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Abstract

Recently, the use of nanoscale materials has attracted considerable attention with the aim of
designing personalized therapeutic approaches that can enhance both spatial and temporal control
over drug release, permeability, and uptake. Potential benefits to patients include the reduction of
overall drug dosages, enabling the parallel delivery of different pharmaceuticals, and the
possibility of enabling additional functionalities such as hyperthermia or deep-tissue imaging (LIF,
PET, etc.) that complement and extend the efficacy of traditional chemotherapy and surgery. This
mini-review is focused on an emerging class of nanometer-scale materials that can be used both to
heat malignant tissue to reduce angiogenesis and DNA-repair while simultaneously offering
complementary imaging capabilities based on radioemission, optical fluorescence, magnetic
resonance, and photoacoustic methods.

Introduction

Despite decades of research and development into small-molecule pharmaceuticals and
advanced surgical methods, cancer remains one of the leading causes of death in
industrialized societies. Hyperthermal treatment is advantageous due to the reduced heat
tolerance of cancer cells and dates as far back as 1600 BCE when tumors in breast tissue
were treated with cauterization using a hot firedrill2. Non-contact methods of heating tumors
have received much attention among researchers recently and include microwaves?,
radiofrequency?, and ultrasound waves®. Photothermal therapy (PTT) uses light in the
visible or near-infrared region of the spectrum as an energy source and would not have
acheived the same success without the advent of the laserS. The massive electric fields
induced by a laser can certainly heat cancer tissues through natural chromophore absorption,
however their low absorption cross section makes it difficult to localize heat generation’.
Dye molecules with greater absorption can be introduced into tumors but they often suffer
from photobleaching and can diffuse out of the tumor into the healthy, surrounding tissue8-°.
Nanoscale materials are known to exhibit a range of unique physical and chemical properties
such as tunable sizes, high surface areas (~1000 m2/g), biocompatibility, singlet oxygen
generation, and large optical absorption coefficients that have led many researchers across
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the globe to consider them in next-generation PTT clinical trials. Hybrid nanomaterials,
including gold-polymer structures, have also shown the ability to release a payload of
chemotherapeutic small molecules due to volumetric contraction following photothermal
heating?.

This mini-review is focused on the fundamental physical processes that enable hyperthermal
heating of several metallic, semiconducting, and insulating classes of nanomaterials,
followed by recent results from in vitro or in vivo trials. Synergistic applications between
hyperthermal heating and other diagnostic or therapeutic capabilities are highlighted at the
end of each section to provide a sense of the multimodal therapeutic and diagnostic
(theranostic) potential for these engineered nanomaterials.

Heat equation

The temperature distribution around a heated nanoscale particle can be modelled using the
following differential equation, regardless of the composition or morphology of the
nanostructure being investigated:

oT
pCp§:KV2T—|—Q (r,t) (@

where r and frepresent spatial coordinates and time, respectively, 7 is the temperature, and
p, Cp and x are the density, specific heat, and thermal conductivity of the material,
respectively. pC, 2L represents the time-dependent increase of thermal energy within the
nanostructure, «v< 7 represents the diffusion of heat within the material (with an assumption
of isotropic thermal conductivity), and Q(r,J) represents a volumetric generation of heat
energy within the material that depends on the composition and physical mechanism for heat
generation. With appropriate boundary conditions based on morphology and an expression
for the magnitude of Q(r, 7, analytical predictions of steady-state temperature can be
developed for any nanostructure. The next sections of this review discuss photothermall0
generation of heat within metallic (i.e., gold) and semiconducting (i.e., silicon) materials,
including carbon nanotubes, in addition to the inductive generation of heat within
biocompatible ferrimagnetic materials (including Fe30,4) through the use of an AC-magnetic
field.

