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1 | INTRODUCTION
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methods. Among several approaches, thermal therapy is
being proposed as an alternative to traditional re-
section surgery for tumor removal, thanks to the possibil-
ity to be delivered in a minimally invasive manner,
allowing several advantages, such as less pain and shorter
recovery time [1,2]. The range of temperature between
43°C and 60°C, with specific exposure time, is responsi-
ble, at different levels, for the tumor thermal damage,
due to proteins denaturation, microvasculature collapse,
DNA impair apoptosis and necrosis [3]. Although there
are differences in optical properties between the cancer-
ous cells and healthy tissue (different reactions to radia-
tion), the overall thermal effect in the tumor and the
surrounding healthy cells does not present appreciable
selectivity, once exposed to laser light. Considering also
that a laser power ranging from 1 to 10 W, needs some
minutes for a whole tumor-covering treatment, the risk
of inducing undesired thermal damage to the healthy tis-
sue and structures surrounding the tumor exists [4]. As a
solution to reduce the amount of energy absorbed by
healthy tissue in conventional methods, photothermal
therapy (PTT) [5] has been proposed [6]. Here,
photothermal agents are introduced in the tumor as light-
absorbing materials to improve the efficacy of energy-to-
heat transduction [7-9]. PTT employs near-infrared (NIR)
laser photoabsorbers like metal nanoparticles (NPs)
[9-12], carbon-based materials [13-15], organic com-
pounds [16], indocyanine green [17], natural chromo-
phores [18], and synthetic coordination polymers (eg,
Prussian blue) [19,20] to generate the necessary heat for
thermally ablating cancerous cells exposed to NIR laser
irradiation. In particular, laser irradiation of noble metal
NPs with localized surface plasmon resonances (LSPRs) in
the first biological window (ie, 650-950 nm) has been
widely investigated to achieve a potential clinically rele-
vant photothermal effect [21]. Minimal invasiveness, high
specificity, and precise spatial-temporal selectivity are
some of the unique advantages of PTT in cancer therapy
[22,23]. Furthermore, PTT can directly be used to eradicate
the cells in primary tumors and it also can be combined
with current therapeutic modalities to treat cancerous cells
in the metastatic sites [24-29].

A combination of the targeted drug delivery systems
with photothermal ablation offers the advantage of an
enhanced therapeutic index, which can be especially sig-
nificant in treating cancers with multidrug resistance
[30,31]. For instance, an intelligent protoporphyrin-based
polymer nanoplatform has been recently proposed as a
new multifunctional NP for synergistic enhancement of
cancer treatment through combined PTT and nitric oxide
therapy, with a good therapeutic effect on drug-resistant
tumors [32,33]. Chemo-photothermal therapy tuned to
elicit anti-tumor immunity can exert striking therapeutic

effects against the primary tumors and the advanced met-
astatic cancers [34]. In this concern, several published
reviews report either organic or inorganic nanomaterials
for chemo-photothermal combination therapy [33,35,36].
A recent strategy that can be potentially applied in a vari-
ety of therapeutic agents with monitoring ability is repre-
sented by a multifunctional nanohybrid with two-photon
excited fluorescence (TPEF) imaging performance and
two-photon photothermal therapy (TP-PTT) effect [37].

Several approaches, such as radiotherapy or PTT,
have shown significant progress on cancer treatments
thanks to the unique electronic, optical, and chemical
properties of gold nanoparticles (GNPs). GNPs allow
achieving a significant therapeutic ratio when employed
as radio or photosensitizing agents, in a proper concen-
tration and dimension, within the tumor [16-20]. The
therapeutic ratio, in this case, is related to the maximum
radiation dose by which the death of cancer cells is
locally controlled and the minimum radiation dose by
which cells in healthy tissues have low acute and late
morbidity [38-40]. Properties such as biocompatibility,
chemical stability, inertness, relatively low cytotoxicity,
thermal efficacy, and ease of detection make gold an eli-
gible candidate to enhance PPT [41,42]. Moreover, the
novel approaches for synthesis [5,43], as well as the appli-
cation of GNPs as biomarkers and contrast agents (CAs)
[44-46], and the progress in combinatorial cancer ther-
apy pave the ways toward the theranostic use of GNPs in
addition to PTT [6,47,48].

When the shape of GNPs changes from sphere to rod,
the absorption and scattering wavelength will be shifted
from visible to the NIR region, thus causing an absorp-
tion and scattering cross-section change. This variation
allows them to be very efficient energy absorbers, at the
desired light wavelength, able to generate a local temper-
ature increase [49-52].

In the PTT scenario, rod-shaped GNPs, i.e., gold
nanorods (GNRs), have been extensively investigated
since they can strongly absorb electromagnetic waves at
different frequencies corresponding to the NIR, leading
to a rapid temperature rise of the host tissue [11,53]. Gold
nanoshells (GNSs) are also largely employed as a NIR-
responsive platform [54]. Indeed, gold-silica nanoshells
have paved the way toward the first human application
of PTT for the treatment of prostate disease [43,55].

The main challenge concerning GNPs-based thermal
therapy consists in the delivery of an optimized concen-
tration of NPs inside the target, sufficient to enhance the
thermal effect while reducing laser intensity for sparing
the healthy tissue [56]. Indeed, GNPs’ optical properties,
shape and size, coating, concentration, in association
with laser wavelengths and powers [57-61], and tumor
biological and chemical properties impact on the GNPs-
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assisted PTT outcomes, as well as on the cell death mech-
anisms [5,48]. In this framework, also adequate tools for
the planning and prediction of the GNPs-based thermal
therapy  settings, along with approaches for
intraprocedural monitoring of the thermal outcome could
provide a valid support for the design and control of the
therapy.

Deepening the knowledge about the optical and ther-
mal response of GNPs in both theoretical and experimen-
tal conditions is useful to better understand the settings
and requirements for an optimal and effective PTT. By
getting inspiration from interdisciplinary fields of science
and technology, this review describes the fundamental
aspects related to the GNPs-mediated PTT design. This
work also provides essential information on the physical
mechanisms underlying the heat generation induced by
GNPs-mediated PTT. Indeed, insights on the phenomena
describing laser-tissue interaction with GNPs are crucial
for the pre-planning treatment design and for defining an
accurate  intraprocedural thermometric  approach
(Figure 1).

All the aforementioned aspects are at the basis of the
actual translation of GNPs-mediated PTT from the labo-
ratory to the clinical application.

2 | GOLD NANOPARTICLES

The use of NPs in diagnostic and therapeutic for cancers
is rapidly expanding due to their unique properties such
as small size, large surface area to volume ratio, high
reactivity to the living cells, stability over high tempera-
tures, and translocation into cells. Several studies have
focused on high atomic number (Z) GNPs of different
sizes, shapes, and surface coatings which offer different
advantages, for example, being biocompatible, easily
synthesizable and stable, as well as possessing the capac-
ity to be internalized within cells and enhance radiation
effects therein [62,63]. The specific property characteriz-
ing high-Z NPs is the enhancement of electron release in
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the medium, due to atomic excitation by incident radia-
tion. Moreover, GNPs can be functionalized with anti-
bodies, polymers, and peptides for application in
different fields [64-67].

Also, GNPs possess tunable optical properties and
flexible surface chemistry. Their physical characteristics,
such as surface plasmon resonance (SPR) and Raman
scattering activity, make these NPs good candidates to be
utilized as tumor-specific PTT agents, drug delivery vehi-
cles, antiangiogenic agents or molecular reporters, and in
further cancer therapy applications including optical
imaging and photoacoustic tomography of tumors [44].

Therefore, if these particles can be preferentially
delivered to tumor volumes, they can selectively increase
the target's absorption, offering both improved image
contrast and selective increases of the desired target's
dose. However, the interaction between the cells and NPs
as well as the way by which the NPs distribute within the
body is an important issue which should be considered.

2.1 | Biodistribution and cytotoxicity
of GNPs

Biodistribution and toxicity of NPs are mostly related to
the way they are injected, that is, orally, intravenously, or
directly into the tumor, and to their size. Nanomaterials
composition is also a factor that determines the cellular
uptake mechanisms and the intracellular localization of
NPs, as well as their chemical interaction with cells [68].
By considering a major concern associated with the
healthy tissues in NPs-mediated cancer treatment, differ-
ent routes of NPs’ administration, and the form and
method by which the NPs disperse within the tissues
after the injection, have been largely investigated and dis-
cussed [69-73]. Regarding the influence of the size,
Hillyer and Albrecht investigated the gastrointestinal
uptake and subsequent tissue/organ distribution of GNPs
in mice for different orally administered NP's sizes, that
is, 58, 28, 10, and 4 nm [74]. After the administration of
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the particles, using transmission electron microscopy
(TEM) and instrumental neutron activation analysis
(INAA), they qualitatively and quantitatively measured
the presence of gold in biological specimens. The smallest
GNP's type (4 nm diameter) was observed in the kidney,
liver, spleen, lungs, and even the brain, whereas the big-
gest one (58 nm diameter) was detected almost solely
inside the gastrointestinal tract. They compared the pres-
ence of NPs in different organs and tissues such as blood,
brain, lung, heart, kidney, spleen, liver, intestine, and
stomach. Smaller colloidal GNPs were able to cross the
gut and localize to tissues more readily than larger parti-
cles. NPs with size of 4, 10, and 28 nm were detected in
the tissues they studied on. Regarding the GNP's size of
56 nm in diameter, in the majority of these tissues, gold
was not detected. The paracellular mechanism of colloi-
dal gold uptake they observed suggests that particles can
enter the body without being subjected to organized
intracellular processes such as lysosomal enzymatic deg-
radation that may be deleterious to conjugated proteins
or molecular species.

