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Abstract. Electromagnetic heating (EMH) is a process of adsorbing electromagnetic wave
energy by a material and converting it into heat. Nanomaterials can serve as novel susceptors in
EMH due to the fine size that made them become heat sources from inside, as well as because of
new heating mechanisms such as Neel relaxation by magnetic nanoparticles (MNPs) and
localized surface plasmon resonance by metallic nanostructures. This review firstly introduces
general theoretical & experimental aspects of the alternating electric field (AEF)- and magnetic
field (AMF)-stimulated heating. Next, attempts to fabricate MNPs and photothermal
nanoparticles (PNPs) of improved heating efficiencies have been reviewed and those with the
highest specific loss power have been summarized. Finally, potential applications, including
cancer treatment using AMF@MNP hyperthermia and AEF@PNP hyperthermia, AMF@MNP-
and AEF@PNP- triggered drug release, as well as nanocomposite processing were particularly
highlighted. Besides, other exotic applications such as toxic solvent desorption from adsorbent
materials, thermophoresis in precise membrane melting as well as optical signal processing in
heat-assisted magnetic memory technology were also outlined. The various applications were
attempted to represent into 2 groups: biomedicine, and materials processing; which are
composed of localized/targeted and volumetric heating type.

Keywords: electro-magnetic heating, nanoparticles, cancer hyperthermia, nanocomposite processing,
nanoscale temperature gradient.

Classification numbers: 2.2.1, 2.4.1, 2.4.3, 2.5.1, 2.9.4.

1. INTRODUCTION

Heating technology has been applied since long time, in both material and component
processing, as well as medical treatment [1-4]. Among several advanced heating technologies
developed (such as resistive heating, vibrational heating, ultrasonic heating, etc.)
electromagnetic heating (EMH) is the most studied and widely applied, especially because it is a
rapid, controlled, and targeted heating technique. While popular concept identifies an EMH with
induction heating, it nowadays can be described as any process of adsorbing an EM wave by a
material and converting it into heat. The frequency range of concerns is therefore very wide,
covering radio frequency (RF) range, microwave (MW) range, infrared (IF), ultraviolet (UV)


mailto:phucnx@ims.vast.ac.vn

Nguyen Xuan Phuc, Do Hung Manh, Pham Hong Nam

range, etc. [2]. The electromagnetic (EM) energy source used is normally designed to provide
alternatively alternating electric field (AEF) or magnetic field (AMF). Efficiency of heating
created by EM irradiating subject on a heated object depends much on the susceptibility of the
targeted material, which in many cases is a mixture of the matter to-be-heated and assisting
component, that exhibits suitable physical property to absorb the energy of the irradiating EM
wave. Such an assisting matter is called a susceptor, a heat mediator or heating agent. A well-
known example of an electric susceptor is water contained in food to be warmed by household
microwave.

During the past three decades, researchers in nanotechnology have discovered many types
of nanomaterials that can be used as susceptors for transformation of EM energy to heat [5-7].
The routes for their syntheses as well as the mechanisms of heat generation have been recently
reviewed in several papers [6-11]. In many review papers, the nanomaterials for heating
susceptor include not only spherical nanoparticles (NPs), but also those of other shape, such as
nanofibre, nanotube, nanostar, etc., which exhibit even more interesting heating behaviour [8,
11]. The nanomaterial-mediated heating disposes several advantages over traditional bulk
susceptor heating, which is the reason why they have been researched extensively for a wide
range of applications. Most attractive application is undoubtedly hyperthermia for cancer
treatments, which is the topic of huge number of reports including recent review papers [see e.g.
9, 11, 12]. The applications of nanoparticle-assisted heating are, in fact, much broader. Beyond
cancer hyperthermia, they can be used in other branches of biomedicine [10, 13, 14], and in
other disciplines including composite thermo-engineering [4, 13] as well as signal control in
thermomagnetic memory device [15], or others domains like desorption, catalysis, etc.

The aims of this review paper is to provide a general consideration of the role of magnetic
and electric susceptibility of nanomaterials in the heat power generation. The nanomaterials will
be classified into two basic classes: magnetic and electric susceptors. After reviewing
applications of magnetic nanoparticles (MNPs) and plasmonic nanoparticles (PNPs) in cancer
hyperthermia, other various applications will also be reviewed. Discussions on the advantages
like targeting, remote controlling, energy saving or single element controlling in particular
application will be done.

2. ELECTROMAGNETIC HEATING: THEORETICAL AND EXPERIMENTAL
CHARACTERISTICS

2.1. Theoretical characteristics

Distribution of an electromagnetic field in a material is governed by Maxwell equations [1]:

VXE=——- (1a)
ﬁxﬁ=f+g (1b)
l7'l_))=p (10)
V-B=0 (1d)

where E is the electric field, H is the magnetic field, D is the electric displacement, B is
magnetic induction, J is the current density and p is the charge density. D and P are related to the
material dielectric polarization (P) and magnetization (M) as:

D = e,(E+P)=¢,(1 + yx.).E (2a)
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B = po(H+M) = po(1+ xn).H, (2b)
%e is the material electric susceptibility, and ¥, is magnetic susceptibility.

g(w)=¢'(w) +ic"(w)=1+ Ye(w) (2¢)

pw) = g+ W' =1+ yp(w) (2d)

are, respectively, electric and magnetic permittivity; &, and , are correspondingly electric and
magnetic permittivity of vacuum, yx. and yx, are correspondingly electric and magnetic
susceptibility. The ‘prime’ and ‘double prime’ denote the real and imaginary part of the
corresponding quantity. e is the angular frequency, which is related to the field frequency f as f
= /2. According to the techniques to create the electromagnetic field, the waves are classified
into different ranges, including: RF (f = 3 Hz — 300 MHz), MW (f = 300 MHz — 300 GHz), IF
(300 GHz-30 THz), visible & near UV (300 THz-3PHz), etc. Electromagnetic heating is based
on an adsorption of EM energy from the irradiating field by a material and its dissipation to
transform into heat. The heating mechanism depends first of all on the specific response of the
material responding to the applied field. For the standard induction heating, a metallic specimen
when exposed to a magnetic RF field induces an eddy current to flow roundly on the specimen
surface, causing the Joule resistive heating. The food warming by a household microwave, on
the other hand, beneficiates the dissipation phenomenon of reorientation polarization of water
dipole, whose imaginary parameter £”’(®) becomes almost maximized at the used electric field
frequency (2.45 GH2).

The researches on nanomaterials have revealed several new heating mechanisms for the
response of nanostructures to EM field. In the next part of this section we will briefly deal with 3
cases (Tab. 1): (a) MNPs in RF magnetic field (Hy), (b) Metallic nanoparticles or PNPs
irradiated by light (Er), () carbon nanostructures (CNPs) composite in RF electric field (Er).