Gold Nanocrystals

Metallic nanomaterials including gold and silver nanocrystalsi1-12 and nanorods!3 have been
shown to generate localized hyperthermal heating through the absorption of incident optical
radiation and surface plasmon relaxation'4-16. Heating of gold nanoparticles has also been
demonstrated under radiofrequency (RF) fields’; however, multiple heating mechanisms
have been proposed and the degree to which the gold particles heat in the RF field is
uncertainl8. For optical fields, if the wavelength of light is resonant with the frequency of
the surface plasmon for a given nanostructure, then the collective excitation of electrons
(plasmons) can lead to large internal heating of the metallic nanostructurel®. The lattice of
metal atoms within the nanocrystal experiences heating following plasmon excitation
through electron-phonon scattering on the timescale of 3 ps9. Plasmon resonance
frequencies for a particular nanostructure depend on morphology and dielectric environment
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and determination of resonance wavelengths is generally done via absorption
spectroscopy15:20:21,

In particular, spherical gold nanocrystals (AuNCs) have been studied extensively for their
plasmonic potentialll14.15.22-24 | aser heating of AUNCs has been modeled theoretically
with a source function that depends on both the dielectric functions of the metal/
surroundings, and also local electric fields within the particlel:

Q (I‘, t) (J (I‘, t) -E (I‘, t)>

= —iRe|iwLE@E ()] @

where j(r, 4 is the electric current density, E(r,# = Re[E(r)&~/?] is the resulting electric
field in the system, (r) is the dielectric constant for the metal, and E(r) and E* (r) are the
complex electric field and its complex conjugate, respectively.

The solution to equation (1) with the source term given in equation (2) was obtained by
Govorov et al.11 for the steady state (— oo). They found that the generated surface
plasmons result in temperature maxima at the surface (r= R) of these materials which is
given byl

R? w | 3¢ 8l
AT per (Io) =—— 0 me 0 ©)
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where [y is the irradiance in the surrounding medium, kg and &g are the thermal conductivity
and dielectric constant, respectively, of the surrounding medium, and cis the speed of light
in vacuum. A sample calculation shows that for an AuUNP with a 100 nm radius, an
irradiance of 1 kW/cm?2 would give a temperature increase of ~ 5°C1®. For metallic (i.e.,
plasmonic) particles in general, the recently developed thermal discrete dipole
approximation (t-DDA) code?® provides a method for determining the steady-state
temperature within the particles and in homogeneous, surrounding medium.

The localized surface plasmon resonance (LSPR) and, consequently, the heating efficiency
will depend significantly on the particles’ composition and geometry. For example, spherical
AUNCs with diameters between 10 nm and 100 nm exhibit resonances ranging from 517 nm
to 575 nm?23. However, tissue absorption at visible wavelengths limits the application of
noble metal nanoparticles as an in vivo photothermal therapy. To achieve efficient heating at
depths greater than 3 cm, the nanoparticles’ size and shape need to be engineered to shift the
LSPR into the near infrared (NIR) tissue-transparency window (~800 nm)26-29, The ability
to tune gold nanoparticles” LSPR was pioneered by Catherine Murphy using the seed-
mediated method to grow nanorods3? and sees benefits in imaging?1:31-33, diagnosis343°,
photothermal therapy13.26:32.36-40 and drug delivery*1-46,

In vivo NIR PTT has already been shown using colloidal gold nanorods (AuNRSs) with an
optimized longitudinal plasmon. Dickerson et al.28 demonstrated a substantial decrease in
size for squamous cell carcinoma xenografts for pegylated AuNRs for both direct injections
as well as intravenous injections. Wu et al.36 also showed the high spatial precision
regioselectivity of this therapy. Their experiments used an 800 nm femtosecond pulsed laser
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to irradiate human liver cancer cells with internalized AuNRs. They show localized cell
necrosis after laser irradiation while cells a few hundred microns away from the laser spot
were unaffected and cells alone (without internalized AuNRS) were undamaged by direct
laser exposure.

PTT also has the potential to treat multidrug-resistant (MDR) bacteria. By covalently
conjugating gold nanorods to antibodies specific to Pseudomonas aeruginosa, one of the
leading causes of increased infection and mortality rate among individuals with weakened
immune systems, Norman et al.#7 were able to significantly reduce the bacterial cell viability
using a 785 nm light source.