Oral and intravenous (i.v.) injections rely on the pres-
ence of leaky vasculature and enhanced permeation and
retention effect (EPR; ie, passive targeting), which forces
NPs to preferentially accumulate at the tumor site
[75-78]. Several studies have shown less than 10% ID/g
(Injected Dose/gram) of NPs delivered to the tumor when
administrated by intravenous injection [79,80]. In the
i.v. injection of NPs, the main pathway of clearance is
through the reticuloendothelial system (RES) via macro-
phages in the liver and spleen [80]. Thus, the decrease in
the interaction between NPs and the RES lengthens the
blood circulation time, and this longer period is often
associated with higher intratumoral penetration [81].

Jong et al. compared the tissue distribution of various
sized GNPs in the rat after i.v. injection through the tail
vein and investigated the size-dependent organ distribu-
tion of GNPs [82]. Using the inductively coupled plasma
mass spectrometer (ICP-MS) and TEM, they measured
the presence of gold in different parts of the body
24 hours after the injection. The highest percentage of
gold was found in the blood and liver, corresponding to
70% to 80% of the initial injection dose. The results
showed that the majority of the NPs accumulate in the
liver after i.v. injection irrespective of the NP's size.

The intratumoral (i.t.), that is, direct, administration
of NPs with a reasonable dose by which the particles are
directly introduced into the tumor site has shown suc-
cessful results [83,84]. Kanavi et al. performed an ex vivo
study on a fresh human whole eye enucleated for choroi-
dal melanoma to investigate the distribution of GNPs
within the eye after i.t. injection into the tumor. The
results of this study proved the proper distribution of

GNPs within the tumor, while no particle was observed
in the extratumoral areas [85]. Although this way of
injection provides a more favorable GNPs’ concentration
inside the tumor while also decreasing the injection dos-
age, an i.v. injection could be more helpful in some cases,
especially for tumors that are not accessible by direct
injection of GNPs. Table 1 summarizes the main results
of the biodistribution of GNPs in tissues.

Different nanomaterials induce different cell
responses, resulting in variable toxicity [86-88]. The size
and shape of particles, as well as the target cell type, are
the critical determinants of the intracellular responses
and the degree of cytotoxicity. In photothermal applica-
tions of GNPs, also changes in the geometry, surface con-
jugations, and administration methods play a key role in
the cytotoxicity and biodistribution of GNPs [89,90]. The
cytotoxicity data, which can be obtained through differ-
ent assays, help predict the NPs’ biocompatibility [91,92].

Some works have suggested the dependency of GNPs’
cytotoxicity on the adopted doses and stabilizers [93,94].
Furthermore, the variation of the GNPs’ cytotoxicity in
human lung and liver cancer cell line suggests its depen-
dence on the cell type [95]. Nonmalignant cells have
shown to be more sensitive to these NPs than cancerous
cells [96].

Regarding GNPs, the majority of research has been
conducted on the cellular uptake and cytotoxicity of
GNSs [97-102], whereas a few investigations have been
performed in the presence of GNRs [103, 104]. Recently,
a comprehensive systematic study has been done on the
influence of GNPs’ size, shape, and surface coating on
cellular uptake and cytotoxicity [105].

Although many studies have shown negligible cyto-
toxicity for GNPs [101, 106, 107], the available literature
in this field contains conflicting data since the diverse cell
lines, various cell viability assays, and different chemical
routes employed to synthesize GNPs [103, 108], together
with the absence of standard safety protocols.

For instance, some studies have reported that GNSs
are less cytotoxic than GNRs, and in another study, GNRs
showed less toxicity than GNSs [89,108,119].

Sun et al. have reviewed the cell death induced by
GNPs focusing on apoptosis, necrosis, autophagy, and
associated molecular mechanisms [102]. By considering
different sizes, they compared the relationship between
GNPs’ properties and cell death for a variety of cancer
types. It was concluded that the small-sized GNPs
induced more necrosis, hexagonal GNPs, and GNRs
induced more apoptosis compared to the spherical-
shaped NPs and finally the hydrophobic and charged
GNPs induced higher apoptosis and autophagy levels
than the hydrophilic and neutral charged GNPs,
respectively.
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In the experimental study by Connor et al., GNPs
with different sizes and capping agents have been investi-
gated for the uptake and cytotoxicity in human leukemia
cells. They used MTT assay to evaluate the cytotoxicity of
GNPs, and the results suggest that spherical GNPs with a
variety of surface modifiers are non-toxic to cellular func-
tion despite being taken up into cells [101].

Khlebtsov and Dykman have presented a detailed
analysis of data published between 1995 and 2010 on the
in vitro and in vivo biodistribution and toxicity of most
popular GNPs after i.v. injection, including atomic clus-
ters and colloidal particles of diameters from 1 to
200 nm, GNSs, GNRs, and gold nanowires [81].

In the field of PTT, Moustafa and colleagues have
recently summarized the progress toward a better under-
standing of the efficacy, mechanism, and toxicity of
GNPs-assisted PTT of cancers [110]. They have made an
in-depth comparison of different shapes and sizes of
GNPs based on the amount of heat generation. In this
comparison, higher heat generation efficacy, longer blood
retention, and higher i.t. penetration are reported for the
smaller sizes of GNPs (<20 nm). However, particles with
larger size (> 20 nm) have shown lower toxicity rather
than the smaller one.

In the study of the PTT ablation properties of GNRs,
systematical evaluation of the cytotoxicity and cellular
uptake behavior of these particles show the high depen-
dency of cellular behavior on both the NPs’ surface coat-
ing and the cell type [111].

GNRs have limited clinical use due to the cytotoxicity
caused by the surfactant like cetyltrimethylammonium
bromide (CTAB) that serves as a template during the
GNRs’ synthesis process. In this regard, Mooney and
coworkers have employed GNRs coated with
11-Mercaptoundecyltrimethylammonium bromide
(MUTAB) instead of CTAB, for in vivo PTT purposes on
xenograft tumors. The adopted MUTAB-coated GNRs
resulted to be cytocompatible up to a threshold of approx-
imately 3 mg/mL [112]. Furthermore, another strategy is
the surface modification with polymers, which is
suggested to reduce such surfactant-related cytotoxic-
ity [113].

Regarding all the above-mentioned cases about the
restriction of the clinical usage of NPs in cancer therapy,
numerous studies and researches have been done to
develop new methods for the treatment of cancer with
potential translation to the clinic. However, the delivery
of NPs into the tumor site, their biological distribution,
lack of clearance from the systemic circulation, inherent
toxicity, and off-target effects are still significant restric-
tions that bridge the gap between laboratory and clinical
usage of NPs [114, 115]. Indeed, a further concern is
related to the long-term fate of the delivered GNPs and

the associated long-term cytotoxicity. Although solid
knowledge of the systemic effects arising from the clus-
tering and accumulation of GNPs is missing, the first
investigations seem to indicate GNPs’ superficial charge
and dimensions as crucial aspects [6,116]. Moreover, the
preferential accumulation sites appear to be the liver and
spleen, as shown by Goodrich and colleagues, which
observed foreign bodies in 100% of livers and 7 out of
8 spleens in murine models. Conversely, no foreign bod-
ies were found in the brain, heart, lung, kidney, adrenal
gland, or mesenteric lymph nodes, after administration of
PEGylated GNRs (length = 447 +54nm and
width = 14.3 + 1.8 nm) [117]. Due to the limited period
of observation related to animal studies, typically up to
6 months from the administration [6], the available data
are not sufficient to estimate the actual GNPs’ long-term
cytotoxicity, hence further investigations are needed to
assess their behavior in broader time intervals.

2.2 | Delivery of GNPs

Microenvironmental characteristics such as high stroma
density and high interstitial fluid pressure can impede
the efficient delivery of NPs into the tumor [118]. In the
case of hypovascular tumors, the delivery of NPs through
the EPR effect alone is not very efficient and most NPs
localizes predominantly in the mononuclear phagocytic
system [119-121]. The biological barriers, detrimental to
the final effectiveness of the delivery system, which
nanomaterials might encounter from the site of injection
to the site of action are generally summarized in blood
barriers, tumor barriers, and cellular barriers [122, 123].