The heating of magnetic fluid by AMF was first theoretically studied by Rosensweig [16],
and later on reconsidered and reported in a few other papers [17 - 20]. For superparamagnetic
NPs of spherical shape with small diameter when exposed to magnetic field H, within the linear
response theory (LRT), the differential internal energy (dU) and cyclic internal energy (AU), are:

dU= H.dB (3a)
AU = - us$ M.dH (3b)
to lag the alternating field (H = Hycos(wt) = Re[H, exp(iwt)]), the magnetization is written
as M(t) = Re(y H, exp(iwt), which results in
AU =2 o H2 x" [ sinot. dt.
The volumetric power loss, indicating the conversion of alternating magnetic work to heat is:
P = f.AU = pomx"f HS 4
The ferrofluid of superparamagnetic NPs under irradiation of oscillatory field undergoes
simultaneously two types of relaxation motions: Neel relaxation of magnetic moment

characterized by relaxation time Ty, and Brown relaxation of the whole particle mass,
characterized by tg, which can be described by one effective relaxation time:

= (5)

T =
eff TN+TB

The Neel and Brown relaxation times are related to the materials parameters as follows,

Keff Vm
T = Toexp(-LLm) (62)
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Ty = (6b)

where: 1, is a factor equal to 10°%; V,, V. are respectively magnetic particle volume and
hydrodynamic (whole) particle volume; K is the effective anisotropy, and kg is the Boltzmann
constant. These relaxations of the magnetic nanofluid are related to the energy loss power P via
the Debye type formula of imaginary magnetic susceptibility x" as follows:

", Oteff
X' = X0 T o2 (")

from (4) and (7) one can see that the dissipation energy is proportional to the product of
frequency and squared field amplitude, which gets maximum when the frequency f =
12m.tefr (i.e. wTepr = 1). Experimental researches for MNPs fluids of various compositions
showed that the suitable frequencies for getting high efficiency of heat generation are in the
radiofrequency range.

The heating of metallic NPs under irradiation of light. Light-induced heating takes place
in different PNPs, which can basically be categorized into 2 groups: metallic (or plasmonic)
NPs, and the others, including carbon nanostructures, quantum dots, rare earth (RE) containing
NPs or polymer (organic) NPs. Based on different electronic structures involved, the absorbance
energy parts from the incident light are transferred into heat (phonon) and/or luminescence.
Taking under attention that, most photothermal studies have been dealt with metallic NPs, let us
briefly describe the basic approach to understand the underlying mechanism of this case. As
pointed out in Jauffred et al. [10], the dissipated energy Q can be written as:

Q=Jlfq.av (8)
where g = %Re(J.E*) is the electric loss density within the nanostructure, integrated over the NP

volume, J = eE is the current density as a function of the conductivity 6. In order to find the
electric field E inside the NP, one has to solve the Maxwell equation:

o
VXM‘l(VxE)—k§<£2—i—>E=O ©)
wE

Using adaptive refinements of the mesh sizes (finite element method - FEM), local electric

field can be accurately solved not only for spherical NPs of various diameters but also for much

more complex nanostructures. Having obtained the local E, the absorption cross section can be

obtained by dividing the dissipated (absorbed) energy in the nanostructure, Q, by the intensity of

the irradiating light 1, as follows:
Q 1 x

Cabs = 1 = oz J/f Re(.ET)AV (10)

Using FEM to solve equation (10), one can not only reproduce the results obtained by Mie

(see, e.g. [10]) using analytical approach and assuming the small size metallic NP (< 20 nm); but
also apply for NPs of arbitrary size and shape.

The heating efficiency ¢ (defined as the ratio of extinction energy that transformed into
heat) can be expressed as [11]:

® = Cabs/Cext (11)
where C,,s and Cey are, respectively, the absorption and extinction cross section.

The use of electromagnetic heating for processing of carbon nanostructures composite.
Researches on using electromagnetic heating for curing, welding or repairing composite have
attracted attention since several decades, and are still of much interesting. Attempts paid to
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understand the heating mechanism, however, is not a simple task because composite is a non-
homogeneous electrically conductive specimen. Moreover, the size of the conducting materials
component like carbon fiber is thinner than the penetration depth to get large loop enough for
generation of eddy current heating. In [21], the authors considered the case of possible two
heating mechanisms, i.e. Joule heating within the carbon fiber component and dielectric loss
heating in the polymer region for a thermoplastic specimen irradiated by an alternative magnetic
field. The ratio of the dielectric power loss in the polymer matrix at j-th junction, W;, to the Joule
loss in the i-th fiber is estimated to be equal to [21]:

'i’—jf =335 x 1013 (12)
where h is the thickness of polymer junction. From (12) it was deduced that the dielectric
dissipation process dominates to avoid the dielectric breakdown.

Recent researches in nanotechnology have created various carbon nanomaterials including:
carbon nanotubes (CNTS), graphene, graphite etc. Carbon nanostructures exhibit several new
properties that can be beneficiated for addition to polymer to gain desired composite materials.
For example, the interaction of CNTs with microwave can generate localized heating, which can
be explored for applications in materials processing [22], including bonding, welding, curing
thermosets, heating CNT/silicon. Very recently, researchers have found that RF electric fields of
f =1 - 200 MHz can be used to heat various carbonaceous materials including CNTs [23],
graphene [24], carbon black [25], as well as carbon fibers [26]. In comparison with microwave,
the RF—induced heating exhibits several advantages, such as deeper and better heating in thicker
materials, better selectivity, shorter time and lower energy consumption. To stimulate such
materials with an RF field, suitable electric applicators are required. Various contact or non-
contact applicators used as electrodes have been developed to create electric linear field or
fringing field in a variety of setups [4]. The mechanism of heating carbon nanostructures
composite by RF electric field can be examined by treating the system as capacitor filled by a
dielectric material. Heating response of the material depends on both field quantities (amplitude
and frequency) and material properties. The quantity to determine the ability of material to be

heated is it’s dielectric loss tangent (tan 6 = Ss(—(ww))) For optimizing the heating efficiency, the

material should exhibit a moderate value of €” and high value of €’ at the used field frequency
(f = w/2m). The frequency dependence of the €’ and &’ is relevant to the polarization processes
involved in the material. In general, total polarization is composed of four sources: electronic
polarization, ionic polarization, orientation polarization, space charge polarization. While
electronic polarization appears in very high frequency range, the others do in microwave and RF
ranges. For a single polar material the frequency dependences €’ (w) and &’ (w) obey Debye
formalism, similarly to (6). In thermoplastics, e.g., orientation polarization relates to the
conformation motion of polymer chains, and ionic polarization is due to the existence of ion
salts as the impurity remained.

During the past 5 years, Green’s group at Texas A&M University has carried out extensive
studies of the RF heating of carbon nanostructures composites and concluded that it is possible
to tune the conducting properties of this material to gain optimum RF heating efficiency [4].
Namely, the dielectric and conductivity properties can be tailored by addition of small amount of
conductive carbon nanoparticles into (non-conductive) polymer matrix. The optimum heating
efficiency occurs in the doping concentration of the transition region (percolation region) from
dielectric range to conducting range, where the conductive filler network percolates [4]. In the
dielectric region of low nanofiller concentration the heating is described by loss tangent tan 6,
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whereas when the composite conductivity is high enough, the power loss density is proportional
to the conductivity ¢ (originating from charge motion polarization),

Q=7 olE|? (13)

The lowering of heating efficiency with further increasing conductivity in the conducting
region can be explained by the decrease of penetration depth, d, (thickness of eddy current layer)
which is inversely proportional to the conductivity,

1
d=— 14
s (14)

By this assumption, the Green’s group showed a good agreement between experimental
curve and theoretical behavior of the dependence of heating rate on the conductive nanofiller
concentration in the CNTs loaded nanocomposite [4].

