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Abstract

Nanoscience provides several modalities to combat cancer disease effectively. Magnetic
hyperthermia and photothermal therapy techniques are central research themes among
various groups in the world by utilizing magnetic and optical characteristics of distinct or
composite nanoentities. This review provides the current research on both the techniques and
their successes towards clinical translation. The review discusses about the various heating
mechanisms involved in magnetic and photo-induced hyperthermia. We have evaluated
potential functional nanoparticles with excellent properties capable of providing innovative
future solutions to current problems associated with these therapies. Several factors
(extracellular and intracellular) have been covered and explained which may affect such
thermal treatments. We have provided some instrumental and technical details of both the
techniques that are important for consideration in using these modalities of treatments. A
direct comparison of these two techniques and a further need of the combined therapy
(magnetic hyperthermia plus photothermal therapy) was highlighted as a new pathway for
cancer treatments.

Keywords: Nanoparticles; Magnetic and photothermal hyperthermia; Combined “Mag-Photo”

therapy; Biodistribition; Clinical treatment.



1. Introduction

Temperature is one of the basic variables in science and with the latest advancements in
nanothermometry nowadays it can be measured with submicrometric spatial resolution [1].
The resolution in temperature measurements expands the applications and control of
temperature changes in biological systems leading to a detailed determination of their
dynamics and viability for a wide range of organic systems from cells, tissues to organisms [2].
The use of heat for the purpose of therapy is an old fashion methodology in ancient history
which had a rise of popularity through the 19" century as a treatment against cancer, being
optimized in 21* century, but still remained unaccomplished due to the lack of measuring
methodologies [3]. In recent decades of “the nanoscale era”, the research activities in terms of
scientific/technological output using thermal treatments have led to renewed interest in
thermal therapy, especially on the magnetic-thermal therapy and photo-induced thermal
therapy [4]. Novel techniques for controlled and localized heat generation, monitoring it, and
transferring localized heat to the biological targets are being proposed purposely and specified.
The understanding of different mechanisms causing temperature induced cell killing, cell-
modification and the capability to produce heat in the vicinity of cells is very important. The
type of nanoscale materials used to generate heat from external force such as magnetic field,
infrared (IR) radiation, X-rays etc., are the main focus of research in the field [5]. The basic
mechanism of thermal therapy is sometime controversial due to a lack of comprehensive
understanding of the local effects caused by the temperature elevation on individual cells in

most of the given bio-specimen [6]. All thermal treatments are based on driving part of the



body or the whole above its normal temperature for a defined period of time. Temperature rise

at cellular level causes changes in tissue elasticity, blood flow rate, protein synthesis,

dissociation and inactivity of cells from minutes to several hours or days. The essential points in

using thermal treatment are: the amount of localized temperature rise in biosystems and the

duration of treatment in external field force. The magnitude of the temperature gradient is the

primary factor that classifies thermal treatments and their macroscopic effects on cancer

cells/tumors in three major categories:

(1)

(2)

(3)

Diathermic treatment: It is based on heating tissues and organs from the standard body
temperature up to 41 °C. These processes increase blood flow and cause a rise in the
diffusion rates of “bio-liquids” across cell membranes but generally preserve the cellular
homeostasis [6].

Hyperthermia Treatment (HT): It is required the local generation of temperature in the
range from 41 to 48 °C which is generally described as clinically relevant [7]. A
comprehensive understanding of the biomechanisms acting at the cellular level in this
range of temperature is still far from completion. In this temperature range, because of
protein denaturation, aggregation and the synthesis of heat-shock proteins, long time
treatments may lead to long term cell inactivation and change in the rates of several
biochemical reactions. Hyperthermia treatments commonly used in combination with
other cancer treatments such as chemotherapy or radiation therapy which are applied
after due to increased susceptibility to the treatments of the heat stressed cells [8].
Irreversible thermal treatment: It includes all treatments that increase the tumor

temperature above 48 °C for a relatively short time. At this temperature range the
p



effect on cells/tissues is drastic and non-reversible [9]. Irreversible thermal treatments
can be very efficient in the ablation of tumors but sometimes they may cause secondary
damages to DNA and proteins of healthy cells. So far that irreversible thermal
treatments are not generally used for cancer treatment but primarily only in urology

and cardiology as option to the traditional surgery [10].

(c) (d)

(ii)

35%€¢

(iv)

Spectrometer

Thermal — — e

Camera

35°C

(vi)

Fig. 1: Fundamental scheme of the experimental device setup for (a) magnetic hyperthermia
treatment (MHT), (b) photothermal hyperthermia and (c) combined thermal therapy
experiments. The temperature increase can be recorded with an IR thermal imaging camera
located at the end of the coil cavity or fiber-optical thermometer. (d) Slices of the temperature
fields in the tumor and mouse body obtained using COMSOL software [11]: i) before heating, ii)
3 min, iii) 6 min, iv) 9 min, v) 12 min, and vi) 15 min after the heating starts. Note that the
steady-state temperature field is established after 15 min. (Reprinted with permission from Ref.

[11]. Copyright 2016, Elsevier Ltd).



Besides direct thermal-induced therapy, there are several other techniques and methodologies
which contribute to the efficiency of hyperthermia as a therapeutic tool against cancer diseases
such as oxygenation, pH-maintenance, photodynamic therapy, heat released chemotherapy,
etc. [7]. Compared with others, thermal therapy is less invasive, and it increases the efficacy of
traditional treatments by reducing side effects. Using a sufficiently accurate control, thermal
therapy has been used for localized heating of cancer cells with minimal effect on normal cells
[12]. Heating on superficial tumors can be done using radio frequencies, microwave irradiation,
ultrasound techniques or with IR laser sources [13]. Depending on the depth and size of
cancerous tissue, several parameters in instrumental setup can be varied in order to get a more
effective treatment. Figs. 1a &1b explain the fundamental experimental arrangements of the
magnetic hyperthermia treatment (MHT) as well as the photothermal treatment (PTT) and they
can be combined together (Fig. 1c) for more effective treatments [14].

In difference with micro or bulk counterparts, materials synthesized and engineered on
nanoscale usually have novel characteristics which may be favorable in biological systems for
interaction with cell surface and intercellular structures. Nowadays the nanoscale materials
have become strong candidates for medical treatments as carriers for drugs, therapy and for
the detection of diseases. In cancer or tumor treatment, nanoparticles (NPs) have recently been
considered as a promising new approach [15]. Nanomedicine requires a multidisciplinary
attitude and its understanding requiring knowledge of ethical, physical, chemical, physiological
and biological aspects. Nanotechnology promises to revolutionize the area of cancer/tumor
treatment with a wide spectrum of nanostructures including polymers, dendrimers, lipids,

organometallic, carbon based materials, several inorganic nanomaterials (iron oxide, Au, Ag,



semiconductor quantum dots- QDs) contributing to development of treatments with different
physical process and mechanisms of action [15]. An approach to the selection of nanomaterials
should consider biodistribution, toxicity (short and long term), size control, surface chemistry,
their behavior in biological systems and the use of nanomaterials with their unique properties
can open a new set of opportunity for medicine. Here, NPs can have therapeutic as well as
diagnostic properties to be designed to carry a large therapeutic ”payload" [4]. They can also be
modified with targeting ligands which yield high affinity and specificity for target cells to deliver
highly active chemotherapy and hyperthermia with cellular precision. The complex structure of
NPs can be made to accommodate multiple active molecules simultaneously allowing
combinatorial cancer therapy with different drugs [16] and biomimetic NPs can bypass cellular
membranes as well as overcome drug resistance mechanism [17, 18]. Currently, NPs and
nanoparticulate formulations have been integrated into cancer therapeutics and ongoing
clinical trials with improved efficacy and reduced toxicity [19].

Thermal treatments mediated with nanomaterials can be classified through the process used to
generate the therapeutic effect a slight activated in the photothermal and photodynamic
therapies or magnetically induced for the magnetothermal therapy [18, 20]. Magnetothermal
therapy is based on different mechanisms including hysteresis loss, Neel relaxation and Brown
relaxation to convert the energy of an external magnetic field into heat. A typical method of
delivering the NPs to the tumor site is the direct injection in the tumor area followed by
diffusion in the damaged tissues [21]. The first clinical results in the field of MHT were obtained
by Jordan et al. [22] against brain tumor using superparamagnetic iron-oxide coated by

aminosilane. A benefit of using magnetic nanostructures for MHT is the simultaneously use of



either being contrast agent in magnetic resonance imaging (MRI) or acting as heat source when
exposed to specific frequencies. On the negative side, MHT may cause protein denaturation,
DNA damage, signaling interruption, cell growth inhibition and apoptosis [23].

PTT, or optical hyperthermia, uses the energy of laser to trigger the action of either
photothermal conversion agents or specific physical phenomena to generate heat causing
thermal ablation of cancer cells [24]. A field of PTT study has expanded since the beginning of
the millennia with the development of easily producible Au nanostructures (e.g., rods, cubes)
[25], and nowadays it is extended to nanostructures with a variety of different elements or
materials. Nanomaterials used in PTT are generally characterized by a great efficiency in
photothermal conversion for wavelength in the near infrared (NIR) to exploit the optical
window of living tissues [26]. In addition, the materials also need to have high performance,
especially when applied to in vivo, a low toxicity and tumor targeting properties. NIR lasers are
the main energy source for PTT which can penetrate through the tissues and be converted into
heat by the nanomaterials (Fig. 1). Using laser directly to ablate tumor tissues would require
high energy settings causing unintended damage to normal tissues. The introduction of a
photothermal conversion agents allows the use of low energy laser able to penetrate healthy
tissues without causing heat damages [16]. Several necessary characteristics are important for
such agents including photostability, biocompatibility, large absorption coefficient and NIR
absorption. Metals have different optical properties from standard dielectric materials (based
on oxides, fluorides, nitrides etc.) and among them nanostructured Au is the most promising
photothermal metallic agent. Here, the heating mainly involves surface plasmon generation or

localized surface plasmon resonance from the interaction of light with metals. One of the



traditional draw backs of PTT was the necessity of the laser to be able to penetrate the healthy
tissues without damaging them or loosing too much power (due to scattering).This limitation
has been recently overcome by moving the light source inside the patient with the use of fiber
optic waveguides. With a powerful laser source, the output, however, was relatively weak
limited from fraction of watt to few watts for direct laser ablation or even lower for longer time
when used for particles mediated hyperthermia [28].

The difference between MHT and PTT is the attainable tissue penetration. PTT is only able to
treat tumors seated at the surface or a few millimeters below the tissue level because of
limited tissue penetration of light [29] while MHT can treat tumors seated at any depth thanks
to the large tissue penetration ability of the magnetic field [30]. Moreover, the contactless use
of alternating ac magnetic field enables a controllable remote treatment to eliminate tumors
that are inaccessible by PTT. The continuous effort of working on the subject of cancer
treatments using thermal approach has been linked specially with the synthesis of
nanomaterials focusing on high degree of shape-size tunability, surface modifications and
bioconjugations with NPs. At the moment, a very few clinical centers use MHT/PTT for
anticancer therapy, but there are a large number of particles and protocols in pre-clinical or in
the process of being approved in Europe and USA for clinical use [31, 32]. The pursuit of
innovative, multifunctional, more efficient and safer treatments is a major challenge in
preclinical NP-mediated thermotherapeutic research, and it is important to search for “dual”
materials to act as both magnetic and photothermal agents. In this review, we are aiming to
provide comprehensive information about magnetic and photothermal hyperthermia including

the processes involved in their mechanisms, on the factors affecting the efficiency, the
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biological interactions as well as details on the instrumentations used for the therapies. We also
review both the therapies at clinical levels and the combined therapy showing the research
work on this hot topic.

2. Magnetic-induced hyperthermia

The primary target of hyperthermia is to deliver heat to kill cancerous cells at clinically
adequate temperatures and to limit the damage to healthy tissue. Nanotechnology has
provided a novel and original solution allows targeting regions in the body otherwise difficult to
reach and thanks to their nanoscale design they open the possibility to conjugate biomolecules
like antibodies for a more effective therapy or to accomplish specific targeting [33]. Magnetic-
induced hyperthermia is minimally invasive, tissue-specific and capable of precisely localized
and high-intensity heating in deep tissues. By heating the NPs using an external ac magnetic
field, it is possible to improve the localization and deliver the heat into the tumor tissue [34].
The concept of magnetic materials used for hyperthermia applications was introduced by
Gilchrist et al. [35] in 1957 and expanded in the mid-1990s thanks to the introduction of NPs.
This resolved the difficulties occurring with radio frequencies related to power absorption of
tissue for the cancer treatment which can overcome the difficulty to adjust to the variability of
power absorption of cancerous tissues. Since the synthesis have great impact on the magnetic
properties, it is fundamental to find appropriate synthetic methods with the ability to rigorously
control the composition, size and shape of magnetic NPs (MNPs).

The heat efficiency generated by MNPs (fluids) is quantified by specific absorption rate (SAR) or

specific loss power (SLP) and it is defined as the amount of heat released by an unitary amount
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of active material per unit time during exposure to an ac magnetic field of defined frequency
and field strength [23].

SAR = C(AT/At),—, (1)
Where C is specific heat capacity calculated as a mass of magnetic carriers per equivalent of
medium and it describes the “rate of temperature rise”, expressed as average absorbed power
per mass unit (W/g). AT/At is the temperature increase per unit time or initial slope of the
temperature versus time dependence. The SAR or SLP of a sample can be estimated
experimentally by calorimetric methods.
SLP is defined as electromagnetic power lost per magnetic material mass unit and is expressed
in watts per kilogram (W/kg) [36]. In the context of magnetic hyperthermia, the SAR and SLP
are of the same order of magnitude. SLP was coined much later because SAR is somewhat
misleading by two main reasons: i) it was used in the context of high-frequency radiation
(microwaves or higher) where the formula and mechanisms for energy absorption by human
tissues are different from the low-frequency magnetic mechanisms observed in magnetic
hyperthermia; and ii) because "Absorption Rate" does not state what is being absorbed. SLP is
more accurate since it is mass-normalized (specific) and denotes the magnitude (power) that is
being absorbed/released. Since most of the data collected are in terms of SAR values, we will
consider SAR values throughout the literature unless specified otherwise.
Since SLP or SAR should be as large as possible in the case of hyperthermia application, it can be
expressed as being proportional to the rate of the temperature increase (AT/At). From the
linear response theory (LRT) using homogeneity approximation, all spins in a nanosystem

behave in the same linear way in response to the applied ac field. LRT indicates that while
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decreasing size (increasing surface/volume ratio), more spins in the nanoparticle respond to the
ac magnetic field in the same way [37]. This model predicts that the highest heat efficiency
valid for 15-20 nm particles (ignoring the realistic conditions in in-vivo or in-vitro experiments).
It is noted that besides the high SLP values, for in-vivo experiments, it is necessary also to
consider biological constraints (Atkinsons’s criterions) such as highest possible SLP within the
biological limit, known now as “Brezovich criterion” (product of field amplitude (H) and
frequency (f) maximum heat dose < 4.85 x 108 Am™s™) and improvisation of “nano” objects in

terms of heating efficiency [37].