Regarding the tumor barrier, pathological features of
vascular and stromal barriers, as well as their influence
on the delivery efficacy, have been recently described,
and the strategies for engineering NPs to overcome these
challenges have been outlined [124].

Image guidance combined with minimally invasive
interventional procedures has been recently widely stud-
ied as a method able to simplify regional drug delivery,
targeted vascular embolization, and direct tumor abla-
tion. Interventional oncology includes different mini-
mally invasive methods with real-time image-guided
procedures for the diagnosis and treatment of cancer with
the advantages of lower costs, fewer complications, and
faster recovery times in comparison to surgery [125, 126].

Li and colleagues have reviewed the current image-
guided interventional cancer nanotheranostics with spe-
cific attention to their applications for the management
of pancreas cancer. This method allows the possibility of
disrupting the stromal barrier of pancreatic ductal adeno-
carcinoma (PDAC) [127].
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Considering their nanometric dimensions, NPs’
entry is easily facilitated into various cells, posing one of
the greatest difficulties in using them for targeted deliv-
ery to specific tissues. This problem can be prevented by
actively targeting NPs to receptors or other surface
membrane proteins overexpressed on target cells. For
this aim, NPs are functionalized by conjugating with
targeting ligands, that have an inherent ability of
directly selective binding to cell types. Regarding GNPs
and their biomedical applications, some reviews have
been done to indicate the enormous growth in this field
[128-131].

Antibodies, antibody fragments, aptamers, peptides,
and whole proteins (eg, transferrin) and different recep-
tor ligands (eg, folic acid) are some of the targeting
ligands employed to actively target GNPs [132]. For target
delivery with each kind of the present ligand, the surface
of NPs should be chemically modified to introduce reac-
tive parts, thereby providing functional group that can be
conjugated to them to allow for selective delivery of the
desired NP therapeutics. Some reactive groups utilized in
chemical reactions for conjugating NPs to targeting
ligands are listed and available [133].

Cheng et al. have explored the relationship between
tumor delivery efficiency and NP-specific parameters by
analyzing the reported data from 2005 to 2018 related to
a wide range of NPs, including GNPs, through the physi-
ologically based pharmacokinetic (PBPK) models. The
factors influencing tumor delivery kinetics have been
identified, and they found that a low delivery efficiency is
associated with low distribution and permeability coeffi-
cients at the tumor site [134].

In the critical revision of the PTT concept based on
the intravenous-targeted delivery of GNP, quantitative
tumor uptake studies for a class of GNRs conjugated to
tumor-targeting peptides are reported [135]. The appli-
cation of GNPs’ conjugates in biomedical diagnostics
and analytics, PTT as a carrier for delivering target
molecules, and the immunological and toxicological
properties are reviewed by Dykman and col-
leagues [136].

In the in vitro and in vivo study on the chemo-
physical properties and PTT effects of GNRs, Liao and
colleagues fabricated NIR-stimulated polymersomes, arti-
ficial vesicles that can co-deliver GNRs for cancer ther-
apy. This system presents a useful strategy for
maximizing the therapeutic efficacy and minimizing the
dosage-related side effects in the treatment of solid
tumors since they can be efficiently taken up by the
tumor cells. The heat from the GNRs not only promotes
drug delivery into the tumor, but also increases the drug
toxicity to tumor cells [113].

In another recent study, triphenylphosphine (TPP)
surface-functionalized and F-108 Pluronic-stabilized
GNPs, presenting a new compound (F-108 @TPP-AuNPs)
with unique properties like water stability, TPP-
controlled release, photostability, high light-to-heat con-
version capabilities, were proposed. In the in vivo and
in vitro trial on Hela cells, this compound, when exposed
to irradiation, showed superior anticancer activity
through apoptosis mechanism due to the synergism
between chemotherapy and hyperthermia with a clear
advantage of the combined vs individual therapies [137].

In cancerous cells, the set of transcribed genes is
changed compared with non-cancerous cells, leading to
an elevated pool of specific messenger RNAs (mRNA).
Several mRNAs are transcribed by ribosomes in the
endoplasmic reticulum in proximity to the cell nucleus.
These agglomerations of mRNA around the nucleus can
be a unique target in the tumor. A combination of NPs
and RNA is intended to enhance the safe delivery of the
desired target and sometimes it is used to silence the tar-
get mRNAs [138].

In the review by Xiao et al., the NPs-based RNA deliv-
ery systems which are currently approved for clinical tri-
als in cancer therapy are listed and available [139].

2.3 | Stabilization of GNPs

In addition to the functional groups, surface-bound
ligands also contribute to the stability of NPs, leading
to effective interaction with cancer cells. Stabilizing
agents are used to maintain the stability of NPs under
harsh conditions like in the cell or in the bloodstream.
They also prevent aggregation of NPs, improve their
stability in water solutions, and change their bioavail-
ability in biological systems [140, 141]. Furthermore,
the NPs’ coating impacts structural stability and pre-
vents quenching [142].

Although there is considerable progress in the field
of biomedical application of GNPs, the stability of
these particles in the physiological conditions remains
unclear.

At the cellular level and by interacting with the cell
membrane, mitochondria, or nucleus, GNPs with differ-
ent capping may behave in different ways. A detailed
comparative analysis of the role of different surface cap-
ping material on the stability and toxicity of three water-
soluble GNPs is provided in [143].

Although GNRs are known to be promising agents
for PTT, their uptake is lower than GNSs. Proper stabiliz-
ing agent can be selected to provide effective penetration
of these particles into cells [144].
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3.1 | Electromagnetic radiation

In terms of the modern quantum theory, electromagnetic
radiation (EMR) is the flow of photons (light quanta) in
the space. The effects of EMR on the chemical com-
pounds and biological organisms are dependent on the
power and frequency of radiation. In terms of frequency,
EMR is classified as being non-ionizing (longer wave-
length/lower frequency/lower energy) and ionizing
(shorter wavelength/higher frequency/higher energy;
Figure 2).

Individual photons of the high-frequency beam, like
ultraviolet (UV), X-rays, and gamma rays have enough
energy to ionize atoms, molecules, or break chemical
bonds. For this reason, they can cause damage in living
cells and can be a health hazard. In the case of high-Z

Auger Effect

nanoparticles, like GNPs, according to the energies of
ionizing photons, different interactions might occur
when the particles are exposed to radiation (Figure 3).

In contrast, lower frequencies EMR (radiowave,
microwave, infrared [IR], and visible light) constitute the
non-ionizing radiation: the individual photons do not
have enough energy to cause ionization or break of
chemical bonds. Radiation in this category affects living
tissue and chemical system because of the heating effects
due to the combined energy transfer of many photons.

3.2 | Surface plasmon resonance and
optical response of GNPs

Nowadays, there is an increasing interest in the electro-
magnetic properties of metal-dielectric interfaces dating
back to the work of Gustav Mie (1908) and Rufus Ritchie
(1957) on small size metal particles. When the size of

85U8017 SUOLILLIOD @A 118D 3ol [dde au Aq peuenob ae e YO ‘8sn Jo sa|nl 1o} A%eld 78Ul |UO /8|1 UO (SO IPUOD-pUE-SWLBI WD A8 | 1M ARe.d 1 jBu[UO//:SANY) SUORIPUOD pue Swiie | 8y 8es *[¥202/60/.2] Uo Ariqiauliuo A8]im ‘0olpawolg sndwed oJed 1 Ad T9T000Z0Z 01q[/Z00T 0T/I0p/Wod A8 im Aelq1jeuluo//:sdny wo.y pepeojumod ‘2 ‘T20Z ‘8790v9sT



ASADI ET AL.

OURNAL OF

FIGURE 4 Scheme of light

interacting with a metallic NP. The Light

electric field of light induces the

movement of conduction electrons, >
which accumulate at the NP surface,
creating an electric dipole and an >
electric field opposite to one of the light

>

metallic particles is reduced to the nanometer range, the
optical properties are modified by the appearance of sur-
face plasmon (SP) and their behavior becomes completely
different than the bulk metal one. SP is the coherence
delocalized electron oscillation existing at the interface
between two materials, where the real part of the dielec-
tric function changes the sign across the interface [145].

Metallic NPs have conduction electrons confined to a
finite volume, which is defined by the particles’ dimen-
sions, and move almost freely inside them. When these
particles are exposed to the non-ionizing radiation, the
electric field of incident light penetrates the NPs and
polarizes the conduction electrons, thus exerting a force
on these electrons moving them toward the surface of
particles. As a result, negative and positive charges accu-
mulate in two opposite sides creating an electric dipole
that generates an electric field inside the particles oppo-
site to that of the light. This electric field forces the elec-
trons in returning to the equilibrium position. Thus, the
displacement repetition causes the electrons to oscillate
(plasma oscillation) at a frequency called plasma fre-
quency (Figure 4).

Only the light with the same frequency of this oscilla-
tion can excite the plasmon (a quantum of plasma oscilla-
tion), in which the resonance occurs in electrons (SPR)
[146-148]. Through this excitation, the energy of the light
is transferred to the plasmonic nanostructure and the
light is quenched due to the dissipation of the energy into
the metal NPs as heat instead.