In addition to preventing angiogenesis with tumors and treating bacterial infections, the
identification of diseased tissues is also crucial for effective treatment of metastatic tumors.
This need for biomedical imaging has stimulated additional interest in designing gold33 and
hybrid#® nanomaterials that can be used for both photothermal heating and optical or
gamma-ray imaging33. Imaging of these tissues was demonstrated by two-photon excitation
of endogenous fluorophores at depths up to 40 zm?*°. However, optical contrast agents
including semiconductor®® and noble metal®?! particles targeted for biomolecular signatures
can be used to confirm cancerous tissues more definitively. Although semiconductor
quantum dots have shown a two-photon cross section at least 30 times greater than the
organic fluorophores, they are generally unsuitable for clinical application due to their heavy
metal composition®2. Noble metals like gold are biocompatible and show an increase in two-
photon cross sections over organic fluorophores by at least one order of magnitude.

The targeting of small-molecule pharmaceuticals to specific sites often requires direct
injection at the site; otherwise drugs are delivered through methods (i.e. orally,
intravenously) that expose multiple organ systems and may have adverse side effects. The
use of nanoparticles (NPs) in drug delivery can allow for externally stimulated triggered-
release of molecules through a variety of methods. Angelatos et al.>3 have demonstrated a
facile route for macromolecule encapsulation and release where multi-layered
polyelectrolyte microcapsules are used to entrap the specific molecule and then dotted with
AUNCs. Upon NIR irradiation, the microcapsules shells disintegrated as a result of the
photothermal heating of the AuNPs. They further showed that active targeting of the
microcapsules is achieved through surface functionalization. One problem with drug
delivery is heterogeneity within the tumor due to irregular blood vessel architecture, elevated
interstitial fluid pressure from poor lymphatic drainage, and hindered diffusion from a dense
intercellular matrix®*. Gormley et al.3” were able to demonstrate the benefit of plasmonic
photothermal therapy for increasing the overall accumulation and penetration of N-(2-
hydroxypropyl)methacrylimide (HPMA) within a prostate tumour using AuNRs and 808 nm
laser light (Fig. 1).

The plasmonic properties of AUNCs have also found use in other therapies including
photodynamic therapy (PDT). During PDT, oxygen molecules in the tissue are excited from
a relatively inert triplet ground-state (30,) to a highly reactive excited singlet state (10,)
through direct energy transfer or electron exchange with a photosensitizing molecule. High
electric fields from surface plasmons can enhance the absorption and, therefore, generation
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of singlet-oxygen from small molecule photosensitizers31:44. More recently, AUNCs
themselves have even been shown to act as photosensitizers directly>5-5¢ through a proposed
hot-electron ejection?? mechanism.

Semiconductor Nanostructures

Semiconducting nanomaterials have also received a significant amount of recent attention
for hyperthermal theranostics. However, in contrast to metallic nanostructures,
semiconductors can be photothermally heated through the excitation of direct (band-to-band)
transitions, indirect transitions, and also plasmonic photoexcitation. LSPRs have recently
been shown to exist in many semiconducting nanomaterials arising from appreciable free
carrier concentrations, which are easily controlled though doping and tunable from around
1016 — 1021 3 (Ref. [57]). The doping is achieved through either intrinsic defects (such
as copper deficiencies in copper chalcogenides®8-0 and oxygen deficiencies in transition-
metal oxides®1:62) or the addition of extrinsic impurities®3:64. Moreover, while the NIR
absorption of metallic NPs is largely due to their LSPR, NIR absorption in semiconductors
is a combined consequence of their LSPR as well as band-to-band transition of the charge
carrier. This property allows tunability of the NIR absorption of nanoscale semiconductors
to be dependent on the extrinsically controlled properties of doping level and defect
concentration rather than the intrinsic particle shape and size>> making them well suited
as PTT agents. For example, tungsten bronze nanoparticle compounds with an LSPR in the
NIR such as Cs,WO3 (Fig. 2) are shown®® to be effective PPT agents, reaching 46°C in less
than 15 minutes under a low irradiance (0.7 W/cm?). Furthermore, many semiconducting
nanoparticles used for PTT are known to be biocompatible and biodegradable8’-69,
Elemental silicon has been shown to be biocompatible in human subjects and will
biodegrade into soluble silicic acid followed by urinary excretion with a half-life of less than
3 hours for 90% of the absorbed silicon’C. For these reasons, many semiconducting
nanoparticles have been examined as potential PTT agents, including copper
chalcogenides®859.67.71~74 cadmium chalcogenides’®, transition-metal oxides®1.62.66.76-78
bismuth selenide’®-80, germanium381, and silicon64.68.82-84,