Cc 4T
SLP = ;(E)t_,o (2)

where m is the mass of heat generating material, C the thermal capacity of the sample as a
whole and (dT/dt) the rate of temperature increases as a function of time. Using the initial
slope (dT/dt) in T versus t (t =0) curve, it provides a more real estimate of the SLP because the
initial thermal losses (during heating process) are still negligible and the temperature
distribution within the sample is more homogeneous.

Since SAR describes the efficiency of heat conversion, it is an important parameter from which
one can determine the dosages applied to a tumor to achieve a reliable inactivation of target
cells. For materials with high SAR, it is possible to reduce the dose applied to the patient to a
minimum level. For MNPs, size, shape and microstructure can influence the value of SAR [38],
NPs with high surface anisotropy can generate higher SAR value than that in the bulk form.

The dependence of SAR value to the structural parameters of the NPs and their surface
modification makes it virtually impossible to compare the results from different research

groups [12]. A comparable calculation of SAR value requires an expensive adiabatic set-up and
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there is no clear agreement in which frequency or field amplitude used in the experiments can
be compared. To overcome this issue, a term intrinsic loss power (ILP) has been introduced by
Pankhurst et al. [39] in which SAR is being normalized by the frequency and field amplitude,
and therefore independent of the magnetic field parameters. For ILP, it allows a more direct
comparison of the heating efficiency of superparamagnetic NPs. The ILP parameter, however, is
not completely intrinsic and the system has to follow a few assumptions: the size of the
crystallite needs to have a polydispersity index greater than 0.1; the frequency used in the
experiment of several MHz; the H value of the sample much greater than the saturation of the
NPs and the thermal losses of the system have to be reproducible [32]. Following these
assumptions, ILP can be defined as:

ILP = SAR/H?f (3)

Magnetic Nanoparticles
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Fig. 2: Different heat generation models in a MNPs in response to the ac magnetic field (H).
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2.1. Mechanisms of magnetic-induced hyperthermia

The heating properties of the MNPs are due to hysteresis, Néel and Brown mechanisms.
Different heat generation models in a MNPs in response to the ac magnetic field are shown in
Fig. 2.

2.1.1. Hysteresis mechanism

Hysteresis mechanism of magnetic hyperthermia commonly referred as hysteresis loss is due to
multidomain NPs (Fig. 2). The magnetic structure of ferromagnetic materials spontaneously
splits into domains in which each of them has uniform magnetization of all the magnetic spins
aligning in one direction. The domains are separated by domain walls. When the material is
subjected to a cycle of magnetic fields, the magnetization shows a non-linear curve called a
hysteresis loop which is a measure of energy dissipated per cycle of magnetization reversal (Fig.
2). This loop is characterized by three material dependent parameters: saturation
magnetization M, remnant magnetization or remanence Mg and coercivity H. [34]. During a
cycle of magnetic fields, there are two processes contributing to hysteresis losses namely the
displacement of domain walls being pinned and released at inhomogeneities and the rotation
process of magnetic moments inside domains [38].

For low field amplitudes, losses per cycle depend on the field according to a third order power
law, commonly denoted as the Rayleigh law, which is theoretically explained by wall pinning.
With decreasing particle size, a transition to single domain particles occurs in which the process
of magnetization reversal is in the simple uniform mode. Single domain particles with uniaxial

anisotropy were theoretically treated in the classical paper of Stoner and Wohlfarth showing
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the highest amount of hysteresis energy. The equilibrium magnetization direction is determined
by anisotropy contributions due to crystal structure, particle shape and surface [40].

If an assembly of MNPs is put into an ac magnetic field of frequency f and amplitude pgHmax, the
amount of heat ‘A’ released by the MNPs during one cycle of the magnetic field remains equal
to the area of their hysteresis loop. The amount of heat released by ferromagnetic material

through hysteresis loss is given by

A= ff:n’f;" woM(H)dH (4)
then, SAR = Af (5)

where f denotes the frequency of the ac magnetic field expressed as f = w/2n, M magnetization
and H applied ac magnetic field. Area of the hysteresis loop depends upon the various factors
such as MNPs size, anisotropy, frequency and amplitude of applied ac magnetic field etc. Here,
H. and Mg are reduced for larger particles due to the reduction in the energy loss per cycle. For
smaller particles the enhanced anisotropy energy barriers separating the different orientation
states gives enhanced energy loss causing the blockage of the magnetization in the case of

superparamagnetic NPs [41].

2.1.2. Néel mechanism

For single domain MNPs, the energy barrier for magnetization reversal decrease and
consequently thermal fluctuations lead to relaxation phenomena which is commonly called
Néel mechanism or Néel relaxation (Fig. 2) [34]. In this case, the time constant of the ac
magnetic field is short enough that the physical orientation of the particle remains unchanged

while the moment alternates between parallel and antiparallel orientations. These oscillations
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in the magnetization can occur in a specific time, called the relaxation time (ty). The
characteristic time related to the thermal fluctuation of magnetization with different anisotropy

axis is given by Néel-Arrhenius equation:

KV
TN == ToekBT (6)

where Tois the characteristic flipping frequency of about 10 s, K the anisotropy constant, V the
volume of the magnetic particle, ks the Boltzmann constant and T the temperature. Hence,
Néel mechanism depends exponentially on magnetic anisotropy and particle volume. The
relationship between anisotropic constant K and thermal energy kT provides the relaxation of
the inner magnetic core. Néel relaxation prevails when there is higher frequency as well as
smaller particle size [42].

2.1.3. Brownian mechanism

In fluid containing magnetic particle suspension, a relaxation path which occurs due to the
ability of particles to rotate freely is termed Brownian relaxation. In this case, heating of the
particles in liquid suspension occurs due to viscous drag between the particles and the liquid,
where the entire particle has a rotational movement with an applied ac magnetic field, while
the magnetic moment remains fixed relative to the crystal axis (Fig. 2). The Brownian relaxation
time (tp) is given by the following equation [43]:

37’]VH
TB ==
kgT

(7)

Where n is the viscosity of the liquid carrier, Vi the hydrodynamic volume of the particle, kg the
Boltzmann constant and T the temperature. Generally, the hydrodynamic volume Vy is larger

than the volume of the particle due to fluid interactions or absorbed surfactant. The particles
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can physically rotate depending on the hydrodynamic parameters of both the particles and the
medium at a characteristic time [41]. The Brownian relaxation is size-dependent being
dominant at the higher particle size and strongly viscosity dependent. Brownian losses are not
only found in superparamagnetic NPs but can also be observed for other if the viscosity of the
surrounding medium is low enough to allow rotation of the complete particle.

Generally, both Néel and Brownian relaxations can occur in parallel and the effective relaxation

time, T, can be determined by the following expression:

— ==+ @)

Teff N B

which is dominated by the shorter Néel and Brownian relaxations. For in vivo and in vitro uses,
it is better if MNPs relax essentially through the Néel mechanism because of the change in the
viscosity medium around the cells limiting free rotation of the particles [12, 44]. In accordance

with the LRT theory, the loss power density P is expressed as [45]:

P(f,H) = porx (FH*f (9)

Where f and H are the frequency and magnitude of an applied magnetic field, respectively, po
the permeability of free space, and x” the imaginary part of the susceptibility.

2.2. Parameters affecting magnetic-induced hyperthermia

2.2.1. Effect of applied magnetic field and frequency

The heat dissipation value is proportional to the applied ac magnetic field strength and
frequency. For magnetic induced hyperthermia, the amplitude is proportional to the square of
the applied ac magnetic field amplitude as shown in eq. 9. SAR is generally found to increases

with increasing field strength. In clinical application, the strength of magnetic field is limited by
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physiological considerations and that with large amplitude, high frequency may induce local
heating in non-magnetic tissues due to induced eddy currents [45]. Here the optimum choice of
field amplitude may differ for different samples even with the same maximum SAR values.

The role of magnetic field frequency in SAR is considerably more complex in which its range
depends on the degree of magnetic anisotropy (K) of MNPs [45]. The frequency of the ac
magnetic field must be enough to provoke the targeted intra-tissue hyperthermic heating
phenomenon but not too high to cause overheating of healthy tissues. It was reported that the
frequency should be in the range of 100-1000 kHz in order to prevent side effects of the ac
magnetic field in vivo [46]. Using the kinetic Monte-Carlo model with its accurate timescale
quantification, it is possible to have a reliable prediction of the frequency and particle size
dependent behavior.

For a safe application of hyperthermia to patients, the recommended product of the frequency
and the magnetic field amplitude C should be smaller than 5x10° Am™'s™® but in many
experiments it was found mostly above this limit [47, 48]. By introducing the condition f(H) =
C/H into the dependence SAR(f,H) for the different loss processes discussed above one get the
optimum combination of f and H for maximum SAR. The combination of ac field amplitude and
frequency for magnetic hyperthermia depends strongly on the type of particles provided for

therapy.

2.2.2. Effect of particle size
The optimum particle size showing enhanced heating efficiency for magnetic hyperthermia is
still a matter of debate mainly due to the lack of conclusive data to date comparing the

predicted and in vivo performance of MNPs for a wide range of tumors. However, the role of
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size and size distribution on the heating properties of particles will be significant and of relevant
interest. Heat dissipation mechanism is expected to depend largely on particle size but there
are two complicating factors that make its contribution to a specific heating mechanism
difficult: i) the particles may have single or multiple crystal domains, and ii) the size distribution
of NPs can be widely dispersed for a given sample. For magnetite NPs synthesized in the range
of 8-18 nm, the largest particles displayed the highest SAR values [49]. The effects of size
distribution on heating rate in magnetic fluids was theoretically addressed by Rosensweig et al.
[50] highlighting the importance of using monodisperse colloids in heating experiments. A
narrow size distribution needs a good adjustment of mean particle size in relation to the
magnetic field amplitude for attaining maximum SAR.

The three primary mechanisms (hysteresis loss, Brownian relaxation and Néel relaxation) of
heat generation in magnetic induced hyperthermia depend largely on the size of the particle.
Hysteresis losses dominate in large particles (> 100 nm), and particles of this size are too large
for many clinical applications. For magnetite below 25 nm, particles become
superparamagnetic with negligible hysteresis losses leaving Néel and Brownian relaxation the
main relevant mechanisms [51]. Generally, within this range, Brownian relaxation is significant
in larger particles and Néel relaxation in smaller ones; however, exactly where this division
occurs depends strongly on the anisotropy constant of the particle [49, 52].

It was reported that the iron oxide NPs (IONPs) with narrow size distribution and with a mean
diameter that corresponds to the maximum coercivity in the single domain size range could
lead to maximum heating efficiency [53]. In the superparamagnetic regime SAR increases with

increasing relaxation time (i.e. with increasing particle size) until the validity of the relaxation
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theory ceases near the transition to the stable single domain regime. The particle systems with
narrow size distribution are capable of providing remarkable output of heating power and
superparamagnetic samples increase SAR with increasing particle size [47].

Harabech et al. [54] demonstrated the influence of relaxation time constant 7, on SAR using a
macrospin model. Here, the Landau-Lifshitz-Gilbert equation was used to investigate the
relation between the Gilbert damping parameter and to. It was found that although the effect
itself can be quite large, size dependence of 1, is not vital in SAR calculations because in each
size distribution only a limited size range of MNPs contribute to the heat generation. In the
investigated model, a well-chosen 1y was used. The precise value of 1y is most accurate when it
is as close as possible to its true value for the radius of magnetic NPs at the peak of the heating
[54].

2.2.3. Effect of particle Morphology

Surface properties are crucial for NPs’ characteristics and its modification will lead to the
changes in their physical, chemical and biological properties [55]. Several investigations
regarding surface and shape morphologies were reported to understand the magnetic
characteristics and their magneto-hyperthermia effect [56]. The studies include new designs or
morphologies, for example core—shell, onion-type, multilayered, alloys, multi-metallic etc. Core-
shell NPs are class of hybrid materials, where composition and microstructure varies in the
radial direction and it can provide the multi-functionalities. The core-shell NPs offer a number
of advantages over mono metallic/metal oxide NPs for hyperthermia-based therapy including:
(i) a shell can protect air sensitive high magnetic moment nanocomponent core, which provides

high value of SLP [57]; (ii) reduction in the anisotropic magnetic dipolar interaction in core-shell
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NPs helps to increase the stable suspension of magnetic fluids (behaves as isotropic
dispersions) even in the absence of an external magnetic field, which is the main problem in
mono/single metallic magnetic NP e.g., maghemite@SiO, NPs [58, 59], and (iii) it offers
enhanced hyperthermia response [60].

Hemery et al. [61] prepared well-defined multi-core assemblies of nanoflowers with narrow
grain size dispersity and studied magneto-caloric effect in detail along with applications for MRI
agents depending upon the morphologies and cluster sizes. They found the correlation
between SAR at given field amplitude (Happ = 10.2 kA/m) and frequency (f = 755 kHz) against
outer diameter measured by TEM, experimentally following a quadratic law for nanospheres,
and a lower exponent (nearly square-root) for nanoflowers, in agreement with the models on
the optimal size of MNPs for magnetic hyperthermia at given values of specific magnetization
and magnetic anisotropy. The study indicates that nanoflowers and the largest spheres find
applications as magnetic nano-heaters, while smaller NPs do not generate sufficient heat [62].
Recently, Sol-Fernandez et al. demonstrated a wide range of studies regarding intracellular
hyperthermia under exposure of alternating magnetic field on flower like Mn-doped iron-oxide
functionalized with a,f5-integrin-ligand [63]. They were able to demonstrate intracellular
heating capacity of MNPs depends on factors such as cytoplasm viscosity, NP aggregation
within subcellular compartments, and dipolar interactions. Three major strategies were
adopted to maximize the magnetic hyperthermia efficiencies [63]: (i) varying doping of Mn**
changes the crystalline anisotropy in inverse cubic structure; (ii) changes in shape of NPs but

keeping superparamagnetic characteristics; and (iii) increasing cell-particle efficacy and
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interactions through conjugation with a biological targeting molecule to reach the nanoparticle
concentration required to increase the temperature within the cell.

2.2.4. The role of anisotropy on heating efficiency

Anisotropy of MNPs is a crucial parameter for tuning the magnetic hyperthermia and, according
to LRT, it is important in enhancing the Néel relaxation [64, 65]. The most common types of
anisotropy are magneto-crystalline anisotropy (or magnetic anisotropy or crystalline
anisotropy), surface anisotropy, shape anisotropy, exchange anisotropy and induced anisotropy
(e.g. by stress). In MNPs, shape anisotropy and magneto-crystalline anisotropy are the most
important. Magneto-crystalline anisotropy arises from spin-orbit interaction which depends on
the type of material, temperature and impurities. With decreasing the size of NPs, the ratio of
the number of surface atoms to that of the bulk become larger yielding larger contribution of
the surface magnetization. In this case, the surface anisotropy of MNPs could be more
significant than both the magneto-crystalline and shape anisotropy [53].

