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Abstract

Nanotechnology applications, which aid radiotherapy and chemotherapy,
have revolutionized diagnosis, treatment planning, imaging, and medical
machinery. The ability of nanoparticles to kill or freeze cancer cells by raising
heat locally is a prominent application of nanoparticles. This paper will re-
view the research on clinical applications of hyperthermia using nanoparticles
stimulated by an alternating magnetic field and electromagnetic waves such
as microwave and laser, as well as the foundation of the theoretical model
used in bio-thermal applications.
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1. Introduction

A growing body of literature has investigated heat as a therapeutic by ablating
cancer cells using lethal levels of heat that irreparably coagulate proteins and
other biological molecules and cause cell death. Hyperthermia (HT) is a milder
increase in temperature between 41 and 50 degrees Celsius that does not cause
death but does limit some collateral damage to normal tissue and can be used as
a therapeutic method [1] [2] [3]. There are three ways to use hyperthermia as a
treatment mechanism: local, regional, and whole body. Local hyperthermia is
reserved for tumors measuring 3 to 6 centimetres in diameter [4]. Regional
hyperthermia is commonly used to treat large tissue areas by using an external
source of heat to raise the temperature of an organ or limb [5]. Whole-body
hyperthermia can be used to treat metastatic cancerous cells that have spread
throughout the body [5]. It is worth noting that a number of parameters influ-
ence increasing the temperature within the targeted tissues, such as temperature
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homogeneity in the targeted tissue, tissue type, and treatment context. This in-
crease in temperature in a targeted tissue causes verification of vascular permea-
bility, elevation of blood flow, and thus tumor oxygenation. Eventually, hyper-
thermia reduces tissue hypoxia and can be used in conjunction with radiation or
anti-cancer drugs to boost their cytotoxic effects on the tumor [6] [7] [8] [9]
[10].

There are numerous challenges that arise when using hyperthermia to target
tumoral cells while not affecting normal cells. For example, conventional heat
delivery methods, such as microwave, radiofrequency, laser, and ultrasound, are
ineffective because the majority of the heat is dissipated in healthy cells located
along the path of the external beam of radiation and surrounding cells. As a re-
sult, patients may experience serious side effects [11]. The ineffectiveness of
conventional approaches motivates researchers to investigate an alternative
hyperthermia approach. This method is based on the use of nanoparticles be-
cause hyperthermia mediators involve raising the temperature of a specific re-
gion of the body above the threshold temperature, which is 41°C.

Nanotechnology has instilled a new spirit in the field of medicine, particularly
in diagnostics and treatments [12] [13] [14]. Nanoparticles can be used to kill
cancerous cells while leaving healthy cells alone. There are numerous challenges
when using hyperthermia to target tumoral cells while leaving normal cells alone.
Furthermore, the interactions of some nanoparticles with their biological envi-
ronment, and thus their toxicity, vary with morphology, size, and surface modi-
fications such as the addition of biocompatible coatings and targeting moieties,
as well as the route of administration; therefore, each formulation must be thor-
oughly tested in vitro and in vivo. Magnetic Iron Oxide Nanoparticles, for ex-
ample, can mediate toxicity via a variety of mechanisms, all of which must be
considered when assessing their safety. The generation of reactive oxygen species
causes the majority of intracellular toxicity, whereas in vivo disturbances of food
clotting, iron homeostasis, and macrophage function, as well as organ toxicities,
are also taken into account [15]. Traditional heat delivery methods, for example,
microwave, radiofrequency, laser, and ultrasound, are ineffective because the
majority of the heat is dissipated in healthy cells along the path of the external
beam of radiation and surrounding cells. As a result, patients may suffer from
severe side effects cells. Moreover, most studies utilize nanoparticle applications
with other therapies taking advantage of the synergistic effects between them,
including chemotherapy, gene therapy, immunotherapy, photodynamic therapy
and radiotherapy [16]. In this review, the widespread applications and theoreti-

cal models used in nanoparticle hyperthermia will be summarized.