The SPR condition depends on the size, shape, struc-
ture, dielectric properties of the metal, and of the sur-
rounding medium [49,52,146-148]. Plasmons in the
metallic nanostructure (NPs with size much smaller than
photon wavelength) are non-propagating excitations (ie,
localized excitations), so they are known as LSPRs
because the resulting plasmon oscillation is distributed
over the whole structure.

LSPRs manifest themselves as a combined effect of
scattering and absorption in the optical extinction spectra
[149]. This characteristic is strongly dependent on the
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morphology, size, and composition of particles, as well as
on the local dielectric environment.

The LSPR of a metal NPs is sensitive to the nearby
medium where the other metal NPs might be present,
acting as a perturbation factor for a dielectric ambient.
When the particles are placed at a distance of a few
nanometers apart, the light-induced dipole moments of
the particles couple to each other, giving rise to the
noticeable variation in absorption as well as scattering
cross-sections of the adjacent particles [150]. Such a
plasmonic coupling offers a unique strategy to tune the
optical scattering and absorption cross-sections of the
system.

Optical extinction is defined as a rate of local energy
losses caused by the particle (absorption in the particle
volume and scattering by the particle-matrix interface)
referenced to the matrix background.

The oscillation increases the kinetic energies associ-
ated with the electric fields of the dipole. Given that the
total energy should be constant (law of conservation of
the energy), this increase of energy will be provided by
the illuminating light.

As it was mentioned above, when NPs are illumi-
nated at their plasmonic resonance, the SP is excited
inside them and the light partially extinguishes. The
larger the electron oscillations, the larger the light extinc-
tion. The optical absorption spectrum allows detecting
the excitation of SP. While the excitation in the SP
induces absorption of light, some of the incident photons
will be released with the same frequency and energy in
all directions. This phenomenon is known as the process
of scattering.

The surface plays a crucial role in the observation of
the SPR. Change in surface area can alter the boundary
conditions for the polarizability of the metal and, there-
fore, can shift the resonance to optical frequencies. The
change in the size and shape of the NPs affects the SPR
processes and, consequently, the NPs’ optical properties.
For instance, spherical NPs made of gold and silver have
a strong SPR band in the visible region (Figure 5) [151].
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FIGURE 5
effects on metal NPs’ absorption at different wavelengths: A, GNPs
and B, Silver NPs

Schematic comparison of the size and shape

Comparing to the solid structures, hollow or core-
shell NPs show a red-shifted band of the LSPR wave-
length. Anisotropic shapes such as rods, triangles, and
branched structures also show a red-shifted SPR band
compared to the spherical analogs, in nanoscale particles.
For instance, GNPs in different shapes and structures like
GNRs, silica/gold nanoshells, and hollow GNPs exhibit
larger red-shift properties that have boosted their value
in PTT [152, 153].

To design NPs for biomedical applications, it is
important to know how the NPs’ spectra change in a
physiological environment. In the systematic study by
Chen et al. [154] on metal NPs based on optical spectra
changes in the cellular environment, they quantified
changes in the peak wavelength of gold spectra when
GNPs are introduced to human breast cancer cells. They
showed that when 100 nm GNPs are exposed to Sk-Br-3
breast adenocarcinoma cells, an average shift of approxi-
mately 79 nm in the optical spectra can be achieved.
Spectral shift is dependent on both the time and NP

exposure dose. When the incubation time increases, the
cells have a chance to process NPs into larger endosomal
vesicles containing multiple NPs, thus causing a continu-
ous shift for the spectra with time. Furthermore, the time
at which the NPs are optically excited should be consid-
ered. Indeed, at shorter incubation times following NP
exposure, smaller shifts were observed. For instance, for
100 nm GNP introduced to the mentioned cells, the peak
wavelength in the spectra stays within 30 nm of its initial
peak wavelength in the first 2 to 5 hours of incubation,
but it shifts significantly between 10 and 24 hours.

Quantitative analysis and characterization of spectral
broadness change after interaction with cells will help
guide NP design for maximal efficacy and safety in bio-
logical environments.

3.3 | GNPs as photothermal agents

Due to the SPR excitation, the light absorption by GNPs
is strongly enhanced, being almost 5 to 6 orders of magni-
tude larger than the absorption of dye molecules [155].
The absorbed light is further converted into thermal
energy, thus exerting a localized temperature increase.

Among the first studies, the work by El-Sayed et al.
showed the efficiency of GNSs as a photothermal agent
near its plasmon resonance absorption (ie, 530 nm) when
they irradiated epithelial carcinoma cells with a 514 nm
laser [156].

However, spherical GNPs absorb only UV and visible
light. Since the penetration of UV and visible light is lim-
ited by tissue (the penetration of UV radiation and light
into human tissue is limited by scattering and absorption,
the scattering increases with decreasing wavelength),
they are not a good choice for tissue heating.

The optimum wavelength for high tissue penetra-
tion is ~800 nm [157] (Figure 6); therefore, some new
nanomaterials have been designed recently to expand
the absorption band to the NIR region [41]. This has
been done by altering the shape and size of NPs for
potential PTT.

When the shape of GNPs is changed from spheres to
rods, GNRs display two characteristic transverse and lon-
gitudinal SP absorption bands. Electron oscillation can
occur in one of two directions depending on the polariza-
tion of the incident light. If the oscillation occurs along
the long axis, a strong SP absorption band in the NIR
region is induced and referred to as longitudinal band.
When the oscillation occurs along the short axis, a weak
absorption band in the visible region, and at a wave-
length like that of GNSs, is induced. That is typically
referred to as transverse band. While the transverse band
is insensitive to the size changes, the longitudinal band is
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and GNRs

Interaction of polarized light with GNSs

red-shifted largely from the visible to NIR region with
increasing aspect ratios (AR = Length/Width) [158].

Pointing out that the metal NRs can be usually con-
sidered as a prolate spheroid, which is certainly a good
approximation, this optical behavior can be well under-
stood according to Gans theory [159] (Appendix 1).

According to the report by Link and El-Sayed [160,
161], a linear proportional relationship between the lon-
gitudinal SPR absorption maximum (Aya.y) and the AR of
NRS: Amax = 95(AR) + 420 can be observed.

As the AR increases, the SPR maximum is linearly
red-shifted. Such optical behavior is different from
spheres for which the SPR only slightly red shifts with
increasing particle size. In summary, when the SPR is
excited within the particles, the total light extinction
includes both absorption and scattering. In the Gans the-
ory, the total extinction of the light (Cey) is determined
as the sum of the absorption (Cyps) and scattering (Csc,)
cross-sections. The resonance wavelength can be esti-
mated considering the dielectric constant of the metal
(e1+ie,) and the surrounding medium (g,,), the polariza-
tion factor, the three axes of nanoparticles, and the AR
[162, 163].

At such a wavelength, absorption, scattering, and
total extinction increase, hence promoting the use of
GNRs for therapeutics and biomedical imaging applica-
tions. The frequency of the SPR is tunable by changing
the ¢,(w) of the surrounding medium, but it is also
strongly affected by NP size, shape, and composition.

In the dielectric constant, the imaginary part (ie) is
associated with dielectric losses, and the real part (¢1) is
an indication of the degree of polarization. The greater
the degree of polarization, the greater the value of ¢;. The
dielectric constant is a function of frequency. As the

frequency increases, the value decreases due to polariza-
tion mechanisms no longer being able to follow the rap-
idly changing field. The imaginary part is always positive
and represents the loss factor or energy absorbed.

In GNRs, the absorption and scattering are dependent
on both the wavelength and the AR. This issue was well
studied by Lee et al. [164]. They investigated the effects
of shape, size, and AR on the optical absorption and scat-
tering in these NPs. According to their results, the rela-
tive contribution of optical scattering to the total
extinction of GNRs was found to greatly increase with a
slight elongation of the sphere (the AR becomes slightly
above 1 for the particles having the same total number of
gold atoms).

Regarding the heat generation, when the NIR radia-
tion reaches the GNRs, the energy of the light absorbed
by the GNRs is transferred into heat, making them good
candidates for photothermal treatment of cancers. The
light absorption results in an increase in particle temper-
ature caused by the LSPR decay in which excited elec-
trons couple within the NP. The generated thermal
energy is quickly transferred to the NP environment
through phonon-phonon coupling and the heat increase
around them leads to a local temperature rise of tens or
hundreds of degrees above physiological temperature
[165]. The extent of the temperature increase depends on
the laser energy and the absorption cross-section of the
GNRs at the laser wavelength.

Considering that the absorption and scattering prop-
erties of GNPs are dependent on wavelength and AR, the
amount of heat generated by NP can be controlled by the
size, shape, concentration and the aggregation state of
the NP, as well as by the power, wavelength, and the time
duration of the light source. Thus, the laser-particles
interaction allows heat management in addition to the
optimization of the local electromagnetic field
[52,166,167].