The heating efficiency of spherical IONPs has been widely studied. Different shapes of IONPs
other than the typical spheres, i.e. cubes, octopods, octahedral, cube-octahedral and disc
shapes, have been proposed in order to tune their anisotropy and improve the heating
efficiency [66, 67]. In experimental studies, the comparison of (Zn doped)cubic and
(undoped)spherical IONPs with similar magnetic volumes showed more than two-fold increase
in SAR for the cubic one [68]. Single-domain cubic IONPs are reported to possess superior heat
induction power compared to spherical ones of similar size due to the higher surface magnetic
anisotropy and the tendency towards aggregation into chains facilitated by the cubic shape

[69]. In addition, monodisperse Fes0, nano-octopods were reported to show better heating
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efficiency than their spherical counterparts, especially in the high field region (> 400 Oe) [70].
The Fe304 nanorods have shown enhanced SAR values (862 W/g for an ac field of (68 kA/m)
relative to their spherical and cubic counterparts of similar volume (~140 W/g and ~314 W/g,
respectively), owing to their higher saturation magnetization and effective anisotropy. The SAR
of Fes04 nanorods can be tuned by varying their aspect ratio [69]. CoFe,04 based magnetic fluid
was found to have lower SAR than Fe30, and MnFe;0, based magnetic fluids. Even after
optimizing particle size of CoFe,04 system, higher SAR values could not be achieved because of
its high anisotropy energy [71].

2.2.5. Effect of Dipolar interaction

Understanding the role of dipolar interactions in magnetic hyperthermia experiments is
important for optimization of NPs heating power and for selecting the correct dose to inject to
reach the desired outcome in intracellular magnetic hyperthermia therapy. For in vivo
applications, uptake of MNPs in sub-cellular vesicles such as lysosomes can lead to aggregation
resulting to the change of magnetic hyperthermia properties due to dipolar interactions [72].
The investigation of dipolar interaction carried out via numerical simulations based on a mean-
field model showed that it can be used to increase the dissipation of magnetically soft particles
but should be avoided in the case of hard particles. It may connect to the fact that the dipolar
interaction acts to increase the effective anisotropy barrier. Magnetically hard particles were
seen to be further hampered by increasing the dipolar interaction due to a larger freezing of the
magnetic spins [73]. Using Monte Carlo algorithm, hysteresis area was found to be well

correlated with the parallel or antiparallel nature of the dipolar field acting on each particle.
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The magnetic interactions strongly depend on NP diameter and anisotropy as well as on the
amplitude of the applied magnetic field [74, 75].

It is also reported that a shortening of the magnetization (Neel) relaxation time when increasing
the dipolar interactions. Here, dipolar effects occur as soon as the inter-particle distances
become shorter than about three times the particle diameter [76]. As the inter-particle distance
decreases, it increases dipolar interactions which alter the magnetic response of the ferrofluid.
This interaction directly affects the Néel relaxation time which is the dominant mechanism in
hyperthermia studies of the small NPs (< 10 nm) [52]. Further, since dipolar interactions are
related with anisotropies directly [77], tuning the magnetic anisotropy without affecting
significantly the size/ size distribution of NPs, affects the efficiencies of nano-heaters at low
field hyperthermia, which is the first requirement of clinically relevant criteria. Lowering
anisotropy decreases the fraction of blocked NPs, hence increasing the number of nano-heaters
(e.g. Zn doped Mn-ferrite will have higher SLP at low field hyperthermia in comparison to Co
doped Mn-ferrites, even if the particle size distributions are similar [78—80]). Although for single
magnetic particle, bigger size can result in enhanced hyperthermia, in the assembly of MNPs
the increase in size can give rise to the large dipolar interaction and its dominating effect can
reduce the overall magnetic hyperthermia effect.

Experimental evidences and Monte Carlo simulations of an assembly of monodisperse single
domain MNPs in thermal equilibrium have shown that the dipolar interactions significantly
affect the magnetic susceptibility and hysteresis losses resulting in a considerable reduction in
specific heating power for hyperthermia applications [81].The heating efficiency of a magnetic

colloid can increase or decrease with dipolar interactions or the colloid concentration. The
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power dissipated by an ensemble of dispersed MNPs becomes negligible as a direct
consequence of the long-range nature of dipolar interactions [82]. The huge enhancement of a
heating temperature of soft MFe,04 (M = Mg, Ni) from 17.6 to 94.7 °C and from 13.1 to 103.1
°C (NiFe;04) NPs was found due to the increase in magnetic hysteresis and relaxation losses
associated with the increase in magnetic moment and susceptibility induced by the dipole
interaction [83].

2.2.6. Effect of Viscosity

Unlike Néel relaxation, the heat dissipated through Brownian relaxation is greatly influenced by
the viscosity of the medium that tends to counter the movement of particles in the medium
[56]. For example, if the viscosity of the medium is high or if the freedom of particle rotation is
suppressed, the heat dissipated will either diminish or seized [44, 84]. As the temperature
increases the heating rate in magnetite-maghemite NPs studied for three different particle sizes
(5, 28 and 45 nm) increases due to the decreasing viscosity of the medium [85]. The viscosity
has a deleterious effect on magnetic heating. The SAR values for fluid of magnetite coated with
dextran (MAG D) NPs and maghemite nano-powders decreased when the NPs were dispersed
in more viscous environments due to a reduction in the Brownian relaxation component of
magnetic heating [49]. From another similar experimental study, it was concluded that the
heating ability of NPs was reduced with an increasement in viscosity. Thus, it was anticipated
that due to the high viscosity of the extracellular matrix in a biological tissue, the heat loss by
Brownian relaxation is negligible [86].

2.2.7. Effect of coating with organic ligands
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The molecules chosen for stabilizing the NPs also determine the magneto-hyperthermia of the
NPs once exposed to the biological media, because of the formation of a protein corona that
influence the particles’ behavior [87]. In-vivo and in-vitro MH experiments suggest that
magnetic NPs coated with different organic ligands (polyethyleneimine (PEl), polyethylene
glycol (PEG), dextran, oleic acid, and Pluronic F-127) behave differently as compared to
uncoated magnetic NPs [63]. An efficient stabilization increases the biocompatibility of NPs,
limiting the immune response and avoiding the formation of protein NPs aggregates which can
reduce the chance of obstructing blood capillaries [88]. The introduction of organic ligands on
the surface of NPs improves the uptakes to tumors and cells by increasing the time the NPs
spent in the bloodstream and reducing toxicity. Organic ligands do not affect directly much heat
dissipation of magnetic NPs, but they affect their hydrodynamic sizes and dispersion, hence
their Brownian relaxation (7). Linh et al have shown that the SLP of dextran coated Fe304 NPs
was more than 2 times efficient compared to the uncoated Fe304 ones [61]. The influence of
stabilizing ligand on biocompatibility and cellular uptake in vitro was studied by Pradhan et al.
using different coatings of dextran and lauric acid on Fe3O4 NPs [71]. It was observed that lauric
acid-coated Fe3O, NPs were less biocompatible and had a higher uptake than that of dextran-
coated ones, when tested on L929 mouse fibroblast cells which could be attributed to different
cellular interactions from the coating materials [62]. Here, the choice of a biocompatible
capping agent could increase the uptake of the NPs in the tumor, the time spent in the blood
stream by the particles, the heating efficiency and reducing the aggregation of the particles in
vivo.

2.3. Potential magnetic-induced hyperthermia nanomaterials
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MNPs can also be designed to combine several therapeutic functions like therapy and drug
delivery as well as therapeutic and diagnostic functions. At the same time, MNPs must have
characteristics to qualify for biomedical applications such as biocompatibility, nontoxicity,
ability to escape from the reticuloendothelial system and low protein absorption. The number
of various types of possible core NPs ranging from metallic Fe, Co, Ni, Gd, and their oxides to
Au, Ag, carbon nanotubes, manganese oxide, micelles, liposomes etc. Iron oxide based NPs
have been extensively investigated due to their excellent superparamagnetic, biocompatible,
and biodegradable properties [20, 56]. There have been extensive studies recently on tailoring
and tuning the properties of the NPs by changing the structure, composition, size, and shape via
different syntheses. Reviews on synthesis of nanomaterials will not be our focus and can be
found elsewhere [89-92]. For MNPs, the effective hyperthermia heating agents are of
paramount importance which would enable selective heating of tumor cells and vasculature
avoiding excessive damage to healthy tissue structures.

2.3.1. Iron oxide nanoparticles (IONPs)

Among magnetic materials, IONPs are considered to be one of the best candidates for
biomedical applications due to their biocompatibility, accessibility, facile synthesis [93],
chemically stability and superparamagnetism. IONPs of either magnetite (Fe3O4) or maghemite
(y-Fe,03) are the most widely use and they have been proved to be well tolerated by the
human body which have been approved by the US Food and Drug Administration (FDA) [93].
Superparamagnetic IONPs (SPIONs) have multifunctional characteristics including image-based
diagnostics, localized destruction of target cells via magnetically induced heating and drug

release for use as a multimodal cancer therapy agent [93-95]. These properties make SPIONs
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an excellent candidate for magnetic hyperthermia therapy since heat generation can be
controlled/modulated by an externally applied ac magnetic field. In dual magneto-
photothermal therapeutic approach with only IONPs as heat mediators, a very efficient heat
conversion for both modalities was achieved. Remarkably, the dual magneto-photothermal
therapeutic approaches of IONPs resulted in complete cell death in vitro and in total solid
tumor ablation in vivo at low iron doses, tolerable magnetic field and frequency conditions as
well as acceptable laser power doses [14].

Theoretical analysis has shown that the heating efficiency of IONPs depends on their properties
such as the saturation magnetization, anisotropy energy and rate of magnetic relaxation. In this
regard, size is a controlling factor for increasing the heating efficiency. IONPs with sizes > 20 nm
have a SAR significantly higher than that predicted by the widely used linear theory of magnetic
fluid heating [94]. The narrowest size distributions, however, have been found in magnetite
crystals in bacterial magnetosomes, which have been shown to be significantly more efficient
than chemically precipitated particles of similar size [52]. In MNPs comprising iron oxide cores
with mean diameter of 50 nm surrounded by a dextran layer, saturation magnetization of the
shell is found to play a crucial role in determining SAR [96].

2.3.2.Ferrites for magnetic hyperthermia

For clinical conditions to cure cancer, hyperthermia is a key technique, but temperature
regulation is very important that must be precisely controlled. In general, a higher coercivity is
required to generate more energy during one cycle of heating which can be achieved using
metal NPs. Zhang et al. studied optimization of Curie temperature and coercivity of Co-Zn

ferrite NPs aiming for the custom design of self-regulating hyperthermia nano-vehicles by
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substituting a pre-determined quantity of Cr**

through a hydrothermal process [97]. In

Zno.54C00.46CrosFe1.404 NPs the Curie temperature is 45.7 °C and coercivity H. = 174 Oe. The

temperature of these NPs suspension can be self-regulated at 44.0 °C, close to but critically

under the clinically used magnetic fields.

The evaluation of in vitro cytotoxicity of

ZNn.54C00.46Cro.6Fe1.404 NPs also suggested low toxicity and so the NPs could potentially be used

in cancer therapeutics for precise energy transfer from the external magnetic field to the tumor

via a self-regulating delivery system in hyperthermia [97]. In summary, the data obtained show

the bespoke synthesis of NPs to provide the necessary physical platform to regulate not only

the Curie temperature but also the coercivity by a change in the microstructure.
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Fig. 3: Microstructural and morphological properties of CoFe_Zn, (with x = 0, 0.30, 0.46, 0.53)

samples: (a) XRD patterns obtained by the Cu Ka source-equipped diffractometer, (b) TEM
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images obtained by the JEM 2010 UHR, (c) high resolution images, (d) Magnetisation versus
magnetic field curves of CoFe_Zn, samples measured at 300 K. (e) Heating curves of CoFe_Zn,
samples at 25 °C, obtained under a magnetic field of 183 kHz and 17 kA/m [98]. (Reprinted with

permission from Ref. [98]. Copyright 2016, The Royal Society of Chemistry)

Similarly, Mamely et al. [98] discussed about Zn-substituted cobalt ferrite NPs (Zn,Co;_«Fe;04
with 0 < x < 0.6) as shown in Fig. 3, having similar particle sizes (~7 nm), size distributions and
capping agent amount of 15 %. Here, CoFe,04 has shown a triple SAR value of 19 W/g and it has
both the Néel and Brownian relaxation times that match the characteristic time of the
hyperthermic measurement. On the other hand, Zny3Coo7Fe,0,4 has a faster effective relaxation
time in light with the linear response theory that suggests the higher efficiency of the CoFe,0,
sample.

2.3.3. Multifunctional hybrid systems

Multifunctional hybrid NPs being comprised of two or more distinctive functional components
have garnered considerable attention in recent times over mono-functional ones. In “all in one
probe” mediated by hybrid MNPs, Au/MNPs assimilated into poly(lactic-co-glycolic acid)(PLGA)
NPs which can target cancer cells. Au/MNPs can deliver therapeutic cargos to the cancer cells
and exert its lethality by three distinctive modes (i.e. chemotherapeutic, photothermal and
magnetic hyperthermia) either independently or by the synergistic action of drug and
hyperthermia [99].

Ferrite based hybrid composites have received special attention due to various biomedical
applications. A promising nanocomposite material, which was composed of MnFe,0,; NPs of
~17 nm in diameter deposited onto graphene oxide nanosheet synthesized using a modified

co-precipitation method, showed enhanced high-field SAR due to the increase of effective
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anisotropy and the reduced aggregation of the MnFe,04 NPs on the graphene oxide [100]. The
exchange coupling between a magnetically hard core and magnetically soft shell can tune the
magnetic properties and maximize the specific loss power.

A multifunctional nanocomposite consisting of graphene oxide—iron oxide -doxorubicin (GO-10-
DOX) provides multiple therapeutic functions in addition to imaging capabilities. In vitro studies
revealed that the GO-I0-DOX nanocomposites possess a greater therapeutic efficacy by
exhibiting a superior hyperthermic response in an ac magnetic field and cancer cell specific DOX
release to effectively exterminate the target cancer cells through apoptosis-mediated cell death
[101].

2.3.4. High magnetic moment core@shell nanoparticles

Recently, core@shell MNPs have emerged as an effective class of NPs to optimize magnetic loss
heating. Here, a shell can act as a protective shield for sensitive core material. Anisotropy
constant (K) provide an extra degree of freedom to tailor nanoscale magnetism of core@shell.
Core@shell MNPs with various shapes such as cubes, octapods, octahedrons, cuboctahedrons,
dimers, triangles and flowers have been studied to understand the effects of the core—shell
interface structure on the exchange coupling interaction and the resulting heating efficiency
[102]. The surface of the uniform core@shell nanocomposite could be further functionalized
with new ligands to give well-defined structure.