Of the semiconductors mentioned above, the copper chalcogenides have gained the most
attention; specifically copper sulfide (CuS). These materials were originally studied as bio-
compatible, nontoxic alternatives to cadmium chalcogenide contrast agents®8:71:85,
Additionally, these low-cost, easily synthesized nanoparticles have been shown to have
highly tunable LSPRs from ~800-1400 nm by adjusting their stoichiometry to make the
material more or less copper deficient®8:87. The particles are also shown to have a high
thermal stability and PT conversion efficiencies greater than Au nanoparticles
(~22-60%)°8.67_ One downfall, however, is that copper chalcogenides are generally
hydrophobic and require subsequent capping or coating chemistry to make them
hydrophilic®.

The primary difference between modelling photothermal heating for semiconducting
nanomaterials relative to metallic counterparts is that semiconducting structures typically
allow for substantial penetration of electromagnetic fields throughout the internal volume of
the particle. Generally, the source term QXr, ) is dependent on the complex internal electric
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fields generated by irradiation as well as the electrical conductivity at optical frequencies
and is given by®®:

Qx4 =%aE (r,t) - B (r,t) @

where E(r,? and E*(r, ) are the generated electric field within the NP and its complex
conjugate, respectively88. The electrical conductivity at optical frequencies is given by8°:

4mnk
o=
Aipc

®)

where ) ;is the incident wavelength, s the nanoparticles relative magnetic permeability, ¢
is the speed of light, and nand kare the real and imaginary parts of the index of refraction of
the nanoparticle, respectively®s.

By analyzing equations (1), (4), and (5), one can see that the photothermal heating of a
semiconducting nanostructure is affected by the intensity of the incident light, the particle's
internal electromagnetic field distribution, and also by the material's thermal and electrical
conductivity. For instance, the magnitude of internal electric fields can be increased for
constant incident irradiance by tuning the nanoparticle size to a morphology-dependent
resonance (MDR)8%-91, Additionally, the effective photothermal heating efficiency of an
irradiated nanoparticle has been shown to be highly dependent on its defect concentration
which can be altered using methods such as ion implantation®4. The defects act as
recombination centers for generated bound excitons as well as scattering sites for both
charge carriers and phonons. The defects thus alter both the electrical and thermal®2
conductivity of the nanoparticles.

An interesting class of materials that have recently been identified as potential PTT agents
are 3D topological insulators’®80, Topological insulators have insulating bulk properties
with nontrivial, conducting surface and boundary states. As one such material, bismuth
selenide (Bi,Ses), has recently’® been shown to be an effective absorber of NIR light and
converts that light into heat efficiently, making it an effective PPT agent. Furthermore, the
same nanoparticles showed strong X-ray attenuation characteristics, making it double as a
multifunctional X-ray computed tomography imaging agent (Fig. 3).

These semiconducting nanoparticles have also been coupled with other materials to make
multifunctional theranostic nanoparticles?3-%. In a recent study, ultrasmall CuS
nanoparticles were attached at the surface of a silica covered rare-earth upconverting
nanoparticle (NaF4Ybg_78Er 02Gdo.20@Si02-NH5)%. The ultrasmall CuS nanoparticles
work as efficient photothermal agents at the tumor cite. Furthermore, the generated heat
from the CusS nanoparticles works synergistically with the high-Z radiotherapy enhancing
elements Yb, Er, and Gd by potentially increasing intratumoral blood flow which has been
shown to increase tumor cell sensitivity to radiotherapy®®.