The heating mechanisms, above discussed, for radio frequency AMF on MNPs
(abbreviated as AMF@MNPs), light frequency AEF on PNPs (AEF@PNPs) and radiofrequency
AEF on carbonaceous nanocomposite (AEF@C-nanocomp) were schematically presented in the
last column of Fig. 1.

Table 1. Electromagnetic heating for different nanomaterials.

Nanomaterial Frequency Heating mechanism Ref.
range

Magpnetic irradiating field

Magnetic nanoparticles RF Hysteresis, Neel relaxation, | [5, 16 - 18]
Brown relaxation

Electric irradiating field

Metallic nanostructures Light Plasmon [6, 7, 10, 11]

Carbon nanostructures & Light De-exitation process [3, 4, 11]

Carbonaceous nanocomposite Microwave, RF | Dielectric polarization loss
& Eddy current

Quantum dots Light - [10, 11]
Organic NPs Light - [11]
RE doped nanocrystals Light Upconversion dissipation [10, 11]

2.2. Experimental characteristics

Due to the nanometer size as well as other specific characters of heat generators, the
electromagnetic heating of magnetic nanoparticles and photothermal nanostructures demonstrate
several advantages as compared with other heating technologies [4]. First of all, this is mainly a
targeted technology, because the nanomaterials as a heat mediator can be localized very closely
to the object heated. Secondly, the heating on and off can be controlled rapidly and remotely.
Thirdly, the EM heating technique is efficient and economical due to the two previous
advantages, i.e. the locality and rapidity.
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(a) Experimental arrangement (b) Field-material (c) Heating mechanism
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Figure 1. Schemes of experimental arrangement (), field-material interaction (b), and heating mechanism
(c) for 3 typical EM heating on nanomaterials: (upper row) AMF@MNPs, (middle row) AEF@PNPs,
(bottom row) AEF@C-nanocomp. Adapted with modification from [4, 6].

There are also a few challenges that need to overcome, as follows: The heating equipment
needs to provide field of enough good homogeneity in the sample/specimen volume. This
requirement guarantees the sample not to be partly overheated which is dangerous in the case,
e.g. of in vivo hyperthermia therapy. Another challenge is to ensure the efficient transmittance
from the energy source to the energy receptor-convertor, i.e. the nanostructures. Namely, for the
case of photothermal therapy, water containing tissues block the light wave, remaining two
biological windows in the wavelength range of L = 700 nm + 980 nm and A = 1000 nm =+
1400 nm [11], so that the photothermal nanoparticles (Au, e.g.) should exhibit high absorbance
(plasmonic peak) in any of these window range. In practice, applications can be arranged by two
approaches: guiding the EM wave directly to the heating component (using optical fiber, e.g.) or
irradiating it remotely. The first approach is frequently used for single heating element, whereas
the second one is for the volumetric heating case.
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Instrumentation for research and applications. In general, an RF electromagnetic
generator is designed by using an RLC resonance circuit, where R, L and C are resistance,
inductance, and capacitance, respectively. The extraction of magnetic or electric field can be
realized by using, respectively, an inductor or capacitor as output element or field applicator. In
practice, the tuning of the field frequency is realized by variation of the capacity of conductor set
or of the inductivity of the induction coils. Nowadays, while the RF generators for standard
induction heating are commercialized, most of the experiments on heating nanomaterials by EM
source are done on homemade equipment [4, 8]. For the purpose of studying magnetic heating
in MNPs (AHF@MNPs), for example, while our group used the commercial RDO low power
RF generator with 6-turns coil providing field of f = 130 - 400 kHz, Hy = 40 - 100 Oe (3.18 -
7.96 kA/m) [27]; Fortin et al. [28] set a homemade system using a capacitor (10 pF - 4 nF) and
inductance copper coil (25 puH, diameter of 16 mm) to gain the magnetic field of f = 300 kHz —
1100 kHz, and amplitude up to Hy = 27 kA/m. Up to date, magnetic heating experiments
performed by several groups reported the using AHFs of frequency and amplitude ranging,
respectively, from about 100 kHz-1100 kHz, and 7.96 - 63.68 kA/m [29]. In each magnetic
heating experiment, temperature increase must be recorded with the time since the switching on
the field, and temperature increase rate (dT/dt) is analyzed for calculating the so-called specific
absorption rate, SAR (the same quantity as specific loss power SLP), as follows,

SAR = (%). dT /dt (15)

where C is the heat capacity of the fluid, and m is relative mass of the nanoparticles over the
liquid mass. In order to compare the SAR data gained by different laboratories, it is useful to use
so-called intrinsic loss power, ILP, as the parameter to characterize the heating capacity of
magnetic nanoparticles under consideration,

ILP = SAR/f.H? (16)

As for the clinical magnetic hyperthermia application, there is very little equipment
developed until today, like the MFH (R) 300F set up constructed by Magforce Technology
company (working at 100 kHz) [30], or MACH developed by Kallumadi at University College
London described in (see e.g. [8]).

In photothermal experiment, the light source (AEF) commonly used to excite the heating in
photothermal nanostructures (metallic NPs, CNTSs, etc.) is frequently a diode laser or Nd:YAG
laser [6, 10] of wave frequency in the near infrared range. The former is of a continuous
modality while the second laser is of high power pulse modality (femtosecond pulse). Both these
laser sources have some advantages in hyperthermia therapy, whereas for thermomagnetic
memory application (see section 4.3) the pulse laser shows convenience in high speed signal
processing.

Regarding the temperature measurements, various thermometers such as thermocouple,
fluoro-optic or semiconductor diode, and thermal infrared camera have been used, with caution
to choose proper device to avoid secondary effect like induction heating on the metallic part or
optical induced dissipation in semiconducting component. There has been no report on any
equipment developed or clinical photothermal treatment.

For studying nanocarbon composite heating, Green’s group from Texas A&M University
has recently developed three applicator sets to be used as capacitance electrodes, i.e. parallel
plate non-contact applicator, fringing field non-contact applicator, and direct contact applicator
[4, 31]. The matching of the RF source (AEF) impedance with that of the loading material,
Z, = Z, is a unique challenge because of the very sensitive change of conductivity in the
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composite composition to the nanofiller concentration. These authors also used the
nanocomposite composition variation along with the equipment network of variable inductor and
capacitors for tailoring the impedance matching in order to get high heating efficiency for the 1-
200 MHz frequency range. In all three applicator cases, the samples heat rapidly (heating rate
over (100 °C/s) in response to the applied electric field of a few to hundred watts [4, 31]. It is
worth stressing that the non-contact applicator configuration can be used for developing a
continuous heating conveniently useful in industrialization [26].