2. Traditional Hyperthermia

Various clinical methods for hyperthermia have been used, including electro-
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magnetic radiation such as microwave, laser, and radiofrequency or high inten-
sity focused ultrasound. In the application of heat exposure in hyperthermia. As
previously stated, there are three major types based on the patient’s body context:
local, regional, and whole [17]. Local treatment, which is devoted to a relatively
small cancerous area within the targeted tissues (3 cm up to 5 - 6 in diameters),
can be accomplished by using customized probes and applicators placed close to
the tumor independently. A grid can also be used to provide relatively homoge-
neous heat to the tumor [18]. While this method is recommended for reducing
unwanted side effects, it is only applicable to superficial or accessible cavities in
the human body, such as the rectum or the oesophagus. Regional or section-
al-body hyperthermia refers to the heating of large sections of the body, such as
the abdominal cavity, a specific organ, or a limb. This can be accomplished by
combining a heated solution of anticancer agents with a patient’s warmed blood,
where the profusion of tumor-bearing limb peritoneal malignancies such as me-
sothelioma is performed [19]. It should be noted that this method is difficult to
repeat with a reproducible heating level. Furthermore, it is commonly used to
treat cancerous cells that have progressed in the major or minor pelvis and ab-
domen, including cervical, proctate, bladder, colorictical, and ovarian sarcomas
[20]. Whole body thermia is a treatment that uses hot blankets and a thermal
water path to destroy metastatic disease such as melanoma, soft tissue sarcoma,
or overian cancer. Although whole-body thermia maintains a constant tempera-
ture throughout the body, it can cause complications such as thermal stress to the
heart, lungs, liver, and brain [21] [22]. Luminal and interstitial hyperthermia tech-
niques, on the other hand, imply that the source is externally placed or that cus-
tomized probes are used near the tumor. As a result, challenges arise when using
traditional technologies [23]. Furthermore, non-invasive ultrasound and elac-
tromagnetic procedures have a short outcome. For example, it is difficult to
reach a deep tumor, which frequently results in inhomogeneous heat delivery;
additionally, heat in its flow towards the tumor may cause unwanted heat, which
may damage normal cells in close proximity [24]. Radiotherapy, on the other
hand, is an effective technique for treating cancer; however, severe side effects
are caused by the toxicity of the radiosensitization agent administered to a pa-
tient [25]. An alternative technique that could overcome the limitations of tradi-
tional hyperthermia should be tumor-focused, less invasive, and incorporate
greater homogeneity of local heat distribution, which could be accomplished by

leveraging the properties of nanoparticles.

3. Nanoparticle and Tumor Ablation

Nanoparticles with dimensions ranging from 100 nm to 1 micron can be used to
target cancerous cells, according to the definition. They can be stimulated by
radiation, photonic, thermal, or alternating magnetic fields to raise the temper-
ature to specific levels in order to ablate cancer cells. While radiotherapy has

significant toxicity, hyperthermia-using nanoparticles improve tumor theranos-
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tics while avoiding cytotoxic effects on healthy cells. In addition, nanoparticles
enable the localization of induced hyperthermia [26] [27]. There are three
streams based on the method used to stimulate the heat generated by the nano-
particles: photo-thermal, magneto-thermal, and radio-thermal.

In theory, nanomedicine is the use of nanoparticles to specifically target tu-
mor cells or immune cells of interest. It may also be capable of multiplexing. It is
used in imaging, diagnostics, and therapeutics, among other things. Nanoparti-
cles are superior photon-to-heat conversion transducers for photothermal ther-
apy due to their tip-enhanced plasmonics and tunable plasmonic absorption in
the near-infrared tissue optical window. Nanomedicine provides advantages
such as increased chemotherapeutic solubility, drug encapsulation, and im-
proved biodistribution, and it can ensure tumor-directed drug delivery and re-
lease through passive and active targeting approaches. Plasmonic (noble metal)
nanoparticles, on the other hand, have tunable electronic and optical properties,
allowing them to be used in cancer photothermolysis using laser nanoparticles
[28] [29] [30].