Core@shell Fe@Fe O, NPs have the potential to be promising tools for many applications [103],
thanks to their combination of an iron core, with a high magnetic moment and an iron oxide
shell which could protect the core from oxidation (Fig. 4). However, the deterioration of NPs

structure can lead to the shrinking of the core and the hollowing of the structure, diminishing
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the magnetic properties. The ability to retain the iron core under biomedically compatible

conditions is desirable for many applications.
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Fig. 4 (a) Schematic illustration of the synthesis. (b) Extended LaMer plot configuration, (c) Size
distribution for the four reactions with different amount of precursor Fe(CO)s used: 1.0, 1.3, 2.0
and 2.4 mmol. TEM (with 20 nm of scale bar) picture of Fe NPs synthesized with (d) 1.3 and (e)
2.0 mmol of Fe(CO)s (f) XRD patterns shown with the gray reference pattern corresponding to
the Fe3O4phase and the green one to the Fe phase. (g) Heating power for the
two systems measured at 303 kHz and 24 kA/m. Error bars indicate
the standard error of the means of different SAR measurements [103]. (Reprinted with

permission from Ref. [103], Copyright 2018, American Chemical Society).

In this work, Farmiani et al. [103] have developed a synthetic method to produce core@shell a-
Fe@Fe,O, NPs with tuneable sizes and evaluated the retention of the stable magnetic a-Fe core
upon exposure to air and after ligand exchange and its resulting effect on the magnetic

hyperthermia. Using a continuous injection of the precursor, we were able to finely tune the
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final size of the core@shell NPs producing four samples with average sizes of 12, 15, 18, and 20
nm. The structural properties of the particles were studied, and while the size increases, the
chemical stability of the iron core is enhanced, and the magnetic properties improved
accordingly. Particles larger than 20 nm were shown to be prone to aggregation, resulting in an
abrupt increase of the particle size distribution. Two samples (Figs. 4d&e) with high
magnetization saturation value and low polydispersity, 15 and 18 nm, were transferred in water
using a dopamine-functionalized poly(isobutylene-alt-maleic anhydride) polymer, resulting in
colloidal stability over a wide range of pH and ionic strength comparable to physiological
conditions. We found that the 18 nm particles retain their chemical properties over 2 months,
with less oxidation of the Fe core; this results in a specific absorption rate (SAR) value of 660
W/g and intrinsic loss power (ILP) of 3.6 nHm? kg™ (Fig. 4g) , while the 15 nm NPs resulted in
the reduction of their properties due to oxidation of the core.

Au—Fe,O, hybrid structures offer two different functional peripheral surfaces, rendering them
particularly attractive multifunctional probes for specific applications. The heat generated by
Fes0,@Au core@shell nanocomposites is higher than that of FesO, NPs in the same condition
in which it should be related to the higher magnetic anisotropy of the superparamagnetic
fraction with the Au shell and higher heat capacity of the Au shell [104].

In a core@shell MNPs combining a soft Mn ferrite and a hard Co ferrite, a theoretical
framework was developed to include the crystal anisotropy contribution of the Co ferrite phase
to the total anisotropy. The experimental results confirmed the theoretical results of the

hysteretic heating loss when including nonlinear effects in an effective susceptibility. It is the

34



relative fraction of Co ferrite which determines the anisotropy of these exchange-coupled
core@shell independently of the NP size [105].

The optimization of anisotropy constant (K) and saturation magnetization (M) by varying the
composition of core@shell MNPs give enhanced SAR. By varying the combination of CoFe,04-
based core@shell MNPs, je. CoFe,0,@MnFe,04, CoFe;0.@Fe30s, MnFe,0,@CoFe;0,,
Fes04@CoFe;04, Zng4Coo6Fe2,04@ZNg 4sMngcFe,04, SLP values range from 100 to 450 W/g for
single-component MNPs and for core@shell NPs from 1,000 to 4,000 W/g [106]. The optimized
core@shell MNPs have SPL values an order of magnitude larger than conventional IONPs and
the therapeutic efficacy of these NPs is superior to that of a common anticancer drug.

Recently, He et al. [107] reported the maximized SLP and ILP approaching theoretical limits for
ac magnetic-field heating of NPs. This was achieved by engineering the effective magnetic
anisotropy barrier of NPs via alloying hard and soft ferrites. 22 nm Cog.03sMng.2sFe;.704/Si0O;NPs
reach a SLP value of 3,417 W/g at a field of 33 kA/m and f = 380 kHz. Biocompatible
Zng3Fe; 704/Si0,NPs achieve SLP of 500 W/gmeta and ILP of 26.8 nHmz/kg at field of 7 kA/m and
f = 380 kHz below the clinical safety limit. This work guides for the design of NPs with
appropriate magnetic properties for maximized heating power at any field parameters and,
conversely given a particular NP type, choice of field parameters leading to maximized heating
power. Furthermore, this biocompatible NP platform with greatly enhanced ac field heating at
low field amplitudes are promising for targeted hyperthermia of small tumors and metastases.
2.4. Instrumentation for magnetic-induced hyperthermia

Although there have been several works reported on the magnetic hyperthermia from its

parameter control (size, shape, distribution, etc.) to improve the heating capabilities of the NPs,
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there are only few sophisticated systems in the market for measuring SLP. There are number of
homemade systems for hyperthermia experiments to measure heat loss in the form of NPs fluid
and also utilized for experimentation in mice. Here, the devices are usually built based on
simple resonant RLC circuit to create ac magnetic field with a copper coil of different diameter,
number of turns, cooling agents etc. In a study of contributions of Néel and Brownian relaxation
mechanism to SLP, Fortin et al. [86] used a homemade device with a copper coil having
diameter of 16 mm, frequency range of 300 kHz-1.1 MHz and amplitude up to 27 kA/m. The
variation in frequency and amplitude has been made by using a variable capacitor (10 pF-4 nF)
in series and self-inductance of 25 pH. To avoid heat generated by the coil, continuous
circulation of nonane was maintained during the measurements. The small sample volume of
300 pL was used to ensure homogenous magnetic field and a fluoro-optic thermometer for
temperature measurements. They presented the quantitative magnetic hyperthermia data
matching with theoretical predictions considering relevant parameters such as size, materials,
solvent and field characteristics. Ma et al. [108] used a 3 loops copper coil with frequency of 80
kHz and field amplitude of 32.5 kA/m for calorimetric measurements with an asbestos sleeve to
reduce excessive heat produced by the copper coil. IONPs fluids were prepared in water with
concentration of 2 g/L. Maximum value of SAR of 75.6 W/gmetal Was observed at particle size of
46 nm, where the heating contribution is dominated by hysteresis loss. Further increase in
particle size showed low heat generation efficiency.

Sadat et al. [109] used a 10 turn coil of 84 mm long with an inner diameter of 39 mm. A
sinusoidal 13.56 MHz frequency signal had been generated by a radio frequency generator.

Cold water circulation was used to cool down the coil with high ac current and a fiber optic
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sensor (FOT-L-SD) to measure the temperature. They observed high SAR values for uncoated
NPs as compared to coated or confine NP in another material such as iron oxide in Si shell. The
observed results were attributed to the high absorption rate in uncoated NPs to Néel relaxation
and hysteresis losses whereas dipole-dipole interactions caused the lower SAR values.

For hyperthermia devices, a safe and effective external ac magnetic field is required to
stimulate the implanted NPs. Here, the major issues are field uniformity, patient’s convenience
and proficiency of working for the whole body. Multi-turn inductive coils in the homemade
devices discussed above serve the purpose for small animal preclinical trails. It is also worth to
mention a magnetic ac hyperthermia (MACH) developed by Kallumadil [110] in response to the
lack of adequate induction heaters available on the market that satisfy the criteria of producing
large magnetic fields, being tuneable in frequency and practical in clinical applications. The
inventors have been able to produce a variety of coil appendages that allow the MACH to
deliver the inductive heating in various ways, highlighting the versatility of the machine, which
is essential if taking this further to clinic and allows for self-tuning. The sample is placed in an
Eppendorf (2 ml volume) inside the coil. Upon application of the frequency a temperature
probe records the temperature increase of the solution over time. The MACH is still in
development and currently on its 5" generation [111]. Here, the novelty in the MACH is the use
of the control circuit, the electronic breadboard, which generates high magnetic fields in a LC
tank, where L is the inductor of the coil, and C the capacitor. The MACH was reported to
operate at a fixed frequency of 1 MHz, however this frequency can be tuned using different LC.
Besides the homemade, commercial devices are also available including the magnetherm by

nanoTherics; the DM100, D5 series from nB Nanoscale biomagnetics; easyheat by Ambrell, or in
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vitro magnetic field generator MGF1000 by European Institute of Science AB. These commercial
devices have offered a range of variations in the ac magnetic field with varying frequency,
amplitude, flux density to provide reliable and reproducible results for NPs heating. Real time
tracking of heating measurement can be done using in situ set up of a pancake coil MACH
hyperthermic system with a live —cell-imaging microscope (confocal microscope) [112].

3. Photo-induced hyperthermia

The use of radiative sources to induce hyperthermia have been established to treat surface
lesions and tumors since the beginning of the 20" century. Initially radiative treatments were
based on infra-red (IR) lamps and photosensitizer to induce thermal damage or oxidative stress
on the affected areas of the patients, but they could only be applied on entire sections of the
body and so it greatly increases the opportunity of collateral damage on healthy tissues and the
stress on the patient. This technique is also called optical hyperthermia or sometimes, in
modern aspect, it can be addressed as “laser hyperthermia” (Figs. 1b&c).

The use of NPs as localized sources of heat overcomes the aforementioned problem. Here, NPs
can be tuned to be actively absorbing near IR wavelengths, where biological tissues have
limited absorption, expanding the field of application of photo-induced hyperthermia to
internal tissues and tumor mass instead of surface applications [113]. The intense absorption of
these kind of particles compared with dyes and photosensitizers and their sharp absorption
band allowed a greater efficiency on the energy conversion of the particles, either by surface
plasmon resonance (SPR) or carbon reticle vibrational state relaxation, reducing the amount of
energy necessary to trigger the hyperthermia effect and in consequences the collateral damage

on the healthy tissues surrounding the tumor. The use of photoactivated NPs generates small
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high temperature hot spots in direct contact with the tumor mass, in the area illuminated by
the laser, focusing the hyperthermia effect on the target instead of relying on the heat diffusion
of the tissue surrounding the tumor.

3.1. Mechanisms of Photo-induced hyperthermia

Light interacts with matter can be absorbed, transmitted or reflected. The absorbed part can be
converted to heat while the reflected one scattered in the surrounding space. The interaction
with nanomaterials is complex in which absorbed photons produce heat (emission of phonons)
and are responsible for luminescence (emission of photons of different energies) as well. A
large absorption efficiency and a limited emission yield are requirements in the selection of NPs
in order to obtain a large light-to-heat conversion efficiency. In the following sections, light—
matter interaction and different heat generating mechanisms occurring when a NP is
illuminated by a light beam are described.

3.1.1. Surface plasmon resonance absorption

When metal particles are reduced to a size comparable to the mean free path of the electrons
in their conduction band, e.g. 40-50 nm for Au, they develop a strong absorption at some
specific range of wavelength. This phenomenon is caused by the electrons on the surface of the
material resonating on the entire length of the nanomaterial which generate a coherent motion
called surface plasmon resonance (SPR) [114]. Depending on the geometry, orientation, and
material, SPR leads to intense interactions of the particle with light within a range of optical
frequencies. The periodic oscillation of the electrons is due to the difference between the
length of the electrons mean free path and size of the particle which also determine its

frequency [115]. These characteristics of SPR limit the interactions of NPs with light to specific
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wavelengths, which resonate with the oscillating electrons. When the high-energy states
generated by the oscillation decay, it releases the energy with non-radiative processes leading
to increase of the temperature of the solution surrounding the particles. The connection
between shape and size of metal NPs and their SPR is particularly evident for anisotropic NPs
(as Au nanorods) for which the absorption peak of the lateral SPR can be tuned to specific

wavelengths controlling the parameters of the synthesis (Fig.5a&b).
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Fig 5: (a-b)Normalized extinction spectra of Au NPs grown in the presence of additional
amounts of Hofmeister salts: for (a) the salt concentrations are 0 mM (blue), 10 mM (red), 20
mM (green), 30 mM (purple), 40 mM (turquoise) and 50 mM (orange) from bottom to top, and
for (d) the salt concentrations are 0 mM (blue), 5 mM (red), 10 mM (green), 15 mM (purple), 20
mM (turquoise), 25 mM (orange) and 30 mM (grey), from bottom to top [116]. (c) Surface
plasmon resonance in Au nanospheres and Au nanorods. (d) Au nanorods and nanocages
absorbance spectrum (left), TEM image of Au nanorods (top right) with length and width of
60 x 14.8 £ 6.5 x 2.0 nm and TEM image of Au nanocages (bottom right) with edge length of

50 £ 7 nm, 100 nm. The scale bar applies to both TEM images [117]. (Reprinted with permission
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from Refs. [116, 117]; Copyright 2016, The Royal Society of Chemistry & Copyright 2015,

Elsevier Ltd., respectively)

The interaction of light with particles can be quantified by the scattering and absorption cross
sections C; and C,, respectively. The sum of these parameters is defined as the extinction cross
section C.. These values describe the area of light that interacts with the particle and they can
be orders of magnitude smaller or larger than the geometric cross section of the particle.

For perfectly spherical nanospheres, Mie et al. [118] showed that these parameters can be

calculated exactly by solving Maxwell‘s equations:

2 o)
Ce = #ZL:l(ZL + 1)R.(a, + by);
2 (o.e]
Cs = #2L=1(2L + D (lay|* + |b.1%) (11)
. o myp mOy’ ()=’ (max)p (%)
With a,, = m(ma)n’ , ()—y’ , (mx)n,(x)’
b, = YL, mOY’ L ()-myp’ (), (x) 12)

Yrimx)n' ()¢’ (mx)nL(x)
where m is the ratio between the complex parameter describing their fraction of the particle
and the real index of refraction of the surrounding medium, k the wave-vector, r the radius of
the particle and n the Ricatti-Bessel cylindrical functions. The prime notation indicates
differentiation with respect to the argument in parentheses. In general, for nonspherical
particles, the cross sections must be determined with indirect measurements or with
mathematical simulations, e.g. discrete dipole approximation (DDA) [119].