Several studies have been done on the optical proper-
ties of GNRs and implementations in cancer PTT. Huang
and colleagues provided an in vitro demonstration of
GNRs as a CA for photothermal cancer therapy. They
conjugated GNRs to the anti-EGFR as a receptor speci-
fied for the epidermal growth factor and bind them to the
different malignant and non-malignant epithelial cells.
Exploiting the strongly scattered red light from GNRs in
the dark field, they could visualize and distinguish the
malignant cells from the nonmalignant ones during
microscopy. Additionally, they irradiated these cells with
a laser wavelength of 800 nm and investigated the
photothermal destruction effects of NRs. This work dem-
onstrated the potential use of GNRs as a novel CA for
imaging and photosensitizer agent for PTT of cancer cells
using NIR laser [61].
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Mooney et al. performed an in vivo study on flank
xenograft tumors to assess the photothermal effects of
GNRs in laser therapy of cancers. They considered differ-
ent powers for laser source and different concentrations
for GNRs to compare the influence of these factors on the
temperature reached in the surface of the tumor (Ts) and
intra-tumoral parts (Tir). They reported a significant
increase in the difference between T, and T;r when the
concentration is changed. They also showed the influence
of laser power on these temperatures [112].

Regarding the influence of the size on the amount of
heat generated by GNRs, the diameter of 10 nm and the
length of 40 nm, for GNRs represent one of the most
common sizes that have been utilized in PTT, because in
this size longitudinal plasmon resonance occurs around
800 nm [168, 169].

Mackey et al. compared the efficacy of GNRs in PTT
of cancers for different dimensions with the AR of 3.4,
3.45, and 3.5. They used theoretical calculation as well as
an in vitro experimental approach to determine the opti-
mum size in this regard. Comparing three different sizes
of GNRs, the size of 28 nm in length and 8 nm in diame-
ter resulted in the most effective CA for PTT of human
oral squamous cancerous cells, when the cells were
exposed to continuous wave (CW) laser (808 nm) at
5.8 W/cm® (spot size around 5.6 mm). This size was
reported as an optimum size that has the best compro-
mise between the total amount of absorbed light and the
fraction of which is converted into heat [169].

3.4 | Morphology changes of
irradiated GNPs

The physical and chemical properties of NPs are depen-
dent on their shape and size [170]. According to the char-
acteristics and the energy of the source, irradiation of
NPs may influence their morphology and structure, thus
leading to a modified interaction with light during irradi-
ation (Table 2).

Brigs et al. have reviewed how ionizing radiation
environments affect the structure and properties of GNPs.
They also focused on the effects of neutron, beta, alpha,
and heavier charged particles irradiation on GNPs. Inter-
actions of radiation with elemental gold are highly
dependent on the species of the incident radiation. As a
result of ionization and Coulombic interaction, heavy
ions can transfer much more energy to the gold atoms
they interact with, which causes large displacement dam-
age cascades. In comparison to charge particles, neutrons
have a high mean free path (average distance traveled
before interaction) owing to the lack of Coulombic inter-
action. Thus, no significant damage events could be

expected for a vast majority of neutrons interacting with
GNPs [171].

Concerning non-ionizing radiation, Link et al. com-
pared the morphology changes in GNRs after laser pulse
irradiation for two different time durations. Results
showed that, at lower pulse energy, reshaping of GNRs
mostly occurs for femtosecond compared to nanosecond
laser pulses. Indeed, for a certain number of photon irra-
diation, the laser beam can heat the lattice much more
effectively and more rapidly in the short pulse rather
than in the longer pulse. The rate of heating the lattice is
faster than the rate of cooling in the shorter time scale so
that the cooling, which occurred in this duration (femto-
second), could not compete with the rate of absorption
and excitation [172].

Significant changes in the morphology (reshaping
from rod to sphere and particle size reduction) have been
observed in the GNRs when they are exposed to high-
intensity pulsed-lasers at different wavelengths. These
changes in the geometry of GNRs causes a shift in the
peak of optical absorption [173-175].

Chou et al. have shown that after irradiation of GNRs
with 146 mW CW laser, the heating decreased after 5 sec-
onds. This evidence suggested a possible shape change in
the particles occurring after the specific heat pro-
cess [176].

Setoura et al. experimentally investigated the mor-
phological changes in a single GNS when it is exposed to
focused 488 nm CW laser irradiation in air and water
media [177]. They compared the size change in a GNS
with a diameter of 102 nm for different exposure times
(125 ps-5 s) and power intensities (10-60 mW-pm™~2). The
laser intensity-dependent particle changes showed that
the threshold associated with size reduction is more
clearly defined in water than in air. Because of higher
thermal conductivity in water compared to the air, the
laser-intensity-dependent increase in particle tempera-
ture has a much smaller slope. The onset of diameter
reduction in this experiment was reported to be at 1 to
5 seconds of irradiation, that is, the threshold intensity of
bubble formation, that is, ~16 mW-pm_z. It means that
from the evaporation of surrounding water caused by
heat transfer from the NP, the bubbles are formed. This
can result in a sudden jump in the temperature of NP
surrounded by the bubble, due to the poor thermal con-
ductivity of air. In a certain exposure time and at a higher
power density, the higher size change was reported for
both water and air media.

The consequence of using CW laser on the morphol-
ogy of GNRs was demonstrated in the in vitro and in vivo
study by Harris-Birtill et al. [178]. They compared the
absorbance and the spectral peak for GNRs with different
optical density before and after exposure to the laser
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TABLE 2 Change of morphology in GNPs after PW and CW laser irradiation

NPs
NR [172]

NR [174]

NR [175]

NR [178]

NS [177]

Laser settings

PW

A: 800 nm

F: 0.001 J/cm?
7: 100 fs

PW

A: 800 nm

F: 0.64 J/cm?
T:7ns

PW

A: 532 nm
F:67.4 mJ/cm?
Single Pulse

PW

A: 1064 nm

F: 42.5 mJ/cm?
Single Pulse

PW

A: 1064 nm

F: 18.5 mJ/cm®
2000 shots

PW

A: 1064 nm
P: 750 mW
f: 20 Hz

PW

A: 808 nm
F:18.5 mJ/cm?
f: 1 Hz

T: 7 ns

CW

A: 808 nm
F:12 W/cm?
t:45s

CW

A: 808 nm
F:6 W/cm?
t: 300 s

CW

A: 808 nm
F:6 W/cm?
t: 300 s

Cw Pd:

A: 488 nm Pd
t: 10 ms
In Water

t: 10 ms
In Air

10 mW/pm?

: 20 mW/pm?
Pd:
Pd:
CwW Pd:
A: 488 nm Pd: 20 mW/me
Pd:

Pd:

30 mW/pm?
40 mW/pm?
10 mW/pm?

30 mW/pm?
40 mW/pm?

Size before irradiation

AR: 4.1
L: 44 nm
‘W:11 nm

AR: 6.1 + 34
d: 21.7 + 6.1 nm
V: 6169 + 3680 nm>

AR:50+1.2
L:49.6 + 9.7 nm
W:10.6 + 3.2 nm

AR:3.8 + 0.5
L:43.1 + 7.7 nm
W:11.5 + 2.3 nm

AR:3.9 + 0.6
L:44.3 + 49 nm
W:11.6 + 1.2 nm

d: 112 + 4 nm
Include the Pt-Pd alloy layer of 5 + 2 nm

Size after irradiation

AR: 4.1
L: 44 nm
W:11 nm

Reshaping of several NPs to odd (¢) shape particles

AR: 6.5+ 29
d: 19.0 + 4.9 nm
V: 5340 + 2494 nm

AR: 52+ 1.5
d:17.8 + 4.1 nm
V: 5101 + 2436 nm

AR: 4.6 + 0.9
d: 20.4 + 5.4 nm
V: 4779 + 2754 nm

AR: 1.7+ 0.9
L:27.0 + 8.2 nm
W:17.2 + 3.7 nm

AR: 3.3+ 0.8
L:42.1 + 6.8 nm
W:13.3 + 2.2 nm

AR: 2.3+ 0.8
L: 35.8 + 6.6 nm
W:16.2 + 2.6 nm

AR: 29+ 0.9
L:39.5 + 7.5 nm
W:14.4 + 2.5 nm

AR: 2.8 +1.0
L:34.8 + 8.2 nm
W:13.4 + 2.8 nm

d ~ 110 nm
d ~ 78 nm
d ~ 74 nm
d ~ 60 nm
d~ 111 nm
d ~ 95 nm
d ~ 80 nm
d ~ 65 nm

PHOTONIC
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beam. By using TEM and spectroscopy, changes in the
dimension and AR of GNRs were assessed for each sam-
ple (Figure 7).