Better drug targeting and delivery, lower toxicity while maintaining therapeu-
tic effects (Therapeutic Index; TI), increased safety and biocompatibility, and
faster development of new safe medicines are the primary goals of using nano-
materials in medicine. The goal of drug nanoparticle entrapment and related
pharmaceutical development, on the other hand, is to improve drug delivery or
uptake by target cells and/or to reduce the toxicity of the free drug to non-target
organs. Both scenarios will increase the therapeutic index, dose margin, thera-
peutic efficacy, and organ toxicity. Long-lasting and target-specific nanoparticles
are required to achieve these goals [31] [32]. Nevertheless one of the most diffi-
cult challenges in cancer treatment, where the tumour can manifest as distinct
metastases in various organs [33]. The properties of nanoparticles and their ap-

plications are summarized in Table 1.

3.1. Photo-Thermal

In this approach, nanoparticles are delivered to a specific region of interest (ROI)
within the human body that has been exposed using microwave or laser, where
cancer cells are found. For example, by administering nanoparticles, such as gold
nanoparticles (Au-NPs) that respond to microwaves, the temperature within
ROI can be raised by converting light energy exposure into heat induced by the
nanoparticles [34] [35], though, in this manner, localized hyperthermia is achieved.
Furthermore, another nanostructure has been progressed carbon-based graphene
that are alert to laser beam such as carbon nanotube [36] [37], fullerene [38] [39],
and graphene [40]. It is worth noting that gold nanoparticles are widely used due
to gold’s properties such as interactivity with light in the near-infrared (NIR) re-
gion (700 nm - 850 nm) and biological compatibility [41] (Figure 1). Further-
more, NIR between 700 nm and 850 nm, known as the optical biological window,
is the least absorbed by water, melanin, oxy-hemoglobin, and deoxy-hemoglobin.
Several researchers have reported that varying the size, shape, and composition
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Table 1. Highlights some of the types of chemical structures nanoparticle and their ap-
plications in life sciences [31].

Particle class Materials Applications
Natural Chitosan Drug/Gene delivery
Materials or Dextrane
Gelatine
Algi
derivative . ginates
Liposomes
Starch
Dendrimers Branched polymers Drug delivery
Photod i
Fullerenes Carbon based carriers ote ynfamms
Drug delivery
Polylactic acid
Poly(cyno)acrylates
Polymer carriers Polyethyleinemine Drug/Gene delivery
Block copolymers
Polycaprolactone
SPIONS
Ferrofluids Imagine (MRI)
USPIONS
Imaci
Quantum dots Cd/Zn-selenides maging

In virto diagnostics

Silca-nanoparticles
Various p Gene delivery

Mixture of above

NIR light

Yhotothermal agent I NIR light

Tumor cell
death

Photothermal agent

Figure 1. Depicts the PTT principle in cancer management. The photothermal agent is injected intravenously or
intratumorally and accumulates in tumor tissue through the EPR effect or active cancer cell targeting. The tumor is
then irradiated with NIR light at a specific power intensity for a short period of time (using either a continuous or
a pulsed laser). The photothermal agent will then emit heat in response to NIR stimulation, resulting in local

hyperthermia and tumor cell death [16].

of certain nanoparticles, such as gold, allows for tuning of the resonance wave-
length interaction light [1] [42], core-shell gold nanoparticles [43] [44], hollow
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gold nanoshell [45] [46], gold nanorods [47], gold nanomatryoshkas [48], hybrid
nanoshells [49] [50], and silver [51] [52].