The experimental arrangements, field-material interaction and the dissipation mechanisms
for the above three heating cases are schematically presented, correspondingly, in the first (a),
second (b) and third (c) columns of Fig. 1. It is interesting to notify that for the case of
AEF@PNPs (middle row), with using an experimental set up like in Fig. 1, the generated heat
can be measured accurately in adiabatic condition, and the temperature distribution can be
recorded by using a Raman/fluorescence microscope [6].

The field frequency ranges to activate particular heating process in different nanomaterials
are summarized in Table 1.

3. NANOMATERIALS FOR ELECTROMAGNETIC HEATING

The huge potential applications especially in biomedical field have caused an explosion of
researches during the past two decades in developing new methods for synthesizing
nanostructures of various design and different compositions. In order to have a general view on
the materials parameters affecting the NPs-based heating efficiency, we endeavor to summarize
the magnetic and photothermal nanostructures, respectively, in Tables 2a and 2b.

3.1. Magnetic nanoparticles

As shown in Table 2a, almost all of the magnetic nanostructures studied in
electromagnetic heating are of oxide compounds with 3 dimensions nano limited in size, i.e.
nanoparticle. Oxide magnetic nanoparticles can be synthesized by different methods including:
co-precipitation, hydrolysis, thermal decomposition, sol-gel or liquid plasma ablation, etc. [9,
12]. The first two techniques, co-precipitation and hydrolysis are simple and facile techniques,
which produce nanoparticles of spherical shape of wide range in size. In order to get
nanoparticles of better crystallinity and of controlled shape (cube, flower) thermal
decomposition method is a better option. The drawback of this technique is that it needs a step
more to eliminate or exchange the organic solute remaining as a coating layer on the formed
particle surface.

A lot of attempts have been made to synthesize spherical NPs with varying the diameter
parameter d to verify the SAR(d) dependence predicted by LRT theory (see e.g. [16]). It is,
however, not easy to experimentally cover the maximum SAR region by tuning only the particle
diameter [32 - 34], as it is extremely hard to keep the nanoparticle anisotropy parameter, K,
constant (or monotonic variation) for various size or by different experimental batches. In order
to tune the K parameter for exploring other magnetic effects including hysteresis dissipation
and/or exchange bias, more complex particles such as cubic, flower, core-shell magnetic systems
have been synthesized and their heating SAR studied [35 - 43]. To the best of our knowledge,
the best heating efficiency reported up-to-now was for the case of Zn0.4Fe2.604-CoFe204
hybrid soft core — hard shell with cubic morphology system [36b], so that the recorded value
SAR = 10600 W/g (ILP = 14.9 nHm?kg™) (Table 2a). The exchange bias induced in such hybrid
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nanoparticle along with the high coercivity (H;) were assumed to give a big hysteresis
contribution, whereas the cubic shape to produce high magnetization, which all result in very
high heating efficiency. Regarding the shape dependence, it is interesting also to draw attention
on the observation of systematic increase of the SAR parameter with increasing aspect ratio of
magnetic Fe;O4 nanoparticles that has been recently reported by Mohapatra et al. in [39] (see
also Fig. 2a).

Table 2a. Shape and composition dependence of heating efficiency of magnetic nanoparticles.

Magnetic . Magnetic field, SAR (WI/g)/ILS
nanoparticles Shape Size (M) lekhz) HKAM)  |(nHmekg?) Ref.
FesO, Spherical |10 265/39 475/2.1 [39]
19 520/29 2452/8.6 [40]
Cube 20, 40 765/(12-24) (150-500)/(1.4- | [37]
Fe;0, 11)
Nanowire |10 diameter |265/39 846/2.1 [39]
25 length
Multi-core |29 (10 SNP) |520/29 1500/3.4 [43]
Fes0, 50 (14 SNP) |400/25 400/2.8 [42]
v-Fe,0; Nanoflower |25 (11 SNP) |700/21.6 1992/6.1 [41]
Core-Shell
FePt-Fe;0, 14.7 630/18.9 1210/5.4 [38]
Cube
Core-Shell |15 500/36.8 2785/4.0
Fe.0rMnFes0, | oo [362]
Sphere
CoFe,0@MnFe;0, |Core-Shell |15 500/36.8 2280/3.3 [36a]
Sphere
Zn0.4Co0.6Fe204- Core-Shell |13 500/36..8 3886/5.6 [368.]
Zn0.4Mn0.6Fe204 |Sphere
Zno 4Feo gO4-  |Core-Shell |70 500/37.7 10600/14.9 [36b]
CoFe204 Cube
SNP —single NP.

Although it is theoretically well known that loss power is proportional to the particle
magnetization M [20], and metallic magnetic materials such as Fe or FeCo exhibit very high M
values, magnetic heating of those metallic nanoparticles has been very little studied because
their M is strongly decreased in magnetic nanofluids. As for the field parameter dependence, the
linear increase of energy loss power with frequency has been indicated both by theoretical and
experimental observation. The SAR (or SLP) vs squared field amplitude (Ho) behavior indicated
by the LRT theory has been confirmed in many experimental reports carried out for
superparamagnetic nanoparticles in the small field region.

It should be notified that while MNPs of high SAR values are of good choice for any ex-
vivo/ in vitro applications, the nanoparticles characterized by high coercivity H, and their SAR
gained by measurements in high f and Hy should be treated with caution in the case of in-vivo
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applications. The reasons are that particles of high H. still remain magnetized after switching off
the external field, and there is a so-called biological limit stating that the product f.H, of used
field should be smaller than 4.85 x 10® A/(m.s) [44]. Nevertheless this criteria is under debate to
increase of one more order or so (5 x 10° A/(m.s) [45], (9.59 x 10° A/(m.s) [46]).

3.2. Photothermal nanomaterials

Specific optical properties of nanoparticles, including metallic and semiconductor were
known and applied for several centuries and recently intensively studied along with the
explosion of nanotechnology. However, for a long time the light absorption and then its
conversion to heat have been considered as a side effect in applications. Intensive research on
photothermal heating has been explored since the beginning of this millennium, especially after
scientists demonstrated that the heat generated on metallic nanoparticles is not only of a
temperature increase sufficient for biomedical treatment (around 10 degrees), but even can cause
massive phase transformations in a surrounding material such as ice or polymer [6].

Up-to-now, extensive researches have shown that significant photothermal effect is
observed in several nanomaterials (Table 2b), which can be categorized basically into two
groups, i.e. metallic or plasmonic nanoparticles (such as Au, Ag, Pt, TiN, etc.) [47, 48], and non-
plasmonic namaterials composed of a number of classes: carbon-based nanoparticles (CNT,
graphene, black carbon) [49], semiconductor nanocrystals (quantum dots, chalcogenides) [47],
Rare Earth doped nanocrystals [47], and even organic nanoparticles [50]. The synthesis,
spectroscopy and potential applications of these photothermal nanomaterial classes are overall
summarized in review articles [10, 11].