The results of this study demonstrated a significant
decrease in the length of GNRs, which caused a shift in
the spectral peak toward the blue in addition to a
decrease in the absorption of the LSPRs at the laser wave-
length after irradiation of all samples (GNRs with differ-
ent optical densities). Reshaping of GNRs after the initial
laser application subsequently leads to prolonged irradia-
tions ineffective and unlikely to provide any additional
clinical effect due to irreversible change in their optical
absorption properties. So, evaluation of the NRs morphol-
ogy is good to be considered during the in vivo thermal
therapy studies in conjunction with light fluence to better
appreciate the implications on tumor response, especially
when this method of therapy is being contemplated for
therapeutic tumor regression.

4 | TISSUE-LASERINTERACTION
IN THE PRESENCE OF GNPS

4.1 | Interaction between tissue and
laser

Biological tissues are complex optical properties land-
scapes composed of different structures and compart-
ments. Cells, wvasculature, interstitial spaces, each
possessing various properties and attributes, influence
the overall tissue optical behavior, thus absorption and
scattering result far different from other bulk mate-
rials [179].

Reflection, refraction, absorption, scattering, and fluo-
rescence are the basic phenomena occurring in living

tissues when they are irradiated by laser light and each
biological tissue has individual impulse response func-
tions [180-184]. Since tissue is a dielectric medium,
whose average refractive index (RI) is higher than that of
air [185-187], the light interacting with the tissue surface
can undertake partial reflection at the tissue/air interface,
while the remaining part penetrates the tissue [188, 189].
Multiple scattering and absorption processes in the
tissue are responsible for broadening and eventual decay
of the light beam as it travels through tissue, while a
large fraction of radiation is dispersed in the backward
direction for bulk scattering [187]. Therefore, light propa-
gation within tissue depends mostly on the scattering and
absorption properties of its components (various cells
and fiber structures). The size, shape, and density of these
structures, their RI, and the polarization state of the inci-
dent light predetermine the character of light propaga-
tion in tissues [190]. The photons of incident laser diffuse
and attenuate in the tissue when the light is scattered by
the cells, nuclei, mitochondria, lysosomes, macromole-
cules, membranes, and other components. The behavior
of laser in its interaction with tissue and other structures
can be classified based on its wavelength since the scat-
tering and molecular absorption are wavelength depen-
dent. For instance, the 200 nm wavelength is slightly
absorbed by viruses, incrementally increasing into bacte-
ria and mammalian cells, respectively. The 630 nm wave-
length is absorbed by the mitochondria and oxygen
consumption is activated by illuminating with light at
365 nm [191]. Therefore, the wavelength of laser has an
important role in medical optics due to the absorption
peaks of biomolecules and tissues and can have a signifi-
cant impact in normal and malignant tissues (Figure 8).
In the study by Germert et al., the optical proper-
ties of normal and cancerous human liver were

FIGURE 7 TEM image (from
Reference [179]) showing the size
change in NRs after laser irradiation. A,
Before laser irradiation; B, After pulse
laser light; C, After 6 W/cm? CW
irradiation; D, After 12 W/cm? CW
irradiation. The blue scale bars
represent 50 nm
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FIGURE 8 Penetration of 300 to 750 nm photon into tissue
matrix from the photon distribution (from Reference [289])

investigated for different wavelengths in the NIR
range. The scattering coefficient of the healthy liver
tissue was showed to be significantly higher than in
metastatic tissue at three wavelengths of 850 nm,
980 nm and 1064 nm (20.4 mm~' vs 10.8 mm™' at
850 nm; 18.2mm~ ' vs 11.3mm™' at 980 nm;
16.9 mm™" vs 10.9 mm™" at 1.064 nm). The absorption
coefficient of the healthy liver was also higher than in
metastatic tissue (0.10 mm™" vs 0.06 mm ™" at 850 nm;
0.08 mm~! vs 0.06 mm~' at 980 nm; 0.05mm™! vs
0.03 mm ™" at 1.064 nm). Subsequently, the penetration
depth in the healthy tissue was lower than in the can-
cerous liver (1.8 mm vs 2.3 mm at 850 nm; 2.2 mm Vs
27mm at 980nm; 3.0mm vs 4.2mm at
1.064 nm) [192].

Optical absorption in biological tissue originates
mostly from water, hemoglobin, and melanin. In the visi-
ble range, absorption of light is insignificant for most tis-
sues except for the absorption bands of blood hemoglobin
and some other chromophores [193, 194]. In the IR
region, the absorption is essentially defined by the water
content. Water has two regions of strong absorption: in
UV and in the NIR regions. The absorption bands of pro-
tein molecules and nucleic acids are mainly in the near-
UV region with the absorption peaks at 260 to 280 nm.
Hence, in the UV region, the laser light is strongly
absorbed by water and proteins in the tissue, resulting in
poor light penetration.

For this reason, the range of NIR from 650 to
1350 nm is defined as the therapeutic window, that is,
the wavelength range in which light has its maximum
depth of penetration within biological tissues.
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For different human tissues and tissue components,
RI, in the visible/NIR range varies from a value slightly
higher than for water, due to the influence of some
organic components, to RI=1.35 for interstitial fluid
and 1.62 for tooth enamel.

Different tissue parameters governing the optical
absorption and scattering are summarized and available
in the works by Jacques and Tuchin [195, 196].

The parameters of irradiation like wavelength,
energy, and exposure time can be matched to specific
physical, chemical, and biological properties of the target
tissues to get the desired result. Tissues also can be
defined by their optical properties (absorption and scat-
tering), thermal properties (heat capacity and heat diffu-
sivity), mechanical properties (viscoelasticity, tensile
strength and rupture points), chemical composition
(water and other endogenous and exogenous absorbers),
anatomy (physical arrangement of organelles, cells, and
tissues), and physiology (tissue and organismal metabolic
status and function). Depending on the conditions men-
tioned above and the desired endpoints, some properties
will dominate over others as the major determinants of
the final effects of laser-tissue interactions.

Photobiological interaction and the reaction mecha-
nisms between the lasers and living tissues were first sys-
tematically presented by Boulnois in 1986 [197]. By
considering the time, Boulnois classified the mode of
laser-tissue interaction into four groups: electromechani-
cal interaction (exposure times from 10 ps to 10 ns); pho-
toablative interaction (10 ns to 100 ns pulses, UV); thermal
interaction (1 millisecond to 10 seconds exposure, quasi-
CW); and photochemical interaction (10-1000 seconds,
quasi-CW).

Photomechanical effects refer to tissue damages
resulting from mechanical compressive or tensile forces
generated by the rapid introduction of energy into heat
with short laser pulses (<1 ps, electromechanical interac-
tion, and photoablative). In this case, the shape of the
material is changed when it is exposed to light. Photo-
chemical effects (low-level light therapy is attributed to
photochemical interactions) depend on the absorption of
light to initiate chemical reactions such as the production
of reactive chemical species in photodynamic therapy.
Photothermal effects (thermal interaction) result from
the transformation of absorbed light energy into heat,
leading to coagulation or destruction of the target tissue.
The high-power densities reached on sub-millimeter spot
sizes provide spatially localized heating used in the ther-
mal mode of interaction, forming the well-known basis
of all surgical applications.

The thermal and photobiological effects of laser-tissue
interactions are complex and result from some phenom-
ena: conversion of light into heat, transfer of heat within
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the tissue, and tissue reaction. Photothermal injuries on
tissue and their dimensions depend on tissue tempera-
ture and the heating time. The pathological changes in
tissue also depend on the functional anatomy and biology
of the tissue, the photobiological mechanism of injured
tissue, and the immediate, short-term, and long-term,
responses of the cell or organism to the injury over time.
The pathological photothermal effects are well analyzed
and described by Thomson [198].

Laser ablation, used to make incisions or resections,
serves as the basis of all photosurgical or photocoagula-
tion applications belonging to the thermal interaction
mode. Thermal injury is dependent not only on the ther-
mal history but also on the inherent tissue thermal prop-
erties [199]. Water predominates as a major determinant
of the thermal properties of most soft tissues. On the
other hand, in hard tissues such as bone and dental
enamel, its influence may be less important. When the
tissue absorbs the light, the energy of laser irradiation is
converted into heat and transferred to the tissue compo-
nents, DNA/RNA, chromophores, proteins, enzymes,
and water. The interest in this application of laser energy
for tumor removal is mostly raised by its technical feasi-
bility: the use of fine needles (eg, 21 gauge) for the intro-
duction of the laser-delivering fibers into the tumor,
allows nodules to be treated in difficult locations with a
reduced risk of procedural complications.

The temperature certainly is the governing parameter
of all thermal laser-tissue interactions, and to predict the
thermal response of the tissue, a suitable model for the
temperature distribution inside the tissue must be
derived. Different mathematical and computational
modeling has been done to estimate and analyze the tem-
perature distribution and thermal damage [3,200-203].