The above equations clearly state that the spectral shape and magnitudes of the cross sections
depends on the geometry and the optical properties of the particle or the properties of

surrounding material. A consequence of this dependence is that the optical properties of
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metallic particles can be tuned to give a desired response at a particular wavelength. Metallic
NPs, at their peak SPR absorption, can have optical cross sections orders of magnitude larger
than their geometric cross sections [116]. Peak C, values can be 5 orders of magnitude larger
than that in conventional absorbing dyes, and peak C; can be 5 orders of magnitude larger than
fluorescence from strongly fluorescing dyes. Au nano-spheres with a diameter of 70 nm exhibit
a peak SPR at 530 nm when suspended in water. Au nanorods with a length of 50 nm and a
width of 15 nm exhibit two peaks when isotropically oriented in water, one at 510 nm when the
electric field is parallel to the short axis of the nanorod and another at 780 nm when the
electric field is parallel to the long axis of the Au nanorod (Fig. 5c).

3.1.2. Interactions between light and carbon reticle vibrational state

Delocalized carbon nanostructures can function as dark bodies and absorb a wide range of
wavelengths, which is converted in vibrations of the C-C reticule and released as heat when the
vibrational states decay [120, 121]. The photo-thermal properties of the materials depend on
the regularity of their structure and from the amounts of impurities and dopants introduced in
their reticule which can trigger other mechanisms of energy dissipation [121, 122].

3.1.3. Generation of heat in nanoparticles: role of non-radiative recombination

The radiation energy or optical energy may be transformed into several forms when light is
being absorbed. A usual energy conversion process caused by the interaction of a material with
light is the excitation of electrons which allowed the jump from lower energy state to the
higher one without the generation of charge. In the relaxation from the excited state the
electrons release energy in radiative or non-radiative form. Radiative relaxation releases energy

in the form of photons causing spontaneous light emission (e.g. fluorescence or luminescence),
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while non-radiative relaxation leads to generation of phonons which induce the increase of the
vibrational state of the system and it converted into heat.

Laser or photo-induced hyperthermia applications have most of the research work at clinical
level in case of plasmonic NPs, e.g. Au, Ag, Pd. Non-radiative transitions plays critical role in
metal NPs upon light absorption where electric field component of irradiated light makes free
electrons oscillate collectively within NPs which further collides with the nuclei and as a result
energy is transferred into vibration modes of lattice transforming into heat. This process leads
to plasmon resonance when irradiated light frequency matches with natural frequency of the
free electron under interacting force of the nuclei. This is the main mechanism responsible for
heat generation in metal NPs. Although Ag NPs generates roughly 10 times as much as heat
compared to Au NPs at its plasmon resonance wavelength, Au is still favored in biomedical
applications as agents for cancer therapy due to its chemical stability. The heat generation of
several typical semiconductor QDs such as ZnS, ZnSe NPs is very low compared to that of Au. In
the former, the heating mechanism is the generation of electron-hole pairs and the subsequent
non-radiative recombination which is less efficient for heat conversion than the SPR of metal
NPs.

Recently, FesO4 NPs are found to be most interesting not only for magnetic hyperthermia but
also for photo-thermal hyperthermia. They have been observed displaying a photothermal
effect which allows local environmental heating upon application of NIR laser [123]. The
physical origin of this photothermal effect is important to understand. Iron oxides in the form
of magnetite (Fes0,), maghemite (y-Fe,03), and hematite (o-Fe,0s3) are abundant in nature. The

optical properties of hematite were well investigated, and several theoretical and experimental
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investigations reveal a band gap of 2.1-2.2 eV that has a potential application in the solar
energy conversions. Magnetite is also a potential candidate due to its light absorption
capabilities from visible to NIR range. Around 119 K, a Verwey transition from semiconductor to
metal phase occurs leading to the change in optical and magnetic properties. Fes04 (chemical
formula: (Fe*")a[Fe**Fe®*]s(0%)4) has an inverse spinel structure with face centered cubic (fcc)
lattice of O%. Valence band of O(2p) to the empty conduction band of Fe(4s) in FesO is
separated by 4-6 eV [123]. Fig. 6 explains the energy band gaping octahedral (B-site) and

tetrahedral (A-site) due to the crystal field splitting.
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Fig. 6: Schematic representation of spatially confined Fe3O4 NPs embedded in an organic matrix

(polystyrene matrix) and its energy bands.

Photoluminescence light emission from ultraviolet (UV) to NIR plays important role in
photothermal applications and the excitation mechanisms can range from bound exciton in QDs

to surface plasmon in metal NPs as stated earlier. Sadat et al. [109] prepared a variety of
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different sized nanocrystals (10 nm-5 um) and upon excitation with 407 nm laser, three
emission peaks around 560 nm, 695 nm and 840 nm were observed. Cherepy et al. [124]
observed transient absorption around the red-IR region. The short span “hot” electron model
supported the explanation of the absorbed characteristics due to thermal radiation. It is
possible to create mid-band gap states due to intrinsic defects and electrons transit through
defects can be trapped there. Further electrons are relaxed to ground state emitting higher
wavelength in IR region which is really independent on excitation radiation or energy of laser
[124].

The observed photoluminescence peak around 560 nm (~ 2.2eV) can be assigned to t,; - ez on
octahedral site due to the radiative recombination of mobile electrons and the peak at ~690
nm (1.79 eV) to (i) t, = O(2p) on tetrahedral site or (ii) the recombination of trapped electrons
from the octahedral site to O(2p). The peak in IR region (845 nm, 1.47 eV) is due to transition of
electron trapped on tetrahedral site created by oxygen vacancy. Coating materials also
contribute their own characteristics. A polyacrylic acid coated iron oxide shows better
photothermal conversion efficiency (76 %) as compared to polystyrene)/Fes04 (28 %), if excited
at 785 nm. In addition, individually coated NPs experience more non-radiative recombination
than embedded systems where collective intensity plays a role.

Cherepy et al. [124] investigated the photoexcited electron dynamics in ultrasmall (1-2 nm) y-
Fe,03, commercial 50 nm diameter y-Fe,03, and spindle shape (1 x 5) nm a-Fe;03 NPs. They
found decay times of 0.36 ps (y-Fe,03), 4.2 ps (50 nm diameter y-Fe;03), and 67 ps (spindle
shape a-Fe,03) upon exciting by 390 nm, 150 fs excitation laser pulse with a 720 nm probe. This

fast decay time suggests that relaxation of photoexcited electron is due to electron-hole
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recombination which is bridged either by the intrinsic mid-bandgaps’ states or trap-gaps due
the internal defects. In other words, non-radiative mechanism can be a central theme among
electrons and this mechanism can be inferred from several processes such as fast decay of
electrons (excitation pulse and electronic transition in semiconductor), release of phonons
instead of photons.

3.2. Parameters affecting the photo-induced hyperthermia

The ideal NPs for photo-induced hyperthermia need to be able to convert light into heat with a
good efficiency. Here it is important that NPs can interact with NIR light to exploit the optical
window of the human tissues. In addition, NPs should not be toxic, stable enough in biological

condition to reach the target area tissues.

As shown in the review from Zhang et al. [125] the geometry of the particles used for
hyperthermia is a fundamental parameter in controlling the interaction between light and NPs.
Anisotropic NPs generate a more defined charge separation when their SPR is excited. The
increase of intensity of SPR increases the amount of energy they can harvest from the light and
consequently the amount of heat released [126]. Another way to increase the heat conversion
efficiency is to form particles with cavities as Au nanoshells, nanocages or carbon nanotubes
(26, 127].

Tuning the size of the particles is also an important factor in boosting the light-heat conversion.
Particles of different sizes absorb different wavelengths and with a careful synthesis it is
possible to match the absorption of the particles with the emission of the excitation light
source to maximize the overlapping between the wavelengths [25]. An exception to the general

requirements for photo-induced hyperthermia is the heat conversion of IONPs where the

46



thermal response or photothermal conversion efficiency is primarily due to electronic
transitions between d orbitals of neighboring Fe ions within the lattice. Here, as long as the
wavelength of laser irradiation is lower than that of IR, the mid-bandgap states trap the excited
‘hot’ electrons and produce phonons that are carriers of heat [128].

Effect of location of NPs is also important with respect to the cell in overall heating efficiency of
photothermal treatment. Zhou et al. [129] performed in vitro experiments by analyzing
efficiency of treatment for extracellular and intracellular therapies using light induced
hyperthermia. For moderate continuous wave laser powers, the photothermal therapy was
more efficient when the Au nanorods were attached to the cells than when the NIR thermal
therapy outside the cells, i.e. in the bath solution around the cells to be treated (extracellular
therapy).

In general, photothermal therapies use continuous or pulsed wave lasers as light sources.
Mechanism of damaging cell due to photothermal effect is different in these types of lasers as
they have different intensities, time profile. It is important to have optimum value of power
density (intensity) and energy influence on the biosystem that depends on time of irradiation.
For practical purpose, optimum intensity depends on cell type, photothermal agents, bio-
environment etc. and the efficient photothermal treatment varies in the laser range from 1 to
about 100 W/cm?®.

3.3. Potential photo-induced hyperthermia nanomaterial

Many kinds of nanomaterials have been studied for photo induced hyperthermia including Ag

nanoprisms, Pd nanosheets, Au NPs and carbon nanostructures. The latter two are the most
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suitable for hyperthermia because they have a well-known chemistry, inert in physiological
conditions and being in different shapes.

3.3.1. Carbon Nanostructures

Carbon nanostructures, containing delocalized c-c backbone, have been extensively studied.
These materials have potential applications in nanomedicine because of their characteristic
opto-electronic properties and biofunctionalization. Carbon sheets are composed of a single
molecule of graphene which extend for hundreds of micrometers of surface but only one atom
of thickness. Graphene is the constituent unit of graphite and the main natural form of
elementary carbon. Here, graphene can be produced in bi-dimensional sheets and reduced to
nano-sized fragments by sonication [130]. The fragments obtained by sonication can be used as
support for other moieties as mesoporous silica or oxides. The highly delocalized electronic
structure can absorb a wide range of wavelengths and to release the energy absorbed as heat.
Carbon nanotubes are micrometer long tubular carbon structures [127]. They can be composed
by a single sheet of graphene closed to form a cylinder (single wall nanotubes) or by multiple
concentric surfaces (multi walled nanotubes) [120]. Depending on the symmetry of the
graphene sheet, which forms the tube, carbon nanotubes can possess electrical and thermal
properties that can vary from metallic to semiconductive [131]. Their electronic structure is
delocalized on the entire molecule and allowed to absorb a wide range of wavelengths, which
get converted in vibrational energy. Carbon nanotubes have an impressive light to heat
conversion capability (20 °C of AT for 5 min of exposure to 0.7 W/cm? of a solution 50 nM)
[127] but they have been limited in actual applications for clinical studies due to concerns about

toxicity [132, 133].
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Fullerene are spherical structures of sixty carbon atoms formed by a single sheet of graphene
closed on itself. These kinds of NPs are composed of atoms covalently bounded together and
they are on the threshold between macromolecules and NPs. Since this large delocalized
system has an electronic behavior similar to a metal NPs, it has been commonly studied for
opto-electronic applications. Recently it has been reported that hydroxy-modified fullerene can
generate intense heat if exposed to 785 nm laser light for few minutes and can be applied to
biological systems [134].

3.3.2. Au nanomaterials

Au nanomaterials have been studied extensively since they possess interesting properties that
make them suitable for specific applications such as carrying active substances inside tumors,
antenna for radiotherapy, to track the uptake of drugs or for direct hyperthermia [135,136].
Spherical Au NPs can be synthesized with a good degree of reproducibility having a strong
absorption at 520 nm that shift towards red when the particles are close enough to share the
plasmonic resonance or when their size is above 100 nm in diameter [137]. Au nanorods are bi-
dimensional structured possessing two SPR peaks of absorption: the first peak is generated by
the transverse SPR of the shorter side of the rods having absorption close to 520 nm, and the
second longitudinal SPR peak which can be tuned from 650 nm to 1200 nm depending on the
length of the rod and its ratio between long and short dimensions (Fig. 5d) [138]. Au nanorods
have higher energy conversion efficiency than spherical NPs and their characteristic double
peak absorption can be used to combine imaging, drug delivery or hyperthermia with promising
results in vitro and in vivo [139]. Au nanocages are nano-sized cubic crystal with a certain

percent of cavities inside their structure (Fig.5d), e.g. a sponge like mesh or a frame containing
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an empty space. The optical properties of the nanocages are determined by the lateral size of
the cube shape and the ratio Au/cavities [140]. The hollow structure of the nanocages made
them a good candidate for drug encapsulation. At the same time, the tunability of their SPR
allowed them to be used as sensor or sources of hyperthermia.

Au nanoshells are characterized by a central core of dielectric material such as silica or ZnS
surrounded by a thin layer of Au. The absorption of light on the nanoshells is determined by the
thickness of the Au layer and the size of the core. Since Au nanoshells with silica core have a
strong absorbance in the NIR region and a good capability to generate heat, they have been
tested as a source of hyperthermia for tumor ablation in mice [141]. Au nanostars are a class of
anisotropic nanostructures characterized by a central core from which it departs some spike-
like structures. The shape, number and the length of the spikes depend on the synthesis and it
can vary from few short and thick prism points to numerous needles like protrusions. The
peculiar structure of this class of NPs generates a characteristic SPR effect having a broad and
intense light absorption in the visible and IR region and two defined sharp peaks related to the
SPR of the core and the spikes [142]. This kind of Au nanostars have been intensively studied
recently for their role in Raman enhancement and the elevated extinction coefficient in the IR
region that make them promising candidate for hyperthermia applications as well as treatment
of difficult to reach areas of the human body such as brain tumor.

3.3.3. Iron oxide nanoparticles (IONPs) and Ferrites

Water soluble PEGylated (where PEG is polyethylene glycol)MNPs (PEG—Fe3;0,) prepared with a
one pot solvothermal method were observed to be able to rise the temperature of a solution to

47.8 °C from room temperature after 10 min of laser irradiation at 808 nm (2 W/cm?)for a
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concentration of 1 mg/mL [143]. In another work, Chu et al. [144] prepared IONPs (~ 9.1 nm)
coated with carboxyl-terminated poly (ethylene glycol)-phospholipid and— dispersed in
phosphate-buffered saline (PBS) and tested for the in vivo and invitro experiments using photo-
induced thermal treatments. Samples were irradiated for 20 min using 808 nm laser (0.25
W/cm?) and the cell viability decreased significantly to 52 % of the original value. A higher
concentration (8 mg/mL) was injected in nude mice to test and treatment was continued for 20
days. As a result, tumor growth was inhibited. Similar results were observed by tuning shape
and size of IONPs [145]. IONPs synthesized using hydrothermal route may require high intensity
to increase temperature in an invitro experiments where 785 nm laser (5 min, 3.75 W/cmz) was
used to increase the temperature by 7-8 °C [146]. Highly crystalline IONPs can increase
temperature up to clinical relevant temperature (40 — 50 °C) after 10 min of exposition to a 2
W/cm? laser (808 nm) [145, 147], when applied to in vivo or in vitro experiments. IONPs can
also be synthesized by biological routes using magneto-tactic bacteria for the treatment and
control of tumors in mice [148].