3.2.1. Plasmonic nanoparticles

The most interesting and widely studied photothermal effect group is undoubtedly the
metallic nanoparticles. Different from bulk sample, the light-induced heating of metallic
nanostructures becomes strongly dependent on both the irradiating wavelength and the size and
shape of the nanoparticles.

Typical example is the systematic shift of the absorption peak (localized surface plasmon
resonance - LSPR) observed, e.g., to situate at A spr = 521 nm for Au spherical nanoparticle of
diameter d = 22 nm, towards A spr = 575 nm for nanoparticles of d = 99 nm [48]. Although the
increase of plasmon peak wavelength via increasing sphere diameter of gold nanoparticles
(GNP) is limited at about 600 nm, it is fortunate to obtain absorption peak appearing in NIR
region by another approach, namely to fabricate metallic nanoparticles with more complex
geometries such as: nanorods, nanocages, nanostar or core (silica)-shell (gold) nanoparticles [10,
11]. For gold nanorods (GNR), e.g., the absorbance spectrum is characterized by two peaks,
namely a strong peak appearing in the NIR region, which originates from the oscillation of
electron along the long nanorod axis, and a weak peak situated in the visible region, which is
relevant to the oscillation of electrons along the short dimension [48]. The longitudinal peak is
strongly red-shifted with increasing nanorod aspect (length/radius ratio). This tunability of
plasmon peak of GNRs into the NIR region, i.e. the so-called second biological window, is
particularly suitable for photothermal therapy application, which will be presented in more detail
in 4.1.2 subsection. As for light-to-heat conversion, the heating efficiency coefficient for various
shapes of Au NPs is linearly increasing with the laser intensity so that the highest efficiency (¢
of around 100 %) was gained for core-shell nanostructure (Fig. 2b [51]).

147



Nguyen Xuan Phuc, Do Hung Manh, Pham Hong Nam

Table 2b. Shape & composition dependence of heating efficiency of photothermal nanomaterials
(Adapted from [11] with modification).

Photothermal | Shape Dimension Light wavelength| Heating Ref.
nanomaterials (nm) A (nm) efficiency:
s (CM?) /D
Plasmonic nanoparticles
Spherical | 22 808 Ext 1 x 10° (for [48a]
99 GNP d = 20 nm) 48b]
Rods 8 width 808 4.3 x 10/0.96 [51]
29 length
Core@shell | 120 Si- core | 808 10 x 10™/0.67 [51]
GNPs Star 38 core 808 4.4 x1071.0 [51]
9x46 lobes
Cage 808 3.1 x 107%0.62 [51]

Non-plasmonic nanomaterials

Carbon Tubes 0.6 radius 808 1.5 x 10™/0.5 [524]
Nanostr. Graphene 150 length [52b]
Quantum CdS Sp 2 radius - 1.8 x 10%/0.14 [53]
Dots CuSe Sp 8 radius 970 6.5 x 10%%/0.22

RE Doped NdYF, 20 radius 808 ~ 10" /- [54,
Nanocrystals 55]

Organic dye PEDOT:PSS | 80-90 radius | 808 Temperature [50]

increase 25 °C

3.2.2. Carbon nanostructures

Similar to the case of metallic NPs, light-induced heating of carbon-based nanostructures is
a topic of extensive studies due to its various potential applications. Among a number of carbon-
based nanoparticles, nanodiamonds exhibit no significant light-to-heat conversion efficiency
whereas CNTs and graphene have shown remarkably high heating effect. CNTs are cylinders of
graphene rolled in a tube of tens nanometers in diameter and microns in length. Different
physical, mechanical, electrical, and optical properties of CNTs can be tuned via varying
geometrical parameters such as ‘chiral’ angle and curvature of the rolling. For instance,
depending on the so-called chiral vector (n,m) index, the CNTs can have conductivity of metallic
or semiconducting character. In practice, the existing technologies frequently produce a mixture
of CNTs with different chirality indices, which consequently makes the product not easily to
predetermine of metallic or semiconductor properties. Low cost and mass production
technologies produce nanostructure of multi-walled carbon nanotubes (denoted as MWCNTS).
Besides CNTs, graphene layers have been shown to exhibit outstanding absorption properties
also in the NIR region [52]. Light-to-heat conversion in CNTs is due to de-excitation processes
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between so-called Van Hove states [11]. Heat is produced by the non-radiative relaxation of
surface current. Extinction spectra of graphene-related nanostructures show that they present
advantage of tunable photothermal heating in a wide wavelength visible-infrared region
(including the second biological window).
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Figure 2. Specific absorption rate SAR of Fe;04 NPs (a) and Absorption efficiency ¢ of gold NPs (b)
for various particles geometries, Reproduced from Refs. [39, 51].

As shown in Tab. 2b, the light-induced heating efficiencies of different nanomaterials can
be arranged in the following sequence: (Au) metallic NPs>Carbon-based NPs> QDs & RE NPs>
Organic NPs. It is worth notifying that, despite the absorption efficiency of CNTs lower than
that of GNPs, CNTs have the advantage of much broader spectral tunability for extinction and
absorbance.

The heating of nanomaterials presented in sections 3.1 and 3.2 is induced solely by
respectively magnetic AMF (RF range) and AEF (light range frequency). In order to beneficiate
the two effects on the same nanomaterials, several hybrid and/or composite nanostructures
composed of magnetic and photothermal components have been developed recently [56 - 59].
The simultaneously irradiation of magnetic and light on these materials have shown, indeed, that
the heating efficiency has been increased much more than by using solely one of the sources.
Interestingly, Espinosa group found and other groups confirmed, that the SAR quantity of Fe;O,
NPs much increased under simultaneously irradiation of a laser and an AC magnetic field in
comparison with using a single stimulating field [56].

3.3. Composite nanomaterials

The above mentioned materials are the nanostructures of electromagnetic heating oriented
mainly for the therapy application purpose. For material processing, the requirements like
toxicity, purity, stability etc. are no longer strictly demanded, so that a few more EM heating
nanomaterials (such as: black carbon, non-noble metallic NPs, etc.) can also be involved.

Nanocomposites are composed of polymer matrix with various additive materials of
nanosized structure. As for magnetic nanocomposites, different magnetic nanoparticles such as
Fes0,4 [60], BaFe;,049 [61] and metallic Fe [62] have recently used as magnetic filler to create
functional materials. In these nanocomposites AC RF magnetic field (AMFs) can be applied
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very efficiently to stimulate Neel relaxation- and hysteresis-based heating for the polymer curing
[5]. On the other side, carbon-based nanomaterials, especially CNTs, have been shown to serve
as really good additive/filler for the nanocomposite, for which rapid heating can be achieved by
using electromagnetic field of frequency below 300 GHz [4]. The heat generation in a CNTs
containing media was first found in microwave range, which is interesting for applications not
only in biomedicine but also in materials processing [63, 64]. During the past decade,
researchers (especially the Green group from Texas A&M University) discovered that RF
electric fields in the range of 1-200 MHz can be used to process composites containing carbon
nanomaterials including CNTs, graphene, carbon black and carbon fibers [4, 64, 65]. In [65], by
performing experiments and simulation studies, for wide range of nanomaterials loaded
composites; the authors found that the RF heating rate is non-monotonically related to the
conductivity of the materials. Maximums heating rate appears at an optimum DC surface
conductivity, which is the same for thin films made using the corresponding nanocarbon
materials (CNT, graphene, carbon black), and is closely correlated with the percolation threshold
in a given structure. This finding provides a key to optimization of RF heating for enhancing
efficiency in RF—based materials processing technique.