4.2 | Tissue-laser interaction and heat
transport in the presence of GNPs

The light transport is described by the radiative transport
equation (RTE) [128], [129]

— — - —
Qv (fsz) +B,L (FQ) = ’ﬂj L (f,gz )
4r 4r

b, (Q,,ﬁ)dﬁ/+s(ﬂﬁ) (1)

where I, is the spectral radiation intensity in position
r and direction EZ which varies according to the extinc-
tion caused by absorption and scattering coefficients, as
well as from the scattering phase function ¢, in and from
other directions. S ?,?2 is the source term related to an
isotropic interior photon source density, which can be

neglected in the case of low radiation emission by scatter-
ing and absorbing medium. g, is the extinction coefficient
of the medium, usually used to describe scattering media
in optics, and given by the following expression:

Br=Haj+ K, (2)

where p,, and pg, are the absorption and scattering
coefficients of the medium, respectively.

Tissue properties, laser fluence, and thermal response
will be altered when the NPs are introduced to laser
therapy.

To solve the equation for the specific absorption rate
(SAR; Appendix 1, Equation (9)) for laser heating of NPs,
several approximations have been used and compared
directly to experimental results. P1 approximation and
variations (taking the first term of Fourier series of radia-
tive intensity field) [204], diffusion approximation (taking
the first two terms of energy radiance which is expressed
as a series of spherical harmonics) [205], two-flux approx-
imation (equivalent to the zero-order approximation of
the double spherical harmonics), Monte Carlo (modeling
the trajectory of a large amount of light rays) [205] are
some of the approximations used to model the light
transport [206].

According to the two-flux approximation proposed by
Dombrovsky et al. to solve the RTE model [207], y,, and
Us;, for a composite medium (ie, biological tissue) con-
taining a volume fraction f, of NPs (when f, is small com-
pared to the volume of the host matrix, that is, around
107°-107°%), are defined as in the following equations:

Qabs

Hap = Hayr + HaNps = Hag T+ 0.75 'fv ) (3)
Fetf
_ _ Qscat
Hsj = Mg T HsNps = sy +0.75 'fv ’ Feit (4)
e

where 1, ( and g, are the absorption and scattering coef-
ficients of the hosting tissue, and r.g is the effective
radius of nanoparticles. Qs and Qg are the dimension-
less efficiency factor of absorption and scattering for a
single particle, related to the absorption and scattering
cross-sections according to the following relations:

Caps=1" rgff * Qabs (5)

Csca=nm- ngf : Qscat (6)

In the case of GNRs, the following electrostatic
approach based on the Mie theory has been proposed by
Soni and co-workers [208]. This approach is often exploited to
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characterize the optical coefficients when NPs having a diame-
ter less than 100 nm are irradiated within the NIR wavelength
range [145]. The electrostatic approach states that for a NP
with a diameter d < lio, being A the wavelength of the inci-
dent radiation, the NP itself is subject to a uniform elec-
tric field and the particle can be described as a dipole
with induced oscillations [209]. In case of GNRs, having
a diameter of d [nm], length ! [nm] and dielectric func-
tion €, embedded in a medium constituted by biological
tissue of dielectric function e, the polarization of the
GNRs along the three axes affects the final optical coeffi-
cient values. The terms indicated as a;, a,, a; represent
the GNRs polarizations along the x, y, and z axes, respec-
tively. The term a; was introduced to describe the general
equation of the polarization of GNRs along the i axis:

) )

a=dndl|
P= (3Pi(8—8m) + 3¢y,
in which P; indicates the geometric factor.

The absorption and scattering coefficients of the gold
GNRs embedded in a medium containing a volume frac-
tion f, of GNRs are given by the following equations:

2xf, . (011 az a3)
=——mag\—+ —+— 8
/"a,GNRs /1Vn g 3 3 3 ( )
1677,'3f |4 2 2 2
Huonrs = e (laaf +laaf +laa?)  (9)

More in detail, the heat transfer in biological media is
described by the following equation, firstly presented by
Pennes in 1948, who validated this model by performing
different experimental studies [210, 211]:

pe 2l V(kVT) =, (10)

where T is the tissue temperature as a function of space
and time, Q, is the volumetric heat source, k is material
thermal conductivity, c is specific heat and p is the density.

If Qe, Qm, and Qg are considered as the terms related
to the heat exchange due to water evaporation, metabolic
heat generation, and external heat source, respectively,
the thermal response of tissue to the heat source that is
crucial to understand the principle of thermal treatment
can be modeled by the Pennes (or bioheat) equation:

oT
p'c'a_t:v(kVT)+pb'cb'M)b'(T_Tb)+Qm_Qe+Qs
(11)
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in which py, is the blood density, ¢, refers to the blood
specific heat, and wy, is defined as the amount of blood
perfused per unit volume per second or blood perfusion
rate per volume unit. The term T}, concerns the blood
temperature of the region that is not subject to the
treatment. The term Q,, represents the oxidative process-
associated heat generation: lipids, proteins, and carbohy-
drates undergo oxidative processes, which are related to a
subsequent heat generation [112]. The term Q. refers to
the tissue internal water evaporation during heating. As
a matter of fact, during heating, when temperature
approaches high values, tissue water content is lost
through evaporation. The gas pressure is subsequently
increased in the region where the evaporation process
takes place and the water vapor tends to diffuse toward
regions of the tissue characterized by lower pressure
values. These areas are not only characterized by lower
pressure, but also by lower temperature values so that
vapor changes its physical state into water, releasing its
latent heat, which is further able to increase the tempera-
ture in that area [212].

The term Q is the external heat source generated by
laser light absorption.

Beyond a simplified approach based on the use of
SAR for the definition of Q,, several models have been
used to describe the light-tissue interaction phenomena,
responsible for the heat generation Qg also in the pres-
ence of GNPs [207, 213, 214].

When tissue is illuminated with a laser, the energy of
the beam is absorbed by the chromophores such as water,
melanin, and blood leading to a temperature rise in the
tissue. This energy can be assumed as a heat energy
source, Qq(r, z, t), inside the exposed tissue. The deposi-
tion of heat in the tissue is due only to light that is
absorbed in the tissue. For a light flux in the z-direction
in a non-scattering medium, the local heat deposition per
unit area and time is given by:

oI(r,z,t)

QS(I",Z,I): - 9z

(12)

When a simplified approach based on the Lambert-
Beer law is employed for the macroscopic description of
the GNPs-enhanced laser therapy, the I(r,z,t) term, deal-
ing with the absorption of photons occurring during the
interaction of monochromatic electromagnetic radiation
with tissue, can be modeled by:

I(z) =Io-e M+ (13)
where I, = P/zr* is the laser intensity, P is the laser

power, and r is the radius of the beam. This relationship,
also known as Lambert-Beer law, is valid under the
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hypotheses that y;, = NCy, < 1/L, where N is the scat-
ters density number, and L is the media thickness.

The transfer of heat through tissues embedding NPs,
which is essentially produced by the mechanism of con-
duction, will tend to enlarge the volume of primary heat
energy source Qq(7, z, t). Conduction may transfer energy
by interaction with tissue particles. This transfer occurs
randomly between the more and the less energetic parti-
cles and results in a secondary heated volume that is big-
ger than the primary source, which is based only on the
conversion of light into heat. The secondary heated vol-
ume should be considered when studying the denatur-
ation of tissue.

The spatial extent of heat transfer is described by the
time-dependent thermal penetration depth (Zgerm) as an
essential parameter that is defined as a distance in which
the temperature decreases about 63% of its peak value.

Ztherm (£) = V4Dt,with D = Ec (14)
p

where D is the tissue thermal diffusivity, k is the temper-
ature conductivity, and c is the specific heat.

The time during which heat energy can diffuse inside
the tissue, that is, the relaxation time (zyerm) iS an indica-
tion of the tissue thermal susceptibility. zgerm iS the time
taken by the target to dissipate about 63% of the incident
thermal energy and is related to size of target. Addition-
ally, Tierm is @ function of extinction coefficient and, con-
sequently, of the optical penetration depth, L; this last
term is the distance in which I(z) has decreased to 63% of
its peak value or is dropped to 1/e of its incident value I,
and is related to the absorption coefficient (L = 1/u,).
Therefore, L can be equated to Zierm:

1

L = — =Ztherm = V40Ttherm (15)
a
1
=— 16
Ttherm 4oy ( )

In the case of a pulsed laser, for duration ¢ < 7, the
thermal energy cannot diffuse to the distance given by
the optical penetration depth; so, thermal effects can be
negligible. For t > 7, the heat can diffuse up to the multi-
ple of the distance given by the optical penetration depth,
therefore thermal effects or damages are possible.

According to the data calculated by Hale and Query
for the absorption of water based on the wavelength, and
regarding the Zyherm, the shortest thermal relaxation time
of approximately 1 ps occurs at the absorption peak of
water near 3 pm [215]. Based on these equations, a theo-
retical model describing the thermal response of laser-

irradiated tissue was used to evaluate the temperature
distribution as a function of time [180, 216, 217].

5 | TEMPERATURE MONITORING
TECHNIQUES

Transportation of thermal energy or heat transfer in bio-
logical tissues involves different mechanisms such as
thermal conduction, convection, blood perfusion, radia-
tion, metabolic heat generation, and phase change
[218, 219].