Alternatively, to Au and C, a variety of nanostructures containing metals have been tested for
hyperthermia. Pd nanosheets having hexagonal tiles between 20 and 60 nm long and less than
10 atoms in thickness produce a strong extinction coefficient in the IR region (800 — 1050 nm)
and they can be used to increase the temperature of a solution to 20 °C above the room
temperature in 10 min of laser (808 nm, 1 W) exposure [149, 150]. Copper sulphate or Se
nanocrystals have low toxicity and a high efficiency in converting NIR radiation into heat. The

activity of these nanocrystals has been tested in vivo on mice inoculated with human cervical
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carcinoma, showing a heat conversion efficiency of 25.6 % and complete ablation of the tumor
in 7 min of IR laser exposure (0.51 W/cm?) [151, 152].

3.3.4.Quantum Dots (QDs)

QDs are semiconductor bandgap light-emitting nanomaterials (e.g. CdSe, CdTe, PbS, InAs, InP,
ZnSe with size less than 2-10 nm and their optical properties can be used for theranostic
applications. In order to enhance the efficiency of QDs, sometimes core-shell (e.g. CdSe/ZnS)
engineering is adopted [153] that provides the exciton confinement and minimize surface
defects. In this core/shell structure it showed size dependent emission spectra upon excitation
which can be tuned from UV to IR by increasing the core size to provide a redshift of the
spectrum. The most popular synthesis of QDs is based on the high-temperature decomposition
of organometallic precursors in the presence of surfactants and organic solvents with high
boiling point. There are several reasons that make QDs potential fluorescent nanomaterial,
such as a high quantum vyield, narrow fluorescence band, broad excitation spectrum, excellent
photostability, long fluorescence lifetime, and large Stokes shift. These remarkable
photophysical parameters of QDs led to their broad recognition in the life sciences such as
discrete biological events, tracking cell migrations, detection of pathogens and whole-animal
imaging and therapy [154]. Gao et al. [155] have developed cancer-targeting theranostic QDs
by coating core-shell CdSe-ZnS QDs with amphiphilic polymer and attaching a tumor binding
ligand to the nanocomposite. The designed multifunctional QDs demonstrated successful
recognition of in vivo tumor by the passive labelling via EPR effect and by the active targeting to
the cancer-specific biomarkers. The cytotoxicity and the physicochemical properties of QDs

depends on several factors including size, particle charge, stability, surface coatings, the
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dosage, exposure concentration and the route used to administer. In order to reduce the
cytotoxicity, it was to coat the toxic core with a protective ZnS layer, cap it with bio-safe PEG
polymers or replace the toxic elements with non-toxic components [156]. Nonetheless, the
metabolism and degradation of QDs within the body is still largely unknown and the associated
toxic hazard remains a limitation for the usage of QDs in biomedical applications. Fluorescent
QDs (tailored from UV to IR) can be used for photo-induced therapy and are capable of

intracellular thermal sensing during hyperthermia treatments.
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Fig 7:(a) Normalized extinction spectra of the star solutions of Au nanostars/QDs-doped SiO,
NPs (TEM image in inset) with various seed volume from 20 to 1,000 pL, (d) The temperature
elevation of the aqueous dispersion of different samples, Au stars, and PBS under 808 nm laser

at 1 W/cm? for 10 min [157]; ¢) Temperature evaluation of H-TiO,-PEG NPs (100 pg/mL ) and

53



pure water with 808 nm laser irradiation at 2 W/cm? for different times, d) The temperature
change (AT) response to NIR laser on and off in period of 2,100 s [158], e) Photothermal heating
curves of pure water and PEG modified BPQDs dispersed in water at different concentrations
under irradiation with an 808 nm laser (1.0 W/cm?), f) Heating of a suspension of the PEG-
modified BPQDs in water for five laser on/off cycles [159] (Reprinted with permission from Ref.

[157], Copyright 2014, Springer; & Refs. [158, 159], Copyright 2015, John Wiley& Sons)

Cu-based semiconductors (e.g. CuSe, CuS) have attracted great attention showing two
absorption peaks: one in the NIR and another in UV region. The explanation behind the
existence of these two peaks are controversial and these QDs showed metal-like absorption
behavior [157]. Several results suggested that optical excitation of Cu-based QDs produces
phonon-assisted heating (electronic decay or relaxation of free carrier surface currents). Yin et
al reported a novel class of cell probe structured as Au nanostar@SiO,@CdTeS,QDs@SiO,
nanoprobes, (size ~ 129 nm, Fig. 7, inset 7b ) and demonstrated photothermal properties [157].
The fluorescence signal of QDs was enhanced 23% more in this new material, compared with
the pure QDs (Fig. 7a). The in vitro study showed that the magnetic fluorescent NPs can realize
the targeted labeling after functionalized with anti-body. Furthermore, the nanoprobe displays
strong surface plasmonic resonance absorbance in the NIR region, thus exhibiting an NIR (808
nm)-induced temperature elevation. The temperature of magnetic fluorescent NPs solution
increased significantly under constant irradiation, which is high enough to destroy the targeted
cancer cell. From the flow cytometry graph, over 99.8 % of SK-BR-3 cancer cells lost their cell
viability after irradiation for 10 min at a power density of 1 W/cm? (Fig. 7b). The multifunctional
NPs are expected to serve as luminescent markers while attached to bioligands and are capable

of being used to destroy the target cancer cell.
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White TiO, NPs have been widely used for cancer photodynamic therapy based on their
ultraviolet light—triggered properties. On the other hand, hydrogenated black TiO, (H-TiO, ) NPs
with near IR absorption was also explored as photothermal agent for cancer therapy to
circumvent the obstacle of ultraviolet light excitation [158]. Here, it was shown that
photothermal effect of H-TiO, NPs can be attributed to their dramatically enhanced
nonradiative recombination. After PEG coating, H-TiO,-PEG NPs exhibit high photothermal
conversion efficiency of 40.8 %, and stable size distribution in serum solution (Figs. 7 c&d).The
toxicity and cancer therapy effect of H-TiO,-PEG NPs were evaluated in vitro and in vivo in
which it was found NPs exhibit low toxicity, high efficiency as a photothermal agent for cancer
therapy and they are promising for further biomedical applications [158]. To explain, the laser
excitation and further temperature change of NIR irradiated tumor, photothermal imaging of
tumor-bearing mice was measured. It was showed that NIR-triggered cancer photothermal
therapy of H-TiO; has better applicability than UV light—=induced photodynamic therapy of TiO,
and thus can advance the applications of TiO, in biomedicine in the future.

Sun et al. [159] demonstrated black phosphorus QDs (BPQDs) synthesized using a liquid
exfoliation method combining probe sonication and bath sonication. With a lateral size of
approximately 2.6 nm and a thickness of about 1.5 nm, the ultrasmall BPQDs exhibited an
excellent NIR photothermal performance with a large extinction coefficient of 14.8 L/molcm at
808 nm, a photothermal conversion efficiency of 28.4 %, as well as good photostability
(Fig.7e&f). NIR photoexcitation of the BPQDs in the presence of C6 and MCF7 cancer cells led to
significant cell death, suggesting that the NPs have large potential as photothermal agent. After

PEG conjugation, the BPQDs showed enhanced stability in physiological medium and there was
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no observable toxicity to different types of cells. NIR photoexcitation of the BPQDs in the
presence of C6 and MCF7 cancer cells led to significant cell death, suggesting the potential PTT
applications of the NPs (Fig. 7 e&f). Owing to their ultrasmall size, the BPQDs have a long blood
circulation time, enabling the attachment of additional nonimmunogenic or cellular targeting

molecules for targeted photothermal cancer therapy.

Ding et al. [160] realized photoacoustic imaging-guided photothermal/photodynamic combined
cancer treatment just via a single material, MoOs_x QDs. Due to their strong NIR harvesting
ability, MoOs_, QDs can convert incident light into hyperthermia and sensitize the formation of
singlet oxygen synchronously as evidenced by in vitro assay, hence, they can behave as both
photothermal and photodynamic agents effectively and act as a “dual-punch” to cancer cells.
MoOs-, QDs exhibited strong optical absorption in the biological window and a high
photothermal conversion efficiency of 25.5 % under 880 nm laser irradiation. Benefiting from
this, MoOs_, QDs produced local hyperthermia upon irradiation in vitro or at the tumor site in
vivo, thus realizing the photothermal treatment outcome. Meanwhile, a non-fluorescent probe
result revealed that NIR light triggered MoOs_, resulted in an intracellular generation of singlet
oxygen, producing photodynamic efficacy.

3.3.5.Rare-earth containing NPs

Rare earth ions-doped photoluminescent NPs (Ln NPs), have attracted a growing interest in
biomedical applications [161]. Such NPs are considered to have better luminescence
characteristics compared to QDs/dyes due to high photo and chemical stability, narrow and
sharp 4f-4f emissions, a large Stoke and anti-Stokes shift, weak background autofluorescence

and low biotoxicity. Depending upon the dopants, host, excitation and material engineering
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(e.g. core-shell) a wide range of emission color tuning is possible. The biggest challenge in using
these rare-earth doped NPs in biomedicals is their inherently excitation bands which can limit
tissue penetration depth and local laser heating in biological samples [161].

Recently, the 808 nm-excited Ln NPs (absorption coefficient 0.02 cm™ at 808 nm, and 0.48 cm™
at 980 nm) and Nd** dopant have received much attention in the fields of chemical and
biomaterial science [162]. Here, higher quantum yields for 808 nm-excited LnNPs can be
obtained owing to their large absorption cross section and/or high energy transfer efficiency.
Consequently, these LnNPs are more appropriate for in vitro/in vivo biomedical applications,
especially for experiments that require higher power density and longer-term excitation. So far,
various kinds of 808 nm-excited LnNPs have been extensively reported and some researchers
even regard 808 nm-excited LnNPs as the next generation of nanophosphors to be used in
current diagnostic and theranostic applications. Herein, three main underlying principles for
improving the quantum efficiency of LnNPs have been proposed [163,164]: i) reasonable design
of core—shell structures, ii) surface-plasmon coupling, and iii) organic dye-sensitized LnNPs. The
1°* and 3™ options are largely cited and well proved but not with the option 2". By storing a
fraction of their energy in electron gas, surface plasmons are highly effective in creating a
strongly localized and intense optical field, which enhance a variety of optical processes such as
surface enhanced Raman scattering. In recent years, with the development of LnNPs, many
researchers have concentrated their efforts on incorporating plasmonic nanostructures with
LnNPs to boost the efficiency of the energy conversion process up to several hundred times.
Chen et al. [165] reported a 9-fold up conversion luminescence enhancement by synthesizing

Nd,0s3/Au nano-composites through a co-precipitation process, while Li et al. [163] successfully
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synthesized a core/shell/shell nanocomposite of NaYF4:Nd,Yb,Ho@SiO,@Ag by a physical
conjugating method to obtain Ag-enhanced up conversion luminescence intensity with an
enhancement factor of 15. Several theoretical and experimental studies on the mechanisms of
plasmon luminescence enhancement have been carried out. Generally speaking, surface
plasmon can influence the luminescence of LnNPs in three ways [166]: i) enhancing the
absorption of the sensitizer through electric field coupling, ii) improving the radiative decay rate
of the activator, and iii) increasing energy transfer from the sensitizers to activators. Even so, a
complete understanding of the complex dynamics of luminescence under plasmonic fields
needs further elucidation. The major difficulties lie in the multiple steps of the luminescence
processes and the wide variations in geometry and excitation conditions [167].

NP-mediated PTT systems, which rely on generating heat to burn cancer cells, constitute a
flexible, highly selective, cost effective, and accurate tool for cancer treatment. For Nd3+—doped
NPs, heat is normally produced as a result of multiphonon relaxation from the Nd** excited
states, or emission quenching effects mediated by closely located nonradiative centers [168].
Normally, when the concentration of Nd*" ions is high, the distance between neighboring Nd**
ions is reduced, resulting in the activation of nonradiative cross-relaxation mechanisms. In this
case, the absorbed 808 nm NIR power is increased, while the NIR fluorescence efficiency is
reduced, generating heat. In the last few years, researchers have tried to simultaneously
achieve Nd*" luminescence and heat generation by experimentally determining a preferred
Nd** concentration inside the LnNPs, such as a-NaYF, colloidal and ultrasmall NdVO, NPs [168].

In this way, the NIR luminescence signal presented by these NPs can be applied not only to
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determine the NPs location after their injection but also to monitor the post treatment
evolution of the tumor itself and the biodistribution/clearance of the NPs from the body.

Apart from the bifunctional luminescent, Nd** ions can act simultaneously as an imaging probe
and photothermal agent owing to their unique achievement of real time control during PTT to
keep collateral damage at a minimum. To construct this kind of NP, one direct way is to
combine two nanosized elements into a single nanostructure: one acts as nano-heater and the
other provides thermal sensing capacity. Some researchers also developed a strategy to
integrate 808 nm-excited LnNPs with other kinds of PTT agents, such as Au, CuS NPs,
indocyanine green (ICG), or polydopamine (PDA). Rocha et al. [168] successfully encapsulated
Au nanorods and LaF;:Nd NPs into single poly(lactic-co-glycolic acid) capsule having thermally
monitoring subcutaneous PTT. However, this kind of “double particle” approach increases the
complexity and instability of the system. To improve it, the design and synthesis of a single NP
capable of both heating and thermal sensing appears to be especially interesting. Fortunately,
by using Nd**-doped NPs, it was found possible to perform in vivo efficient temperature-
controlled PTT of cancerous tumors. A systematic work was carried out by Carrasco et al. [169]
with Nd** doped LaF; biocompatible NPs to act at the same time as NIR light excited nano-
heaters and fluorescent thermal nanosensors, based on particular excitation and de-excitation
features of the Nd** ions. The results showed that non-invasive intratumoral temperature
readings during hyperthermia treatment are possible from a simple analysis of the intratumoral

fluorescence generated by the Nd**doped LaF; NPs.
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Fig. 8: (a) On-focus temperature increase in the aqueous solution as a function of the 808 nm
laser power. (b) Surface and sub-tissue temperatures as obtained for different 808 nm laser
powers [170]. c) Surface and subtissue temperatures as obtained for different 808 nm laser
power densities. (d) Temperature stabilization of a tissue when exposed to an incident 808 nm

laser beam at constant power density (1.2 W/cm? (blue) and 3.5 W/cm? (red) [171]. (e) Optical
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image of a representative mouse with two tumors. A solution of “dense” Nd:LaF; NPs was
injected only in the left-side tumor whereas the right-side one was used as a control. f-g) IR
fluorescence and thermal images of the same mouse under 808 nm (4 W/cmz) laser irradiation,
respectively. The images show the fluorescent and heating signals differentially emitted by the
treated tumor. h) Time evolution of the temperature at the tumor surface as obtained from the
analysis of IR thermal images. The time evolution of intratumoral temperature obtained from
the analysis of sub-tissue fluorescence is also included [169]. The dots are the experimental
data and dashed lines are the linear fits.(Reprinted with permission from Ref. [169] Copyright
2015, John Wiley & Sons; Ref. [156], Copyright 2016, The Royal Society of Chemistry; & Ref.
[171], Copyright 2016, AIP Publishing)

Ximendes et al. [170] demonstrate how single core/shell dielectric NPs with a highly Nd** ion
doped shell and an Yb*, Er’* co-doped core capable of simultaneous thermal sensing and
heating under an 808 nm single beam excitation (Fig. 8 a&b). The spatial separation between
the heating shell and sensing core provides remarkable values of the heating efficiency and
thermal sensitivity, enabling their application in single beam-controlled heating experiments in
both aqueous and tissue environments.