In another study involving CusS, the nuclide $4Cu was integrated during synthesis of CusS to
create [4Cu]CusS nanoparticles’. The radioactive 84Cu was added during the synthesis of
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the nanoparticles, resulting in the synthesis of multifunctional nanoparticles without the
need to chelate on the radioisotope. In this case, the radioisotope 84Cu was shown to double
as an efficient PET imaging agent after being embedded within its nanocrystalline
semiconducting host particle’.

Carbon Materials

Nanoscale carbon materials including carbon nanotubes®’, graphene®8 / graphene-oxide®®,
and nanodiamond19°, and have also received a significant amount of attention in recent years
for combining photothermal therapy with other multimodal diagnostic platforms. These
materials frequently are categorized based on both their nanoscale morphologies and relative
abuncance of sp2- and sp3- covalent bonds found in a given structure. Graphene and carbon
nanotube based materials represent the limit of complete sp? bonding where each carbon
atom is connected to three others in a flat, hexagonal, w-conjugated network.

Single-walled carbon nanotubes (SWCNTS) can be considered to be formed by rolling a two
dimensional sheet of graphene into a tube with or without a *twist’ in the sheet of carbon
atoms. Interestingly, SWCNTs may exhibit either semiconducting or metallic electronic
structure based on the extent to which a sheet of graphene is twisted while being rolled to
make a tubel91, The one dimensional morphology of SWCNTSs leads to sharp spikes in the
density of electronic states (van Hove singularities) that create large absorption coefficients
in the near-infrared01. SWCNTs efficiently convert absorbed electromagnetic energy
(including at radio frequencies9?) to release significant amounts of heat for applications in
photothermal therapy103 and photoacoustic® imaging (PAI). Similar to SWCNTs, single-
walled carbon nanohorns (SWCNHSs) were recently195 shown to possess potential as a PTT
and PAI agent. Chen et al. conjugated the SWCNHSs with a branched polymer (C1gPMH-
PEG) for improved biocompatibility and circulation. After intravenously injecting tumor
bearing mice with functionalized SWCNHSs and irradiating with an 808 nm laser for 10 min.
at a power density of 0.4 W cm~2 they observed intratumoral temperatures as high as 55°C
and tumor ablation as opposed to irradiated mice with injections of C;gPMH-PEG only (Fig.
4).

Beyond photothermal heating, near-infrared excitation of semiconducting SWCNTSs also
generates bright NIR photoluminescence which can be used for diagnostic optical
imaging96:107, SWCNTSs have also been labeled with radioisotopes such as 111In that can be
used for quantitative y-ray counting of the concentration of residual nanomaterials within
specific in vivo organ tissue. Near infrared excitation of SWCNTSs also has been
demonstrated to generate reactive oxygen species that acts as a complementary
photodynamic approach for damaging tumor cells!08. Targeting and selectivity during
cancer cell destruction has also been reported through molecular surface functionalization of
SWCNTSs. For instance, adding a folatel®® moiety allows for selective internalization of
SWCNTs inside cells labeled with a folate receptor tumor marker, reducing the effect of
photothermal heating on healthy tissues. Surface functionalization has also been shown to
increase the biocompatiblity of SWCNTSs, both in vitro and in vivo!10,

In contrast to carbon nanotubes, nanodiamond1! materials represent the limit of nearly
complete sp3 bonding where carbon atoms form a three-dimensional crystal based on a face-
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centered cubic (FCC) Bravais lattice and a diatomic basis of tetrahedrally bonded carbon
atoms with atomic coordinates of (0,0,0) and (%7 1 %). Diamond nanocrystals can be
produced with many different methods including the detonation of high explosivesi0, high-
pressure high-temperature processing12113 pulsed laser ablation, or more recently through
direct-current atmospheric pressure plasmas4 where grain sizes can range from single-digit
nanometers to several hundred nanometers, depending on the synthetic method. The wide
band gap of diamond (5.5 eV) means these materials can be considered transparent
insulators at visible and near-infrared wavelengths, although ion irradiation has been
demonstrated to create a large number of point defects and graphitization!1® in the diamond
lattice, leading to enhanced optical absorption that could be used for photothermal therapy.
More recently, novel composite nanostructures of diamond with coatings of gold and silver
have been demonstrated to exhibit ehanced optical absorption for PTT48.