Theoretical Model
Surface plasmon resonance is defined as the resonant oscillation of a free elec-
tron on the particle surface caused by an incident photon beam (SPR) [53]. Ex-
tensively, SPR occurs when the particle’s size becomes comparable to the wave-
length of the external light source. This notable property can be found in Mie
theory’s expression of the extinction cross section of a metal sphere at the dipole
electric order [54]. Electrons in nanoparticles absorb electromagnetic energy
(photons) and become excited to a higher energy state in this process, which is
also known as nano-photosensitizers. The absorbed electromagnetic energy is
converted to heat spread in the lattice during the electron-phonon relaxation
process [55]. The heat distribution of electron-phonon scattering inside a
spherical particle in a quasi-stationary environment is approximated by [56]
[57] [58]:
d 2
AT V4

(1)

where dis the size of nanoparticles (diameter), yis the thermal diffusivity of the
nanoparticle. In case of a short pulse, two cases may occur: if pulse duration (&,
is less than 7, there will be no heat exchanged between the nanoparticle and the
surrounding medium, where heat is said to be confined within the nanoparticle.
On the other hand, an exchange occurs if ¢ is greater than 7, by the process of
diffusion [59] [60]. TiO, nanoparticles, for example, are eliminated by light at a
specific wavelength in the process of photosensitizing, a molecule that produces
a chemical change in another molecule in a photochemical process. Pho-
to-induced electrons and holes can then react with hydroxyl ions or water to
form oxidative radicals such as reactive oxygen species (ROS) and singlet oxygen.
These species’ generation is lethal to cancerous cells. Photo-thermal therapy em-
ploys a near infrared (NIR) light source to irradiate cancerous cells because it
has a greater penetration capability in the human body than visible light [61]. It
has been claimed that the exchange heat between the nanoparticle and the sur-
rounding can be satisfied by using continuous wave (CW) that is determined by
using the following equation [62] [63]

Q
4mkr

AT=T,-T, = 2)

where 7}, is the initial temperature of both the nanoparticle and the surrounding
tissue, @, is the heat produced by the nanoparticle, and kis the thermal conduc-
tivity of the medium. The heat produced by the nanoparticle (Q,) can be esti-

mated as
Qp = Cabs I (3)

where /is the fluency of the light source, and C, is the absorption coefficient of

the cross-sectional area and is equal to (geometrical cross-sectional, 0) multip-
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Magnetic field

lied by the absorption coefficient (Q,), C,,, =0Q,., Hence, the specific ab-
sorption rate (SAR) can be determined through each particle exposed to laser
fluency [64]

SAR[ W/m* | = NQ, = NC,,| (4)

count on the laser fluency, the heat for the targeted tissue, including various

thermodynamic and thermo-biological, is incrementally increased.

3.2. Magnetic Nanoparticles Hyperthermia

A key aspect of researching an alternative approach to conventional hyperther-
mia is the use of a magnetic field in situations where the heat distribution profile
is inhomogeneous (Figure 2). This could cause heat to build up in collateral tis-
sues, causing damage to healthy cells. In the same context, this inhomogeneous
heat may miss the core of the cancerous cells, allowing it to worsen in the long
run [62] [63]. The mechanism of using magnetic materials in hyperthermia is as
follows: after saturation of ferromagnetic materials with a magnetic field, all
magnetic domains align in the direction of the applied magnetic field. When the
magnetic field is reversed, the magnetic domain aligns in the opposite direction.
The hysteresis loop describes the process of varying the direction of the domain
of the materials. The sizes of these ferromagnetic materials can be reduced to ti-
ny nanoparticles, and varying their magnetization direction back and forth,
randomly and rapidly, corresponds to temperature changes. Notable examples
include superparamagnetic nanoparticles, which lose their magnetization in the
absence of an external magnetic field, resulting in an efficient heat generator.
These superparamagnetic nanoparticles, for example, behave like a paramagnet

[1]. In recent years, there has been a surge of interest in superparamagnetic iron

+ .
el death Heat generation

v

Power loss mechanism
° Released drug

Figure 2. Shows MNPs being injected and then exposed to AMF to generate the desired heat in the
tumor as the target inside the body [65].
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oxide nanoparticle (SPION), a subset of iron oxide nanoparticle [64]. SPION has
a significantly higher susceptibility than paramagnetic material, causing AMF to

rapidly flip its polarity, resulting in heat generation due to hysteretic loss.