Further, Ximendes et al. [171] reported Nd** and Yb*>* doped LaF; (core-shell engineering) NPs
capable of subcutaneous heating and thermal sensing under single beam 808 nm excitation.
Efficient light-to-heat conversion is produced at the Nd** (phonon-assisted relaxation to the
metastable 4F;.;/z) highly doped shell due to non-radiative de-excitations which becomes
dominating if Nd** concentration is higher, and shell is more efficient heating unit (Fig. 8 c&d).
A phonon-assisted cross relaxation along with energy migration to killer impurities helps in the
heating process. In Fig. 8c, the steady state subtissue and surface temperatures were recorded

for different 808 nm power densities and in both cases, a linear relationship was experimentally
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found. Fig. 8b shows the time dependence of the subcutaneous temperature variation under
two different excitation laser power densities, obtained computing the time evolution of the
intensity ratio from the subcutaneous emission spectra.

It should be noticed that the dynamic thermal reading demonstrated in Fig. 8b was obtained
using the same NPs that were inducing the subcutaneous heating. In one representative
example, Su et al. [166] reported a carbon-coated NalLuF;:Yb/Er@NalLuF; core-shell up
conversion nanocomposites which were useful for real-time monitoring of microscopic
temperature in PTT. Carrasco et al. [169] demonstrated that thermally controlled therapy is
possible by using Nd** ion-doped LaFs nanocrystals. These NPs are capable of in vivo
photothermal heating, fluorescent tumor localization and intratumoral thermal sensing. In Fig.
8e, these NPs in PBS buffer solution (Fig. 8f, bright) were injected in the left tumor and an
equivalent PBS volume was injected in right side tumor for controlling and monitoring (Fig. 8f,
no intensity). A laser (808 nm, 4 W/cm?) was irradiated on both side (Fig. 8c), and as a result
simultaneously monitoring the intratumoral and the surface temperature in left side tumor was
possible during different time span of irradiation. The temperature versus time analysis is
shown in Fig. 8h where temperature is stable in tumor (20 % higher than surface temperature)
and at surface after around 3 min of the beginning of treatment.

3.4. Instrumentation for photo-induced hyperthermia

Contrarily to hyperthermia techniques photo-induced hyperthermia does not require complex
machinery other than a NIR laser with intensity sufficient to activate the hyperthermia process.
The selection of the excitation laser to NIR is limited by the opacity of the human tissues to

most of radiation spectra resulting in viable range of wavelength in optical window between
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780 — 1100 nm. Here, ideally the laser should transfer maximum energy to the particles in the
tumor without damaging the surrounding cells. Control the collateral damage is an issue when
using an external light source because the laser is forced to pass through all the tissues
between the skin and the tumor. The general practice to overcome this problem is to deliver
the laser light through an optical fiber insert in patient in direct contact with the area of
application and using a terminal lens at the end of the fiber to defocus the laser in a small light
brush quickly dissipating after few centimeters from the end of the fiber. The power of the laser
source, the extension of the light brush (surface illuminated by the laser) and time of exposure
are all factors that must be balanced in order to increase the efficiency of the thermal therapy
reducing the secondary damages and it requires a great amount of repetitions to reach the
optimal conditions (Fig. 1d) [11]. There are two main light sources commonly used in
hyperthermia (Fig. 1b): diode lasers and Nd:YAG. These laser sources are commercially available
and they can be tuned to excite a range of wavelength in the NIR. An important factor when
choosing a laser for hyperthermia is the modality of emission, a laser can be emitted as
continuous wave or as femtoseconds pulses. The former has relatively low intensity but can be
applied continuously for minutes, while the latter has very high intensity, but it can only be
administered in short flashes for a short time. Both modalities have their own advantages: the
long exposure time of the continuous wave lasers increases the efficiency of the hyperthermal
therapy, by increasing the time the activate particles interact with the tumor, while the
femtoseconds pulse lasers generate instantaneously high energy hyperthermia points that can
overcome the capability of the tumor to activate heat-resistance defense mechanisms [172].

The different modalities bring also different problems: long exposure increases the possibility of
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damaging the tissues around the tumor, while the femtoseconds pulse laser needs multiple

applications because the laser can be used only for few seconds each time [173].

4. Comparison between magnetic and photo-induced hyperthermia and their combinatorial
effect

Classical methodology for the treatment of cancer are effective but presents serious problem of
toxicity damaging healthy cells and DNA which may cause secondary tumors. Hyperthermia
driven by nanomaterials have been used for a more precise strategy with interesting results for
a wide variety of materials and shapes against cancer cells. Besides generating heat, functional
NPs can also be targeted to the tumor to release active drugs when it is triggered by an external
stimulus.

The MHT or PTT to generate hyperthermia has its own advantages and drawbacks compared
one to another. PTT can achieve high temperature with the exposure to low laser intensity for
short amount of time or with the brief exposure to a high energy pulsed laser. The materials
used for the light-heat conversion generally have high conversion rates, but the efficiency is
limited to the capability to carry the light in the effective range of the particles. Using the
optical window of living tissues (780 — 1100 nm), the actual capability of penetration inside the
body is below a centimeter, and the use of intense light sources would damage the light
penetrated tissues. On the other hand, MHT has lower heat conversion but the use of magnetic
fields to generate heat is an advantage since it virtually does not harm the body. Materials used
for PTT (e.g. Au, Ag, carbon structure) are fairly inert in biological conditions and generally
possess a well-known chemistry while for MHT, it requires a higher degree of control during the

synthesis to obtain safe MNPs (i.e. stabilization, control on the impurity, passivation). Here, the
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MNPs can be driven to the target by the same magnetic field used for the activation and they
can be used as contrast agent of MRI [174, 175].

To maximize the benefits from the different techniques and to limit the drawbacks it is useful to
create materials which can be used by both the magnetic and photo-induced hyperthermia. It
was reported of some nanostructures which can be heated to trigger the release of a toxic
payload in the area surrounding the tumor, and in this case, it is not required intense photo-
induced energy sources damaging to the healthy tissues. In addition, it was also reported of
materials that can be tracked by optical analysis or magnetic resonance and activated by a
different stimulus, allowing the material to be used as a diagnostic device and therapeutic tool
[12, 14, 102]. The development of a system be use for PTT and MHT together requires a great
degree of control in the synthesis of magnetic and plasmonic materials. In this structure, it is
generally a one-pot synthesis of the NPs followed by a post synthesis modification to reduce
the toxicity and add functionalization. Most of the multifunctional materials have been tested
only in vitro and the materials involve new branches of physics such as magneto-plasmonic,
magnetic-luminescence, and magneto-photo thermal.

Recently, Ortegies et al. [176] reported the realization of an optomagnetic nanoplatforms which
is able to generate heat using MHT and to emit in the NIR to allow the detection of the particles
and a direct measurement of the progress of the heating process. The thermal control on the
MHT process was achieved doping Nd SPION particles with LaFs; which is luminescent in
temperature range of 20-60 °C. Fig. 9 summarizes the heating results which show the
optomagnetic hybrid nanostructures (OMHSs) developed a robust multifunctional platform,

capable of fully controlled subcutaneous heating by using either optical or magnetic
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stimulation. The potential of these materials was demonstrated by an ex vivo intracoronary

heating experiment in which subtissue remote heating with contactless thermal feedback was

successfully achieved.
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Fig. 9: a) Emission spectra generated by the OMHSs as obtained for two different laser powers:
10 mW (blue line) and 380 mW (red line). b) Temperature increment induced in the optically
excited OMHSs as a function of the laser power obtained from the ratiometric (ATg) and
spectral (AT,) shift calibration in presence (circles) and absence (square)of tissue, respectively.
c) Emission spectra generated by the OMHSs obtained in the absence (blue line) and presence
(red line) of an ac magnetic field (100 kHz and 32 kA/m). d) Temperature increment induced in
the OMHSs as a function of the applied magnetic field in the presence and absence of tissue
with calibrations. e) Thermal image of the quartz tube containing the OMHSs in the absence of
Hac. f) Thermal image of the tube containing the OMHSs in the presence of H,. (100 kHz and 32
kA/m) [176]. (Reprinted with permission from Ref. [162], Copyright 2018, John Wiley & Sons)

Espinosa et al. [14] prepared iron-oxide nanocubes able to generate hyperthermia effect when

activated either individually by a 808 nm laser and powers ranging from 0.3 to 2.5 W/cm?, as
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well as an ac magnetic field at frequencies of 110, 320, 520, 700, and 900 kHz; amplitude in the
range of 12-25 mT (9.572 -19.943 kA/m) or to a dual combination of the two (Fig. 10). The
system was tested for different concentrations and when exposed to increased laser intensity it
showed remarkable consistent capability to rise the temperature to clinically relevant values.
Recently Mni,Ni,Fe,0, MNPs have been demonstrated being able to produce heat by
irradiation with NIR light reaching temperatures suitable for application in hyperthermia-based
therapies, without losing the capability to interact with an ac field opening the way for
simultaneous magnetic-photo thermal therapy.

Espinosa et al. [24] showed that an adequate magneto-plasmonic design can efficiently
combine photothermia with magnetic hyperthermia into an efficient bimodal thermo-therapy.
The magneto-plasmonic nanohybrids were composed of an iron oxide core optimized for high
efficiency in magnetic hyperthermia, and an Au shell with tunable plasmonic properties in the
NIR region. They provided nanoscale characterization by mapping for the first time the plasmon
around a magnetic oxide core, connecting unambiguously the optical response of single,
isolated nanostructures with that of large assemblies. The system generated heat through a
remarkable cumulative effect when both magnetic and plasmonic modalities were applied
simultaneously and the heating efficiency was maintained in vivo conditions. The tumor
temperature can then rapidly reach 48 °C for therapeutic tumor ablation with dose injected 10
times lower than that for classical magnetic hyperthermia treatment. Obviously, the refining of
the synthetic technique in the production of hyperthermic nanostructures allows the realization

of systems to overcome the limitations of both PTT and MHT.
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Fig. 10: In vivo heat therapy. a) Thermal images obtained with the IR camera in mice after
intratumoral injection of nanocubes (50 pL at [Fe] = 250 mM), in the left-hand tumor, and after
10 min application of MHT (110 kHz, 12 mT), NIR-laser irradiation (LASER, 808 nm at 0.3
W/cm?), or DUAL (both effects). b) Corresponding thermal elevation curves for all treatments
and for the non-injected tumor in the DUAL condition. c) Average final temperature increase
obtained after 10 min (MHT, LASER, and DUAL) on day 0 (1 h after injection) and 1 and 2 days
after injection and for non-injected tumors. d) Average tumor growth (groups of six tumors
each in non-injected mice submitted to no treatment (control) and in nanocube-injected mice
exposed to MHT, LASER, and DUAL during the 8 days following the 3 days of treatment [14].

(Reprinted with permission from Ref. [13], Copyright 2016, American Chemical Society)
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5. Prerequisites for hyperthermia treatment in the clinic

The methods and procedure for the production and functionalization of NPs for MHT and PTT
have greatly improved in the last two decades, but these systems are still far from being ready
for clinical uses. One of the obstacles for in vivo administration is the difficulty to measure and
guarantee the stability of the material exposed to the complex conditions of the various
biofluid and tissues present in a real body. Ideally, nanomaterials should be inert to the passage
through the body, be able to accumulate in the cancerous tissue and quickly be eliminated (by
excretion or digestion) by the host [31, 177]. The resistance of the nanomaterial to the
physiological conditions and its interaction with the in vivo environment is broadly controlled
by its surface modification and, on the protein corona, the nanomaterial form as soon it gets in
contact with the biofluids (blood, lymphatic fluid, cerebral fluid or digestive fluids) [178, 179].
Another important parameter to control when adapting a nanomaterial to the clinical
application is method of administration. Some nanomaterials with large size (e. g., metallic Au
or Ag NPs above = 10 nm) can only be administered by injection or ingestion, while smaller ones
or liposomes can be administered by aerosol or spray directly through the respiratory tract
[180, 181].The method chosen to deliver the NPs to the tumor will define the limits of their
behavior in the body. NPs without specific targeting will benefit from a long half-life in the
blood stream (increasing the time available to exploit the higher permeability of the tumor
tissue barrier) while if directly injected in a tumoral mass they will need to release the
chemotherapic payload, or ablative hyperthermia and quickly be expelled from the body.

5.1. Parameter affecting toxicity: size, shape, composition, coating
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The toxicity of PTT NPs depends on the type of material used for the formation of the particles
and the substances for stabilization and targeting. Noble metal NPs are generally safe in
biological condition while QDs, rare earth doped Iluminescent crystals and carbon
nanostructures are toxic and a post-synthesis treatment is needed to make them safe in
physiological conditions [182]. Toxicity of PTT NPs based on Au mostly depends on the presence
of toxic residues left from the synthetic process (CTAB for nanorods, prism, cubes, cages and
stars). Recent reviews showed reduced or no toxicity of Au NPs stabilized with polymers [183].
The size of the particles investigated also influence the level of toxicity and tests on mice show
a reduction of the life expectancy of the animal when exposed to particles sized between 10- 40
nm [184].