The ability of heating generation in RF region can provide key advantages over that in the
microwave range, which open a wide range of applications in materials processing, that will be
discussed in the following section 4.2.

4. APPLICATIONS
4.1. Biomedical applications

The use of heat for the purpose of therapy is well known in ancient history, and that of EM-
induced heat source was initiated yet in the 19" century [2]. In the present nanotechnology era,
the thermal therapy has been renewed because the heat sources (the nanoparticles to convert EM
energy to heat) now become the size matching to those of biological objects, and moreover they
can be localized closely to the cancer cells/tissues. Thermal treatments (TT) are based on
driving parts of body above its normal temperature to cause cells killing or modification. There
are three TT categories including: (i) diathermic treatment (temperature elevation up to 41 °C),
hyperthermia treatment (41 - 48 °C), and irreversible thermal treatment (above 48 °C for short
time). With possibilities of localizing and fast controlling the heat sources, nanoparticles-
mediated EM TT are invasive and safe therapy methodology, which can avoid side effects. In
literature, special focus has been paid to cancer therapy using magnetic hyperthermia treatment
(MHT) and photothermal treatment (PTT).

4.1.1. Cancer therapy by MHT

The concept of using MHT for cancer therapy was initiated in 1957 by Gilchrist et al. [66]
via performing ex-vivo introduction of y-Fe,O; MNPs into lymph nodes and then irradiating the
animal with a magnetic AC field of f = 1.2 MHz, H, = 16 - 19.2 KA/m to gain temperature
increase of 14 °C for treatment of cancer metastasis. Since mid-1990 quite a huge number of
researches have attempted to fabricate MNPs with improved heating efficiency (higher SAR) as
well as demonstrated their potential for MHT of cancer tumor [67 - 73]. A good review on state-
of-the art in-vivo experimentation of MHT is in [7].
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Although first trial on clinical application of MHT was conducted about 15 years ago [73]
little progress has gained since then. Firstly, it requires that the MNPs should be of
superparamagnetic character, and secondary, the product frequency by amplitude of applying
magnetic field (AMF) should not exceed the biological limit, i.e. fxH, = 4.85 x 10°A/(m.s),
major researches reporting MNPs of high SAR values (Table 2a) unfortunately involve
nanoparticles of magnetic character and field applied that are out of the above requirements. As
for the magnetic material, iron oxide of magnetite (Fe3O,4) or maghemite (y-Fe,O3) in form of
spherical nanoparticles with small diameter (< 20 nm) have been safely chosen for in vivo
applications.

Other challenges are that: (i) aggregation of the nanoparticles in real biological media
might much influence the heating efficiency, and (ii) it is hard to measure in real-time the tumor
temperature to estimate the temperature dose sufficient for the thermal hyperthermia treatment
(T(tumor) = 41 - 48 °C). A promising approach is to use magneto-fluorescent hybrid
nanoparticle for simultaneously magnetic heating and temperature feedback monitoring, but it
might demand sophisticated devices in instrumentation [75]. In [75], Luengo et al. proposed a
practical approach, namely to adjust the tumor temperature via finely adjusting the magnetic
field amplitude in real time. This proposal seems really promising for future implementation of
the MHT for cancer therapy.

4.1.2. Cancer therapy by PTT

The application of PTT to cancer therapy was first proposed in 2003 by two research
groups in the USA. Pitsillides et al. [76] used 20-nm spherical GNPs and 20 ns pulse Nd:YAG
laser of 532 nm wavelength to in vitro study the killing of blood lymphocytes cells, whereas
Hirsch et al. [77] used nanoshell of silica-Au injected into tumor volume, and irradiated with 4
W 820 nm laser light to in vivo observe irreversible thermal destruction of solid breast tumor.
Since then, extensive research has been conducted to improve the heating efficiency (HE) and
tumor accumulation (TA) of the PTT agents, as well as those towards clinical trials [78 - 82].
Among them, developments of nanosized photothermal agents of higher HE, higher TA and
capable to integrate multiple imaging modes and therapeutic functions into one platform have
drawn special attention. As summarized in the review paper [80], the multifunctional
nanoplastforms include almost all the photothermal nanostructures discovered (i.e. GNP, GNSt,
GNC, GNRs, hollow gold NPs, single wall carbon nanotubes, nanographene oxide,
upconversion nanoparticles, and tungsten sulfide QDs) carrying functional agents such as:
doxorubicin and paclitaxel, urease B, indocyanine green, thermal responsive liposome etc.
Recent studies have demonstrated the benefits of combining PTT with other therapeutic
modalities, including photodynamic treatment (PDT), chemotherapy (CT), radiotherapy and
immunotherapy [80]. Multimodal therapies provide opportunities to exploit the advantages and
avoid the drawbacks of each single modality, leading to additive and synergistic therapeutic
effects [80, 82]. For instance, the simultaneous use of PTT with PDT can help to decrease the
laser intensity and shorten its irradiation time compared to using PTT or PDT alone. Whereas,
PTT can induce physiological changes (permeability of blood vessel, cell membrane, etc.) that
could boost the CT effects by increasing the anticancer drug accumulation in tumor tissue or
metastatic tissue.

It should be mentioned that, NPs such as CNTs upon the reaction with electric field of
lower frequency range could result in a heating dose sufficient to use for destroying cancer cells
as demonstrated in the work by [83], nevertheless the used RF power of 600 W at 13.56 MHz
seems quite too large.

151



Nguyen Xuan Phuc, Do Hung Manh, Pham Hong Nam

Although the reports showed some promising results of using PTT for cancer, clinical
implementations are still lacking and face obstacles that need to overcome. Several limitations
remain to be addressed, especially the delivery (targeting and accumulating) of the PNPs at the
tumor site [13, 81]. In a very recent review paper [81], the authors summarized a list of different
strategies for efficient delivery of PNPs including: intratumor injection, passive
(functionalization of PNP with targeting moiety) or active targeting (driving magnetic hybrid
PNP by external magnetic field, e.g.), biomimetic targeting, and programmed targeting.
Intratumor administration has been used in almost all the animal PTT experiments of solid
tumors because the devouring effect of the RES system can lead to small amount of PT agents
remaining in the tumor volume shortly after intravenous injection. The later administration
strategy has been applied in a few papers reporting promising success of PTT application for
some metastatic cancers.