lon irradiation of nanodiamonds has also been shown to assist in the formation16 of the
well-known negatively-charged nitrogen-vacancy point defect center with a bright and
photostable characteristic zero-phonon emission maximum of A =637 nm. It also has been
shown that nanodiamond materials are highly biocompatible!1’, and are readily endocytosed
by numerous in vitro tissue models!8 and in vivo model organisms!19. Several
physiologically active small-molecules, including daunorubicin!20, epirubicin!®, polymyxin
B121 and bone forming proteins'22 also have been demonstrated to adsorb non-specifically
on the surface of nanodiamonds for release in tissuel23.

Iron Oxide Nanocrystals

Magnetic particle hyperthermia has been studied for more than 50 years with the first
clinical trial demonstrating its effectiveness on prostate cancer and gliomas!24 in 1957. The
past decade has seen a marked increase in clinical trial studies?5-128, Much like the metallic
and semiconducting nanoparticles, hyperthermal therapy via magnetic particles consists of
localization, nanoparticle heating, and subsequent conduction of heat into the surrounding
tissue, raising the local temperature above 42°C. The difference between the magnetic
particles and their metallic and semiconducting counterparts is the mechanism by which the
particle is heated. Briefly, magnetic hyperthermia is achieved by applying external
alternating magnetic fields to cause the magnetic particles to heat through hysteresis loss
(Néel relaxation) or induced eddy currents129-132,

For multidomain particles, the largest contribution to heating is hysteresis loss133 which
itself can be described by two further mechanisms. The first is due to the rotation of
magnetic moments inside a single domain while the second is from domain walls pinned on
the impurities inside the materials. The process is irreversible and energy losses occur as the
amplitude of the applied AC magnetic field is increased33, Under the influence of the time-
varying magnetic field, the hysteretic properties of ferrimagnetic (FM) materials can be used
to describe the heat generated per unit volume (Pgy,)134:

PFM:,uOf?(Hd]\I (6)

Nanoscale. Author manuscript; available in PMC 2016 April 28.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Smith et al.

Page 9

where (1 is the permeability of free space, fis the frequency of the applied magnetic field,
is the magnetic field strength and M is the magnetization, which is magnetic moment per
unit volume.

For single domain particles, the rotation of magnetic moments is the main source of
hyperthermal heating35. Below a certain particle size (superparamagnetic size, SPM), the
multidomain particles become energetically unfavourable and each particle behaves as a
single magnetic domain136:137 As the external magnetic field is applied, the magnetic
moment reorients along the magnetic field axis. Once the magnetic field is removed, the
magnetic moment relaxes to its equilibrium orientation dissipating energy and, thereby,
generates heat. If the rotation in question is of the magnetic moment within the particle, the
process is called Néel relaxation138, The relaxation time v, describes this process and was
proposed by Louis Néel in 1949 with the relation to temperature, 7:

Ep

r=rpefsT 0

where Ty, is the attempt time, kg is Boltzmann constant and £g is the anisotropy energy
barrier.

Similar to Néel relaxation, if the particle itself rotates relative to its surrounding medium
under the influence of a magnetic field, it will undergo Brownian relaxation3?, which
depends on both the particle and medium properties. The Brownian relaxation time is
described13® as:

37’0‘/h7’] (T)
TB: k’ T (8)
B

where V}is the hydrodynamic volume and n(7) is the viscosity of the medium.

