iron ions released
by NPs decomposition are added to the physiological iron
pool and utilized in the production of hemoglobin and other
metabolic processes. Nonetheless, the intracellular increase
of unbound iron leads to the increased levels of ROS and may
result in cell injury or death. Moreover, high levels of Fe may
also trigger pro-inflammatory response, epigenetic events and
DNA damage.®

6. Summary and outlook

Despite many postulated adverse effects, magnetic proper-
ties of SPIONs allow a very precise targeting, thus limiting
undesirable activity to minimum. Moreover, cutaneous local-
ization of melanoma enables direct administration of SPIONSs,
diminishing the risk of side effects even further. Interest-
ingly, cells loaded with SPIONs have shown substantially

decreased motility, which may, in theory, reduce the risk of
metastasis.”?’?

In summary, combination of SPIONs-mediated magnetic
hyperthermia and radiotherapy may provide an innovative
tool for human cutaneous melanoma treatment. Bimodal
treatment utilizing SPION driven hyperthermia and radiothe-
rapy stands as yet unexplored path for melanoma therapy.
Synergistic effect of the proposed treatment may provide
a new option for cancer management extending beyond
melanoma. Moreover, surface chemistry of SPION allows for
further development of this strategy by additional functional-
ization with therapeutic agents.
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