As reviewed by Han et al. [80], only four recorded (during the past 5 years from 2016 to
2020) pre-clinical studies demonstrating the use of 150 nm silica-gold nanoshell as PTT agent
(developed by Nanospectra Biosciences) to intravenously inject into the bloodstream and to
irradiate with 808 nm laser, which leads to cell deaths and tumor regression of metastatic lung
tumor, head & neck tumor or prostate cancer [80].

4.1.3. Other biomedical applications of EMH

Due to a variety of the thermal response of biological materials, magnetic heating (MH)
and photothermal heating (PTH) can be used in several other biomedical applications including:
remote control of gene regulation, sterilization/disinfection [13], and of membrane heating [10,
13], molecular or drug release [10, 84 - 89, 90 - 94], and rapid rewarming of vitrified
biomaterials [95 - 100]. Let us briefly review some results achieved for the two last domains of
applications.

Remotely controlled release of drugs inside living organisms is particularly attractive
because it would allow the drug accumulation at exact site and time of necessary. For this
purpose, much effort has paid into developing on multifunctional nanoplatforms based on both
MH [84 - 89] and PTH [90 - 94] agents.

For instance, in [89] the authors loaded curcumin into co-polymer coated MNPs, i.e. Fe;0,-
(PLA-PEG)/curcumin, demonstrating that this model drug can be released remotely by using a
weak magnetic field (178 kHz, 5.0 kA/m)) with much higher efficiency than that done by
passive releasing. After 20 min under applied field, the curcumin amount loaded in the FesO,-
(PLA-PEG)/Curcumin has been almost fully released, whereas the released amount by passive
heating approach reached only 80 % after 24 h.

In [91], short RNA strands were released from surface of gold nanostars and gold nanorods
upon laser irradiation, where one strand RNA attached on the surface via a thiol bond. The
release mechanism was supposed to be of thermal activated dehybridization of the RNA
molecule. Another interesting plasmonic nanocarrier is a gold nanostar core shelled with a layer
of mesoporous silica, where doxorubicin is loaded and the whole is coated by outmost layer of
paraffin; so that upon irradiation of NIR laser the paraffin partly melts and releases the
chemotherapeutic drug [94]. Lipid membranes including plasma membranes undergo phase
transition from gel to fluid state by a moderate temperature increase. It has been demonstrated
that the permeability of the membrane can be remotely increased by irradiating RF magnetic
field or laser light, respectively, onto the FesO, NPs [87] or Au NPs [92] that were trapped on
the membrane surfaces.
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Another biomaterials group that needs, in contrast, to increase the heating volume is the
biospecimen (living tissue/organs) cryopreserved for long term by vitrified deep cooling to be
rewarmed before using in transplantation medicine. Earlier attempts done to use traditional
warming techniques such as using warm water bathing or using radio frequency heating [95],
beneficiating the electric field interaction, failure to rewarm biospecimen of over 3 ml in
volume. Very recently, a new innovative approach was introduced, firstly by Bischof group in
2014 [14] to apply radiofrequency magnetic heating for rewarming specimens containing
magnetic nanoparticles [96 - 98], that up-to-date can successfully devitrificate such large
biospecimens as a rat kidney [99, 100]. The key parameter to achieve is that the warming rate
should be higher than a critical value (order of hundred °C/min) to avoid devitrification during
thaw. Despite the fact that previous attempts of using high frequency (MHz, GHz) could gain
heating rate up to hundred °C/min, the failure in increasing heating volume is due to spatial
variations of the dielectric properties of tissue as well as inhomogeneity of electric field
distribution in the specimen volume. Using AC magnetic field of lower frequency (< 1 MHz)
can avoid these limitations to create heating uniformly on much larger biospecimen. Namely, the
authors used spherical Fe;O, NPs of 10 nm in diameter to mix with cryoprotectant VVS55 solute
to make vitrification solution (concentration of up to Fe 10 mg/ml) for cryopreservation cooling
of biospecimens (porcine artery, heart leaflet tissue). Then an AMF of 360 kHz/20 kA/m was
applied to get heating rates up to 300 °C/min, which is of 4-5 times higher than the critical
warming rate for that cryoprotectant (55 °C). By this approach, the rewarming could be
successfully conducted for biospecimens of volume up to 80 ml [97]. As indicated in [99, 100],
by using similar approach these authors very recently demonstrated successful nanowarming of
the whole frozen rat kidney, so that the maximum thermal stress of the organ was reduced by
two orders in comparison with that caused by water bath thawing. The updated results reported
by independent laboratories suggest that kidney nanowarming holds tremendous promise for
transplantation.

4.2. Electric heating for nanocomposite processing

While magnetic heating has been very rarely applied for the polymer/composite processing
[101] the heating by electric field, especially that in RF range, used for nanocomposite
processing has recently been extensively studied. During a short period of only 5 years from
2017 - 2022, the Green’s group from Texas A&M University has achieved much successes with
the research and development of the RF heating technique for various nanofillers aiming at
different materials engineering as reported in [4, 24, 31, 64, 65, 102 - 104]. Namely, in [64], the
authors made MWCNT coating on polymer filaments to fabricate 3D-printed parts, and locally
RF heating them, which results in strengthening of the interfaces with fracture strength increased
by 275 % over baseline 3D parts. This locally induced heating is capable of increasing the
interlayer bond strength without sacrificing the dimensional accuracy of the part, which is
applicable for parts of complex shapes. In [31] Sweeney et al. used nanoadhesive of CNT (2
%)/polylactide thermoset to bond aluminum substrates upon irradiation of electric field of power
100 W, frequency around 100 MHz, and achieved rapid heating of nanoadhesive without heating
substrate and not depending on the field applicators. A demonstration example was shown to use
a high performance epoxy loaded with MWCNTSs to fast and well joint the bed of a truck
chassis. Gerringer et al. [24] made graphite structures from various industrially prevalent
thermoplastics to show their rapid heating (of rate up to 124°s) using RF power of < 30 W,
around 100 MHz, resulting in fast and selective welding of polymer-polymer interfaces. After
150 s of heating the welded samples possess an average strength of 12.86 MPa. Vashisth et al.
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[104] used RF field of around 100 MHz & nanocomposite adhesive to bond substrates of
different metallic materials. The RF cured multi-material bonding exhibited minimal distortion
(aluminum-to-steel specimen), with fracture energy of 590 higher than oven-cured specimen.
The finding is to be applicable in joining dissimilar materials like aluminum and reinforced
plastics in automotive and construction industries.

As highlighted in the review paper by Vashisth et al. [4], carbon nanomaterials rapidly
evolve heat in response to RF field (1 - 200 MHz), which is the safer range and more versatile
compared with microwave. The found behavior that various hanomaterials, dispersed in different
matrix (polymer, ceramics) of these composites rapidly heat upon irradiation of RF field is
valuable for materials processing, where volumetric and/or targeted heating desired, including:
curing composite, bonding multi-materials surfaces, additive manufacturing, along with medical
ablation (Fig. 3, [4]). The heating using RF electric fields can circumvent a number of
challenges faced by conventional techniques such as oven, furnace or IR lamp. Among the
advantages, one can mention the following [4]:

(1) Faster heating time: Using RF field to plastic substrates, their temperature could reach
the temperature required for bonding (80 °C) within 45 s, which is 6 times faster than that by IR
heating. For carbon fiber/epoxy the curing time necessary can be achieved for 2 min by RF
heating, which is about 10 times shorter than by conventional oven.