Theoretical Model

In general, most nanoparticle injection delivery methods in local hyperthermia
treatment involve coating the magnetic nanoparticles with a tumor-specific an-
tibody and injecting it into the bloodstream. The nanoparticles are then exposed
to energy produced by various techniques such as radio frequency, microwave,
and ultrasound. There are four methods available: arterial injection, direct injec-
tion, in situ implant formation, and active targeting [66] [67]. Arterial injection
is a technique in which a fluid containing magnetic nanoparticles is injected into
the bloodstream and then drains into the tumor. The most common method is
direct injection, in which the fluid containing the nanoparticles is injected into
the tumor. In situ implant formation method, injectable formulations that form
gels as hydrogels (such as chitosan and sodium alginate) and organogels (such as
ethylene-co-vinyl alcohol and cellulose acetate) to entangle magnetic particles in
the tumor location.

Conceptually, in hyperthermia technology, within the tumour location, the
electromagnetic is converted into heat by utilizing an external alternative force
of magnetic field. Linear response theory has been used [68] to interpret the heat
generated where the power P generated per unit mass of particles exposed to a

magnetic field with an amplitude A, and frequency fcan be written as:

2nfr
P=muHZ f g — 5
#oMo lol+2nfr )
where y, is the permeability of magnetic field in free space and y, is the
susceptibility, which estimates the ability of a material to become magnetic when
exposed to a magnetic field, as the y, expressed as:

M2V M.V H
7 =M§(coth(§)—§j; ot

3pkT & KT (6)

when applying the alternating magnetic field, the magnetic moments of the na-
noparticles change their orientation according to the magnetic field direction.
For relaxation of the particles’ moments to its equilibrium, state causes energy
dissipation as heat by two main mechanisms: Brownian rotation and Néel relax-
ation [69] [70]. Brownian rotation is dominant for the particles above a certain
threshold and occurs in a magnetic fluid due to the viscosity of the carrier liquid
(7). Brownian rotation can be expressed as:

.-

)

where 7, is the Brownian relaxation time, 5 is the viscosity, Vy is the hy-
dro-dynamic volume of the particle, k£ is the Boltzmann constant and 7'is tem-
perature. Néel relaxation is a result of random flips of the spin without rotation

of the particle, which is the only relaxation in the zero magnetic field within the
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tumour site, can be written as:
Ty =—Ty— (8)

Vi

where o = such that 7 is the Néel relaxation time, 7, is the charac-

teristic relaxation time that is assumed to be equaled to 10~° seconds, Kis aniso-
tropy constant and V), is the volume of the particle. In the case where both re-
laxations happen simultaneously, the effective relaxation time can be expressed

as:

TT,
r=—23N 9)

Ty + 7Ty
such that 7is the relaxation time for the simultaneous occurring of both relaxa-
tion events, where the size of the particle directly correlates to the Brownian. The
heat generated by magnetic nanoparticles is quantified in term of the specific

absorption rate (SAR) equation that can be modelled as:

SAR = C£ (10)
At

AT
where Cis the specific heat capacity of the sample and A is the rising tem-

perature [71].

4. Bio-Heat Equation

It is critical to predict the transient temperature distribution of the target tissues
in advance to ensure optimal clinical outputs for biomedical applications. In a
tumor hyperthermia process, for example, the primary goal is to raise the tem-
perature of the diseased tissue to a therapeutic value, typically above 43°C, and
then thermally destroy it [72]. A thorough understanding of the extent of the ir-
regular shape of the frozen region, the direction of ice growth, and the tempera-
ture distribution within the ice balls during the freezing process is a must for
clinical operations to be successful. As a result, resolving bioheat transfer issues
is critical for both hyperthermia and cryosurgery. Furthermore, similar bioheat
transfer issues are frequently encountered in thermal diagnostics, thermal com-
fort analysis, brain hypothermia resuscitation, and burn injury evaluation [73].
Theoretical background used to study the profile of the heat in hyperthermia
is the bioheat equation proposed by Pennes [74] that can be written as:
. aT(X,1)

=V KOOV (X8 +Q, (X, 1)+Qu (X, D) +Q (X,1) (D)