The SPM size prevents agglomeration of particles in the absence of a coercive force or
remanent field, which may increase the residence time of particles within a patient's
body134. The heating power of magnetic hyperthermia can be controlled easily by both the
AC magnetic field's amplitude and the concentration of nanoparticles at the tumor
site141-143_ Therefore, iron oxide SPM particles have been widely used in medical research
owing to their non-toxicity, biocompatibility, and large magnetic response. Khandhar et
al.1%4 have optimized the size of the magnetic nanoparticles at a particular AC magnetic field
frequency to enhance its magnetic hyperthermia potential. Sadhukha et al.14° developed
inhalable magnetic particles for targeting lung cancer cells, which successfully demonstrated
prevention of the tumor growth. In 2014, Tsiapa et al. developed and evaluated iron oxide
nanoparticles coated with aminosilane as a cancer hyperthermia therapy agent. Fig. 5 shows
that the in vivo study with mice can reach ablative temperaturesl49

Recently, photothermal effects of magnetic, iron oxide-based nanoparticles have also
attracted a great interest. Compared to the traditional magnetic hyperthermia, which requires
a high voltage and current to focus a magnetic field in a large air volume, photothermal
ablation needs only NIR light to trigger this process with deeper penetration and higher
efficiency2”-28, One study demonstrated the potential of magnetic iron-oxide particles for
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PTT where surface-functionalized Fe3O4 particles were introduced to esophageal tumors in
mice and irradiated with NIR light146. A histological assessment of the treated and untreated
tissues is shown in Figure 6. Iron oxide particles have the added benefit of being used for
multifunctional applications in diagnosis and real-time monitoring of deep tissues with
magnetic resonance imaging (MRI1)2°.

To increase the absorption of NIR light and enhance the particle's functionality, magnetic
nanocrystals can be synthesized with various coatings and ligands, such as gold147-149,
silical0, carbon nanotubes>!, polymers®4.146.152 Tj0,153 Ag148.154 graphitic carbon?%:94,
and upconversion crystals®5-159. The surface of magnetic particles can also be modified to
be porous. Kim et al.169 synthesized monodisperse mesoporous nanoparticles which consist
of a single magnetite nanocrystal core and mesoporous silica shell. The porous,
biocompatible shell can be loaded with drugs to assist in hyperthermal therapy. They can
also be loaded with fluorescent dyes to help image the outcomes of cancer therapy. The
absorption of NIR light can also be tuned by the surface modification. Liao et al.1%0
designed a ligand-assisted synthesis of NIR activated magnetite nanoparticles, which have
increased d-d transition probability of iron ions at NIR wavelengths. The absorption
wavelength can also be tuned during the synthesis.

One of the most common composite materials for photothermal therapy is based on a gold/
magnetite composite nanostructure. Larson et al.14” used gold-coated iron oxide
nanoparticles to enhance both MRI and optical imaging of breast cancer cells followed by
effective photothermal ablation of the same cells. The surface plasmon resonance of the gold
layer provides optical contrast through the scattering of visible light. The gold layer also has
strong optical NIR absorption, which makes the nanoparticles promising agents for PTT. In
addition, the iron oxide cores show strong T2 contrast (spin-spin relaxation time), which can
be tested with clinical MRI.

Magnetic hyperthermia and NIR PTT of magnetic materials both have promising futures but
further improvements are needed before either can be applied clinically. One of the main
obstacles is the precise control of local hyperthermal temperatures. It is also crucial that the
material is biocompatible and stable in tumor tissues while preventing collateral damage to
surrounding, non-cancerous tissues6Z,

Conclusions

This review highlights a range of metallic, semiconducting, and insulating materials that
have been reported in recent years that combine electromagnetic hyperthermal heating with
a variety of diagnostic capabilities with an aim of treating a variety of aggressive strains of
cancer. Nanoscale materials have been demonstrated to offer a variety of therapeutic and
diagnosic (theranostic) capabilities based on combining traditional small-molecule
pharmaceuticals with photothermal heating, radiation therapy, advanced optical- and radio-
imaging, and also tumor targeting via molecular surface function-alziation. Although we
have reviewed the operative heating mechanisms for several of the most widely studied
nanomaterials, the number and variety of recent publications is too vast to make possible a
comprehensive discussion in this mini-review. However, there are several recently-published
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reviews that we would like to point the interested reader to given the space constraints here:
YLiF4162, NaYF,163-168 silver nanocrystals'®9-172, palladium nanocrystals!’3-175,
nanocrystalline metal alloys176-179 and Si0,180.181,