A great number of studies have been conducted on the toxicity of IONPs in physiological
condition [185], with results depending on the shape and the moieties present on its surface. In
general, IONPs are not particularly toxic in physiological condition, but the toxicity becomes a
factor with the presence of other elements Co, Cd, Mn and on the stability of the surface
modification. For example, a surface passivate by iron hydroxide is relatively safe but if it is
damaged by the contact with the biofluids it may trigger the production of toxic reactive oxygen
species (ROS) [186]. For IONPs, coating with polymers or polysaccharides are usually preferred
because of its low toxicity and minimal interaction with the host [187]. Studies using IONPs with
proper stabilization have shown positive results in terms of safety for human patients [188].
Recent studies suggest that IONPs have no relevant toxicity for the concentrations used in the
clinical treatments and there are guidelines available for the safe dosages and administration

protocols [188]. At high concentrations, IONPs can be toxic if they accumulate around the
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perinucleus of cells. The study with BLAB/c mice provided evidence of increased productions of
enzymes in the liver treated with Fe304 NPs concentration of 150-300 ul/g below which the
effect became limited [189]. On different shapes, most studies show no indication towards an
effect of size on the biocompatibility except for the high toxicity observed in rod-shaped IONPs.
It is noted that bare IONPs are toxic to the cells due to strong attractive electromagnetic
interactions between the positive charge of the IONPs and the negative charge from the cell
surface [185]. In the case of coating destruction or damage in the IONPs, toxicity can increase
due to the precursors found in the synthesis of IONPs. Furthermore, physical stress and
oxidative stress can also be induced in the cells as a result of their contact with naked IONPs.
5.2. Biodistribution, pharmacokinetics and clearance rate

Biodistribution and pharmacokinetics of IONPs incorporated into the host tend to be
complicated [190]. IONPs which have been FDA approved are almost harmless to native
organisms and sometime high concentrations can be used with limited side-effects. Recent
studies have shown a size-dependent accumulation of IONPs in different organs in the body
with the small size NPs found in the liver while the large ones travel to the spleen. Depending
on where the IONPs are distributed, they are incorporated differently into the host, either on
the hepatocytes where their degradation products transform into ferritin or on macrophages
found in the spleen where they are degraded via phagocytosis [190]. Blood clearance rate
seems to be proportional to hydrodynamic size rather than the choice of coating material [191]
with a range of blood half-life observed to be from minutes to days [192,193].

The distribution and pharmaco-kinesis of PTT NPs are complex, and the scientific community

has not reached a consensus on the matter, as for the toxicity, the retention time and the

71



activity of PTT depends from the size, material and coating of the particles. AUNPs having size
below 15 nm stabilized with tiopronin or low weight PEG (2—4 kDa) introduced by intravenous
injection are clear from the body in less than 25 h or 4-8 h, respectively. [194,195] Au NPs
having size from 24 to 72 nm stabilized with long chain PEG (10 kDa) have a slower rate of
clearance of 50 % in 7 days [184]. In the latter case, studies from Ali et al. [196] showed the
presence of the particles in the kidney and spleen after 15 months from the injection without
visible toxic effect on the mice. Small spherical Au NPs below 5 nm were reported to have some
level of toxicity regardless of the composition or the stabilization [197]. According to the study
of Nahle et al. [198] 50 % of the amount of multi-walled carbon nanotubes injected to a mice
get eliminated in the first 24 h, the remaining can still be found in the lungs, liver and spleen
after 28 days from the injection. QD based PTT NPs remains in the circulatory system up to 72 h
with half of the particles getting cleared in the first 8 h after the injection [155].

5.3. Concentration required for treatment

There is no consensus on the specific amount of NPs (mg/kg) to be used to generate the
hyperthermal effect, mostly because the efficiency, the delivery system and the level of heating
can vary wildly between the different variety of HT. Paul Southern et al. [199], have identified a
range of 2.5 mg/kg to 8.5 mg/kg as dose range for the use of commercially available
superparamagnetic NPs in hyperthermia and indicated a series of parameters and variables to
consider when defining the posology for new types of particles. While Espinosa et al. [200] in
their comparative study with different nanostructures for PTT and MHT have identified an
increase of the efficiency linear with the concentration tested (0.25; 2.5 or 25 mg/kg) for MHT

while NPs for PTT seems reach an higher efficiency when administer at lower concentrations
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(0.25 mg/kg for nanocubes or rods). Studies in mice with IONPs at concentrations of 250 pug/mL
(150 ul) [53] and 14 mg/mL (50 uL) [201] were reported. No significant toxicity was observed in
these studies, while IONPs seemed to clear out from the body rapidly (approximately 24 h as
reported from Wang et al. [145]). The majority of the studies on in vivo photo-activated
hyperthermia or biodistribution [184] used 100 uL of 10 mg/mL NPs solution, for Au based
particles. Early studies from Dickerson et al. [202] used direct injection of 10 puL (OD800= 200)
particles solution in the tumoral mass. Ding et al. [203] used 50 uL of 2 mg/mL solution to
obtain the thermal ablation of breast cancer grafted on nude mice. QDs CdSe-ZnS particles have
shown activity for a quantity of 20 uL of 2 mg/mL dispersion as seen in the study of Yong et al
2015.The concentration of particles used for PTT depends on the type and depth of tumors.
However, since the studies were on immunodeficient mice, the findings might not provide a
solid foundation for evaluating the safe concentration to be used in animals when treated with
PTT and MHT.

5.4. Drug release by external thermal therapy

Hyperthermia cancer treatments using magnetic and photothermal methods are still facing
many challenges due to non-uniform thermal profile within the tumor, the lack of knowledge of
the molecular mechanisms involved in the cellular damage, the reservation from the medical
community and the difficulties to access the technical facilities needed for the treatment.
Recent researches suggested more fruitful results using hyperthermia accompanying with drug
or therapeutic molecules attached on the surface of NPs. In parallel of heat generation due to
magnetic field or photothermal effect to induce cell death, the temperature increase can

trigger the release or the activation of therapeutic molecules. Here it is valuable to understand
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the release of such drug molecules sensitive to external stimuli such as temperature, pH,
enzymatic conditions, etc. The use of temperature (an external stimulus) affecting the drug
release could be more relevant as it is controllable exactly where and when a drug payload is
released. The approach has been widely explored, using stimuli such as light (photothermal)
and magnetic hyperthermia. The advantages of external stimuli of drug release include: (i) the
therapeutic molecules are protected from premature degradation in the body before reaching
the targeted area, and (ii) it allows the better control of the active timing at the desired time
point.

Usually, a thermo-responsive polymer or liposome matrix is coated over NPs to release
antitumoral agents or drugs, mediated by hyperthermia actions. A few methodologies have
been employed to realize temperature dependent drug release [204—-206]: (i) by breaking or
destabilization of the bond between the therapeutic molecule and the matrix, allowing its
release; (ii) by the advantage of the heat-induced transformation of the thermo-responsive
matrix, allowing the escape of the therapeutic drug from the matrix, mainly based on the use of
thermo-responsive polymers or magneto-liposomes; (iii) use of a porous material, where the
therapeutic agents are retained, whose pores (called as switchable gates) are blocked by a
thermo-responsive material; and (iv) degradation of the matrix, allowing the release of its
cargo, using thermo-sensitive polymers that undergo a dissolution process at higher
temperatures. Drugs could be carried out by several possible ways such as polymer based NPs,
magneto-liposomes, micelles, ferrogels, Au-MNPs (Au@MNPs), mesoporous silica-MNPs

(mSi@MNPs) etc.
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The magnetic hyperthermia as external stimuli present several additional advantages. Using
field gradients from Magnetic Particle Imaging (MPI) equipment, it is possible to control the
spatial localization of the release of therapeutic molecules, which avoids problems related to
side effects and systemic cytotoxicity.

Bear et al. [207] studied magnetic hyperthermia controlled drug release in gastrointestinal (Gl)
tract based on coating standard gelatin drug capsules with a model eicosane- SPIONPs
composite, which is activated using magnetic hyperthermia as an on demand release
mechanism to heat and melt the coating [207]. Rose et al presented an iron oxide
nanoparticle/wax composite capsule coating that protects the capsule contents from the highly
variable chemical conditions of the GI tract [208]. It can be triggered using magnetic
hyperthermia initiated from an external ac magnetic field. The coating was produced from
pharmaceutically approved materials and was applied using a simple dip-coating process
utilizing a gelatin drug capsule as a template.

A SPION carrier encapsulated within a cross-linked polyethylene/propylene oxide polymer shell
capsule (containing vitamin B12 as a model drug) showed fluctuations by swelling and
contracting as a response of change in temperature [209]. With conventional heating to 45 °C,
the core-shell structure was observed to contract causing extrusion of the therapeutic cargo
and leaching 40 % of the full payload in the first 5 min. Rapid on-demand release at the target
site is then possible with brief application of an external ac magnetic field, thus limiting off
target effects of the drug. Caetano and others studied magnetic hyperthermia-induced drug
release nanocomposites by conjugation of ureasil cross-linked poly(ethylene oxide) hybrid

materials from U-PEO-y-Fe,03[210].
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Likewise, temperature raised due to magnetic hyperthermia, near infrared laser are useful to
increase the temperature through photothermal effect and several examples have been
provided with the requirements of good photothermal agent as good biocompatibility,
photothermal conversion efficacy and stability. In order to improve the tumor inhibition ability,
anti-tumor drugs are usually loaded on photothermal agents to fabricate drug-loaded system.
The raised temperature can accelerate drug delivery rate due to the improved molecular
movement rate. Thus, drug-loaded photothermal agent can exert chemo-photothermal
synergetic therapy effect to tumor inhibition. Zhang et al used amino-terminated
hyperbranched polymer (HBP) to prepare hydrophilic rGO conjugated with doxorubicin
hydrochloride (DOX) as a drug loading system, and probed photothermal abilities as well as a
pH/photothermal dual-responsive drug delivery behavior [80]. At acidic environment or under
NIR laser irradiation, the drug release rate could be improved, which is beneficial to control
release anti-tumor drug in tumor tissues.

In a study performed by Shen et al. [211], DOX encapsulated (90.9 % efficiency) MNPs-loaded
thermosensitive liposomes (DOX-Fe30,—TSL) utilized NIR laser-triggered release and combined
photothermal-chemotherapy of tumors, significantly improved drug release compared to that
of DOX-TSL. Recently, Wu et al. reported a novel photothermally controlled intelligent drug
release system (AuUNP@mSiO,-DOX-FA) with a large amount of drugs loading for synergistic
chemo-photothermal therapy of MDR in breast cancer [212]. The nanoplatform utilized Au NPs
as a hyperthermia core, and large-mesoporous silica as a shell for DOX loading [212, 213].
Benefiting from the thick layer and large pore size, the encapsulation and loading efficiency

were as high as 97.7 % and 8.84 %, respectively.
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5.5./n vivo and clinical application of hyperthermia treatments

5.5.1. Tumor microenvironment and hyperthermia effects

Shifting the experimental conditions from in vitro testing to in vivo applications introduce a new
layer of complexity to the use of hyperthermia treatments. When a tumor mass grow enough
to became a solid tumor or in presence of pre metastatic niches [214] it generates a peculiar
tumor microenvironments (TME), which could limit the efficiency of traditional anticancer
treatment or interfere with the mechanism of action of drugs [215]. A tumor has in average a
more acidic pH compared to healthy tissue and when it reaches a certain mass it will
progressively loose vascularization which slow down the general growth of the tumor but also
reduce the efficiency of traditional drugs [205]. At the same time these condition trigger a
cascade of complex metabolic pathways and the activation of proteins, both in the tumour than
in the surrounding cells, which have to be understood to improve the efficiency of
hyperthermia treatments [216, 217]. Recent studies have pointed out the importance of the
changes that PHT infer to the TME. The hyperthermal process stimulates the restoration of the
vascularization of the tumor area, while modifying the extracellular media condition. These
changes increases the effectivity of anticancer drugs and exposes the tumor to the action of the
body immune system [218]. For MH the high tunability of the heating process of MNPs has
been used to trigger specific changes in the TME in order to increase the tumor vulnerability to
the anticancer procedure [219].

5.5.2. Delivery routes of nanoparticles in tumors
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One of the challenges of developing in vivo applications for hyperthermia NPs is the capability
to deliver a suitable amount of NPs to the tumor region to be able to generate a strong
hyperthermal effect. The delivery issue is common to all types of particles, but it is mitigated by
the characteristic of tumor cells to be easier penetrated by NPs than healthy cells, while being
less vascularized and more corrugated tend to retain particles for longer time, thus the
definition of enhanced penetration/retention (EPR) of tumors. Numerous studies had been
focused in pointing out the NPs parameters which maximize the EPR effect [204, 220, 221],
while other followed a more active targeting philosophy working on modifying the surface of
particles with specific antigens or molecules able to interact with specific tumors [222-224].
5.5.3. Examples of in vivo and clinical application of hyperthermia treatment

Over the last decade, there have been a great number of studies on the effect of hyperthermia
on mice or other small animals as can be seen from the data previously reported on the
biodistribution and toxicity of the nanomaterials used for hyperthermia [225, 226], with good
results in eliminating the cancer tissue and in increasing the survivability of test mice [4, 227—-
229]. But the number of approved nanodrugs for clinical trials is still very limited. Nanotherm® a
SPION based nanomedicine, for the treatment of breast cancer in the lymph-nodal system, has
been recently approved for clinical use by the EU and it is passing the final stages of approval by
the FDA [230]. Other nanomaterial based nanomedicine for hyperthermia have been approved
by the FDA for clinical trials with mixed results (Feraheme®, Ferumoxytol [231] and Feridex®
[232]) all based on SPION coated with polysaccharides. While in the field of the PTT only

Aurolase and AurolLase Treatment (for the ablation of prostate cancer tissue) a medical device
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based on Au nanoshells have been approved for a series of pilots clinical trials for head and
neck tumors, lung and prostate cancer [233].

6. Conclusion and future perspectives

To summarize, we have reviewed a detail of thermal treatments and their diverse applications.
The aim of thermal treatment using nanoscaled materials is the ablation of tumor and killing of
cancer cells. A description and mechanism of MHT and various spectroscopic mechanism of PTT
has been provided together in this review. Recent examples from clinical trials has been taken
to explain the importance of the topic and under clinical trial nanomaterials. Technical
information regarding instrumentation is also provided for the readers. A detailed example of
magnetic materials, QDs, lanthanides, carbon based materials, plasmonic materials has been
reviewed and process of heat generation is explained. Further, since both therapies have their
own intrinsic limitations, we surveyed literature over a combined thermal therapy which is still
at its infancy state. We strongly advocate this kind of approach through designing new
anisotropically grown multifunctional nanohybrids.

Multifunctional hybrid-design nanomaterials appear to be promising to meet current
therapeutics for efficient cancer treatment. Herein, two efficient heat nanogenerators were
combined into a multifunctional single nanohybrid (a multi-core IONPs optimized for magnetic
hyperthermia, and an Au or lanthanides branched shell/satellite with tunable plasmonic
properties in the NIR region, for photothermal therapy) which impressively enhanced heat
generation, in suspension or in tumors, opening up exciting new therapeutic perspectives. It is

equally important to develop new methodology and mechanism of light to tissue heat transfer.
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Such developments may require new multimodal experimental setups to understand complex
behavior of NP heating, tracking, sensing, delivery simultaneously.

The realistic approach for the design of magnetic NPs should have the highest possible specific
loss power (SLP), i.e. ILP, under biological constraints in SPM regime, by tuning anisotropic
energy through core-shell or alloying hard-soft ferrites in small tumors and metastases.
Photothermal therapy usually comprises low power 808 nm laser through ultrasmall optical
nanomaterials. The biggest challenge in thermal nanomedicine is the real time information
about intra-tumoral temperature (microscopic). Thermal camera has been widely used or
optical fiber (a non-invasive) technique are being used to know temperatures. Both the
techniques have problems. Here through this review article, we hope to open up many avenues

for combined photo-magnetic thermal therapy with non-invasive temperature feedback.
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