P

where p and care the density and the specific heat of tissue, respectively; p, and
¢» denote the density and the specific heat of blood, respectively; X contains the
Cartesian coordinates x, yand z k(X) is the space dependent thermal con-
ductivity; Q, (X ,t) is the metabolic heat generation; and Q, (X ,t) denotes
the distributed volumetric heat source due to an externally applied spatial heat-
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ing. Q,(X,t) is the blood heat generation, Ze. the heat generation within the

environment; it is expressed as:
Q, (X,t) = gy, (X)[T, -T(X,1)] (12)

where p; and ¢; correspond to the density and the specific heat of blood respec-
tively; @, (X) is the space dependent blood perfusion, which is the value of
blood perfusion that indicates the blood flow rate per unit tissue volume. This is
mainly attributed to the microcirculation of the capillary network along with
small arterioles and venules. 7, is the blood temperature in the arteries supplying
the tissue and is often regarded as a constant at 37°C; T(X,t) is the tissue
temperature. The solutions to bioheat transfer problems are of great significance
in a wide variety of biomedical applications [75]. Especially, understanding the
distribution in biological tissues involving either increasing or decreasing the

temperature for many clinical practices such as hyperthermia [76].

5. Conclusions

Overall, hyperthermia treatment is a non-invasive process that raises tumor
temperature to increase blood flow, oxygenation, and make tumor cells more
sensitive to radiation. Radiation oncologists can improve tumor control while
minimizing heat damage to healthy tissue by incorporating hyperthermia into
radiation therapy. Many processes, such as laser, ionizing radiation, microwave,
and alternating magnetic field, have been implemented. Although these processes
allow for an increase in temperature within the targeted tissue, they also have
side effects on nearby healthy tissue. Ionizing radiation, for example, may cause
genetic mutation, and microwave may fail to target a specific tissue. Another
approach is to damage, kill, or make cancer cells more sensitive to radiation ef-
fects within the targeted tissue while leaving healthy tissue alone. In medical
oncology, nanotechnology offers a novel tool in the form of hyperthermia, which
allows for the remote induction of local heat. One prominent example is the
ability of some magnetic nanoparticles to convert electromagnetic energy into
heat in targeted tissues where tumor cells and nanoparticles are combined in the
same location. As a result, the temperature can be raised locally to a level greater
than 40°C, inflicting sufficient damage and possibly killing cancer cells. Fur-
thermore, rising temperatures may make cancer cells more susceptible to the ef-
fects of radiation and certain anti-cancer drugs. In this case, a nanoparticle
serves as a tiny heater that can be controlled externally by using electromagnetic
radiation generated by an alternating magnetic field at frequencies ranging from
a few kHz to 1 MHz. This range of electromagnetic radiation is safe for human
tissue and has the ability to penetrate deeper organs or tissue. It is worth noting
that these tumor-specific nanoparticle localization techniques produce tu-
mor-specific dose delivery that is independent of the invasive procedures used in
other localized dose-delivery strategies, such as interstitial hyperthermia. Tar-
geted nanoparticles also cause less nonspecific accumulation in the body, allow-

ing for a lower nanoparticle injection dose to achieve the same therapeutic effect
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and lowering the risk of nanoparticle-mediated toxicity. Several challenges con-
front the use of nanoparticles in hyperthermia, including: adequacy and uni-
formity of nanoparticle accumulation at the tumor site, quality control issues
impeding clinical translation of nanoparticles, biocompatibility related to toxic-
ity, and delaying effects of retained nanoparticles. One of the most difficult chal-
lenges in drug delivery is getting the drug to where it is needed in the body while
avoiding potential side effects to non-diseased organs. This is especially difficult
in cancer treatment, where the tumor can manifest as distinct metastases in
various organs.

A simulation model based on solving the bio-heat equation with certain con-
ditions was used to optimize the amount of heat required to kill the cancer cells.
In hyperthermia, where the magnetization becomes zero after removing the al-
ternating magnetic field, superparamagnetic, single domain nanoparticles are

typically recommended.
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