The potential of nanoparticles in PTT is promising given the wide range of materials
available. However, their use in clinical treatments will require further studies to better
understand relative advantages and disadvantages, including: bio-compatibility,
functionality, heat dissipation in various tissues, and interaction with light, especially within
the NIR tissue transparency window. Gold is a substantial absorber, but the high cost of
feedstocks may limit its widespread usage. Furthermore, the plasmon resonances in metals
are affected by the size and shape of the particle and are susceptible to drift. Semiconductor
absorption is more stable and can be controlled with doping, but the materials are often
composed of toxic metals. Future research of semiconductors as PTT agents will certainly
require the study of biocompatible materials. Carbon can be much cheaper and also has a
significant absorption cross section (in sp? form), but the chirality and diameter of
nanotubes, which severely impact the physical and chemical properties, are difficult to
control. Magnetic hyperthermia often uses materials that are biocompatible; however,
particle size polydispersity reduces heating efficiency. Additionally, the alternating magnetic
fields required to heat the particles can have negative effects on healthy tissue. It is clear that
there is no perfect material fo PTT, but researchers everywhere continue to search for the
best methods for synthesizing high-yield, monodisperse hypthermal therapy agents. Given
the global extent of interest in this field, the base of fundamental scientific knowledge
regarding the physical- and toxicological- properties of hyperthermal nanomaterials
continues to grow more each day. Several novel ideas for combining hyperthermal heating
with multifunctional in vivo diagnostics discussed in this mini-review have great potential to
impact the clinical treatment of solid tumors in the future.
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Fig. 1.
3D surface plot of magnetic resonance imaging (MRI) T1 relaxation scans. The left panel

demonstrates the significant signal enhancement from a prostate tumor treated with AUNR
NIR PTT resulting in an increase of gadolinium-labeled N-(2-
hydroxypropyl)methylacrylimide accumulation relative to an untreated tumour within the
same animal. The right panel shows that a tumour treated with a NIR laser alone has very
little difference from the control tumour. Reprinted with permission from3’, Copyright 2013
Elsevier.
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Fig. 2.
a) Time evolution of temperature distribution in A549 cells with Cs,WO3 nanorod-

enrichment (top, 0.5 mg/mL) and without nanorod-enrichment (bottom). Cell dishes were
irradiated at a wavelength of 980 nm at 200 mW (0.7 W/cm?2). Temperatures were measured
with a thermographic meter. b) Cross sectional profiles of temperatures corresponding to the
temperatures in (a). Reproduced with permission from®, Copyright 2013 The Royal Society
of Chemistry.
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Fig. 3.
Topological insulating nanoparticles of BioSes are shown to be multifunctional in that they

have shown to suppress growth (top graph) while also acting as an x-ray attenuator for
computed tomography imaging (bottom image). Adapted from’®.
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Fig. 4.

(a) Change in mice body weight after treatment. (b) Tumor growth curve after treatment. (c)
Photographs of tumor bearing mice injected intravenously with either saline or SWCNHSs/
C1gPMH-PEG and exposed to laser treatment. Reproduced with permission from10°,
Copyright 2014 Wiley-VCH.
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Fig. 5.
(a) Tumor volume of a mouse treated with nanoparticles and applied magnetic field and a

control group of mice (n = 3) without AMF or nanoparticle injection over an experimental
period of 16 days. (b) Thermal images of mouse demonstrated increasing temperatures in
the tumor area during hyperthermia sessions in different days of the experimental period.

Reproduced with permission from140, Copyright 2014 Elsevier
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Fig. 6.
Histologic assessments of tumor tissues with and without photothermal treatments of Fe3O4/

(DSPE-PEG-COOH) nanoparticles and control. (A) Hematoxylin and eosin (H&E) stained
images; (B) terminal deoxynucleotidyl transferase nick end labeling (TUNEL) assay images.
The tumor tissues were collected from PBS without laser exposure (left), Fe304/(DSPE-
PEG-COOH) without laser exposure (middle), and Fe304/(DSPE-PEGCOOQOH) with 808-nm
laser exposure (right). Scale bar: 50 zm. Reproduced with permission from146, Copyright
2013 Elsevier
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