(2) Targeted heating: allows to heat specifically localized in assembles bypassing heating
other components to avoid thermal stresses.

(3) Flexible tailored response: For polymer composites, for given set of frequency and
input power, it is possible to achieve the desired heating rate via tuning the composite nanofiller
concentration. For example, heating rate increases from 0.1 °/s to 30°s for increasing MXene
concentration from 1 wt.% to 25 wt.%. Other option is to change field parameter, e.g. heating
rate varied from 0 - 10°/s when frequency varies 1 - 200 MHz at power of 2 W.

(4) Low infrastructure: The method allows out-of-oven rapid processing, thus mitigating
the need for large ovens or autoclaves.

4.3. Other miscelllaneous applications

Apart from the applications in biomedicine and composite processing domains presented in
the sections 4.1 and 4.2, the nanomaterials-mediated EM heating shows up yet to possess a
number of other miscellaneous applications as discussed in several review and research papers
[13, 10, 105 - 109]. An interesting example is a potential application of magnetic heating in
environment [107 - 109], namely to use zinc-substituted ferrite NPs [108] as nanoheating agent
to mix with absorbent materials (such as active carbon [107], SBA [109]) for desorbing the
adsorbed toxic solvent (such as benzene, m-xylene) for regenerating the materials. This inside-
to-outside heating approach was shown to exhibit several advantages, such as lower cost, faster
desorption, higher efficiency etc., as compared to traditional use of water vapor for the purpose.
For the case of photothermotics, several exotic applications such as: photothermal and hot-
electron chemistry, solar light harvesting (including thermophotovoltaics, nanofuids for solar
energy harvesting, water desalination) or thermal induced liquid flows were outlined [13].

As a strong heating is produced by irradiated PT agent, especially plasmonic NPs, steep
local thermal gradient could be created, which can be exploited in optofluidics or optoelectronic
devices. We want to draw attention to two applications related to beneficiation of temperature
gradient at nanoscale and microscale as follows.
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Figure 3. Applications of nanoparticles-mediated EM heating in biomedicine (a) and in
materials processing (b).
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In fluids, a temperature gradient AT causes a migration of solute which follows Ludwig-
Soret law, v = -D1.AT = St.D. AT, where: v is thermophorestic velocity, St is Soret coefficient,
D+ is thermophorestic mobility, and D is solution diffusion coefficient. Plasmonic nanostructures
can create such a steep AT to cause colloid convection of speed up to 1 pm/s [10]. Optical
trapping effect of AuNPs upon irradiating showed up to be potential for various applications,
e.g. to use thermophoresis force to fine-tune the particles position along the axial direction of the
laser beam [10, 110]. A practical application example of this kind technique is to precise
position NPs before injecting them into the cytoplasm [10]. When plasmonic NPs are positioned
between vehicles or cells, these biological objects can be fused by the photothermal heating so
that the vesicle cargoes or cell cytoplasms become mixed from each vesicle/cell to the other.
Plasmonic optical trap and cell fusion, thus, pave the way for a number of novel future
applications.

b) Optospincalorimetric

Seebeck effect is a well-known phenomenon saying that when two conductors of different
Seebeck coefficients are connected with each other, an electronic voltage is created between
their outputs which is proportional to the temperature difference between the ends of the couple.
In 2008, Maeda group [111] discovered so called spin Seebeck effect stating that, in a metallic
magnet, the spin up (1) and spin down (]) conduction electrons have different Seebeck
coefficients, so that a spin voltage p, - p, is created which is proportional to the temperature
difference. In 2014, Choi et al. [112] demonstrated the observation of spin current generated by
thermally driven ultrafast demagnetization in a metallic multilayer system with Pt as a plasmonic
nanoheater and CoPt and CoFeB as ferromagnetic layers. Temperature gradient AT of up to 90
K was attained by using a laser density of 17.3 J/m? 785 nm in wavelength, nanosecond pulse.
Very recently, Bello et al. [15, 113] used a laser of 2.75 mW, 850 nm, picosecond pulse to
generate a temperature gradient of 30 - 40 K/nm in a system of Au layer (plasmonic mode)
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coupled directly with a Near-Field-Transducer (photonic mode), observing the switching field
effect which is applicable in heat-assisted magnetic recording (HAMR) technology.

The RF magnetic heating applied in desorption and light plasmonic heating used in
thermophoresis and thermospintronics can be properly assigned into application categories along
with the domains discussed in sections 4.1 and 4.2, as shown in Fig. 3a and 3b.

5. SUMMARY AND OUTLOOK REMARKS

In this review, we used a concise approach to present the strong absorption responses of
various nanoparticles to the electric and magnetic fields, namely: MNPs in AMF of RF range,
PNPs in light frequency range, and nanocarbon-based composites in AEF of RF range.
Extensive studies on improving the heating efficiencies of AMF@ MNPs and light or
AEF@PNPs have resulted in fabrication of agents with high specific low power values, and
demonstrated the techniques efficient in treating cancer in mouse model systems. There are still
challenges to overcome on the way to implement the magnetic and photothermal heating
methodologies into clinical applications, e.g., it is necessary to establish a more efficient strategy
for delivery of nanoparticles, and/or to perform a direct temperature measurement at the tumor
site. The nanoparticles-based hyperthermia of cancer is undoubtedly so promising that continues
to be a hot research topic in near future. Apart from cancer therapeutics, the nanoparticles-
assisted electromagnetic heating also has numerous other exiting applications. The AMF and/or
AEF heat-triggering of drug release provides another promising methodology for synergetic
treatments by hyperthermia combined with another therapy such as chemical or radiological
ones. The usage of RF AMF@MNPs for desorption of solvent adsorbed on adsorbent materials
is an example of efficient application of volumetric heating in the field of surface chemistry. We
have presented two cases of exotic applications relevant with the possibility of creating steep
(nanoscale) temperature gradient by single plasmonic nanoheater, i.e. thermophoresis and
thermospintronics, which is expected to grow considerably in the near future. Finally, most
recently developed using of RF AEF@C-nanocomp has suggested huge promising to apply the
EM heating technology for volumetric processing of nanocomposite and/or for localized
processing of components in multimaterial manufacturing.

Along with the heated targeting, another striking advantage of EM heating, which is
common for all the susceptor nanomaterials and both the AMF and AEF is the strong reduction
of process time. A molecule release can be performed 50 times faster, or a bonding/curing
polymer composite can be realized for 6-10 times shorter as compared with using traditional
heating technology. The largest challenge of the technology is the real time control of the heated
temperature in in vivo applications. To our guess, the domain of RF AEF@C-nanocomp heating
might be implemented into industry earlier than that of therapeutic purpose.
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