Depending on the duration and peak value of the tis-
sue temperature achieved, different effects like coagula-
tion, vaporization, carbonization, and melting may be
distinguished. According to the degree of heating, ther-
mal damage can be categorized into:

« 42°C to 45°C: the beginning of hyperthermia, confor-
mational changes, and shrinkage of collagen.

+ 50°C: reduction of enzymatic activity.

+ 60°C: denaturation of proteins, coagulation of the col-
lagens, and membrane permeabilization.

« 100°C: tissue drying and formation of vacuoles.

« >100°C: beginning of vaporization and
carbonization.

» 300°C: thermoablation of tissue, photoablation, and
disruption.

tissue

Both tissue temperature and the amount of thermal
damage depend on the laser wavelength and power, the
treatment time, the thermal properties of treated biologi-
cal tissues, as well as the GNP absorption cross-section,
which is the property governing absorption of laser light
by a GNP [56].

Real-time thermometry can aid to prevent
unintended damage by providing an accurate image or
trend of the temperature distribution in the tissue under-
going the procedure, as well as useful feedback to adjust
therapy.

In the last decades, several thermometric techniques
have been proposed to improve the efficacy of ablation-
based treatments in research, and more recently in the
clinical settings [220, 221].

Thermocouples, IR thermal imaging, and magnetic
resonance thermometry (MRT) are mostly used to
measure temperature during different types of cancer
treatment [221-224]. Techniques like computed
tomography-thermometry, photoacoustic thermome-
try, fiber Bragg grating (FBG) sensors are emerging for
real-time temperature and related thermal-damage
control [225]. An overview of these techniques and
their application during GNPs-based photothermal
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therapy are presented in the following paragraphs and
resumed in Table 3.

It is worth mentioning also another branch called
Nanoscale Thermometry, which focuses on the intracel-
lular thermal sensing, based on both nanothermometers
and imaging. Techniques used for nanoscale thermome-
try in cells undergoing GNPs-mediated PTT are described
in these two excellent reviews [206, 226].

5.1 | Sensor-based techniques

Fiber optic sensors (eg, fiber Bragg grating [FBG] and
Fluoroptic sensors), and thermocouples (TCs) are two
main classes of thermometers used in in vivo thermal
treatments [220, 227].

Fiber optic sensors are small-sized, immune to elec-
tromagnetic interference, therefore usable in magnetic
resonance imaging (MRI) and computed tomography
(CT) systems, flexible, biocompatible, and suitable for
minimally invasive temperature measurement [221, 228].
Fiber optic sensors are good candidates for in vivo tem-
perature measurements because they do not cause
immune responses in the hosting body [228]. The main
advantage of the use of FBGs over fluoroptic sensors and
TCs are the multiplexing capability, which allows for a
chain of several sensors embedded in one single fiber,
and the absence of measurement artifacts due to the
direct light absorption. Custom FBGs can be written in
thin fibers (diameter < 250 pm), with a sensing length of
single grating ranging from <1 to 10 mm, and with a
short edge-to-edge distance (<0.3 mm) between consecu-
tive sensors, providing quasi-distributed temperature
measurement along with the fiber length [229]. The spa-
tially resolved thermometry performed by a single fiber
permits reduced invasiveness and the detection of the
effective thermal increase due to the medium-embedded
NPs, as recently proposed in Reference [230].

Temperature monitoring by TCs is a conventional
and well-developed technique, which is widely used since
it is a cost-effective, has acceptable accuracy for the appli-
cation and a wide measurement range. Furthermore,
TC's small size and the fast response in time make them
suitable for localized temperature monitoring. Contrary
to FBGs, one TC can perform only single point measure-
ment, so, for temperature mapping, several thermocou-
ples must be inserted, thus increasing the invasiveness.
Moreover, a strong absorbance of the laser radiation by
metallic TCs and their high heat conduction and direct
light absorption could entail a temperature measurement
error [231-235].

When referring to sensors for temperature monitoring
during GNPs-mediated PTT, most of the authors use TCs,

19 of 40
PHOTONICSJ—

mostly because of their large availability. Dickerson et al.
used extracorporeal irradiation assisted with GNRs, and
hypodermic TC placed at the tumor center [53]. Goodrich
et al. also monitored the treatment with GNRs with TC
placed under the tumor, using a rectal probe with a ther-
mometer for body temperature measurements [117].
Mooney et al. employed a pair of TCs to measure tumor
internal and superficial temperature for different laser
and GNRs settings, and compared the in vivo outcome
with numerical simulations [236].

5.2 | Image-based techniques

With the aim to overcome the drawback of the invasive-
ness of sensors and to achieve distributed measurements,
the temperature is also collected by imaging systems. Sys-
tems able to correlate tissue emitted light with its thermal
state, such as IR thermal camera, and diagnostic images
relying on temperature-dependent tissue properties, such
as MR, CT, ultrasound (US), photoacoustic (PA) imaging
are widespread. MR, US, CT, and PA-thermometry can
measure temperature distribution inside the tissue,
whereas IR thermography can only monitor the surface
temperature of biological tissue.

IR thermography is a contactless method relying on
the detection of IR energy emitted by a body and on its
conversion into a thermal image. The system is afford-
able and easy to use with respect to other image-based
techniques, but it can retrieve surface-temperature
only (Figure 9A) [237, 238]. Its large availability makes
IR thermography one of the most used approaches for
assessing the efficacy of GNPs-mediated PTT.
Terentyuk et al. provide in vivo analysis of the thermal
efficacy of silica/gold nanoshells, with the temperature
resolution of 0.15°C. They performed an investigation
of heating kinetics, spatial temperature distribution,
and morphological alterations in the tissue dependent
on laser irradiation parameters and NPs’ concentra-
tion. Wang et al. used the IR thermography for com-
paring the photothermal conversion efficiencies of
different types of gold nanostructures and for studying
the photothermal cancer treatment efficacies of
PEGylated GNPs in a tumor model following
i.v. administration [239]. Mirrahimi et al. validate an
alginate nanogel co-loaded with cisplatin and GNPs
for combined chemo-photothermal therapy in a
murine model, and performed real-time temperature
measurements by means of IR thermography [240].

MR-thermometry is considered the current clinical
gold standard for 2D-3D tissue temperature mapping in
the organs. Among all available techniques, the method
based on proton resonant frequency (PRF) shift method
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is the most mature approach for relative temperature
measurement in tissues [242].

The good spatial and temporal resolution (eg,
1.25 X 1.25 X 3.5 mm>, 1.9 seconds), together with the
ability to accurately measure the temperature evolution
in real-time and estimate the achieved thermal dose,
makes MRI particularly suited for guiding thermal thera-
pies [223, 243]. Because there is no interference of the
laser with the MR scanner, PTT is well suited for MR-
based thermal monitoring. Nevertheless, the dependence
of thermal sensitivity on the type of tissue, the cost, the
motion artifacts are some potential concerns [243].
Farashahi et al. have recently reported on the real-time
monitoring of the heat generation and distribution in
GNPs-loaded agar phantom irradiated by laser using MR-
thermometry, in comparison with IR thermography
(Figure 9B,C) [244]. Zabanran et al. have designed a
study to investigate the effects of GNPs’ characteristics
(NPs’ size, type, and concentration) and laser irradiation
conditions on the thermal profile of an agar phantom
during PTT. MR-based thermometry was used to validate
the results obtained from simulation studies. They also
suggested a protocol enabling the pre-clinical calculation
and effect visualization for any NPs-based PTT procedure
by having the optical properties of the NPs [245]. Both
these studies show the MR-based thermometry potential
in planning and monitoring the procedure in the pres-
ence of GNPs.

The dependence of several US parameters on temper-
ature allows visualizing a temperature map, which is use-
ful to adjust the laser dosimetry also in real-time [246,
247]. The affordability of US systems and the use of non-
ionizing waves makes this technique appealing for clini-
cal application, despite the motion artifacts and the unex-
pected variation in acoustic tissue properties. Regarding
the use of the mentioned techniques in combination with
NPs, several studies have proposed these imaging tech-
niques for evaluating the multimodal contrast-capability
of GNPs [248-250] and other materials [251].

The feasibility of CT-based thermometry during
hyperthermal treatments has been reported since the
1970s [252-254]. However, a high patient dose of ionizing
radiation is one of the main concerns related to this tech-
nique, together with dependence of the thermal sensitiv-
ity on the specific tissues, and the temporal resolution
higher than 4 to 5 seconds [253, 255]. In association with
GNPs, CT imaging is mostly used for therapy guidance
rather than for thermometry. Indeed, GNPs have been
widely employed as a contrast agent for CT imaging of
different biological systems due to their enhanced X-ray
attenuation property.

Photoacoustic imaging can be exploited to measure
temperature by tracking the temperature induced

brain tissue increased

nanoparticles to the
the absorption

Therapy outcome
coefficient of the
whole sample and
caused heating.

measurement

Temperature
method

cerebrum and
cerebellum)

Injection mode Concentration  Target

Size (nm)

Nanoparticles

t(s) Type

A (nm)

Laser setting

(Continued)
P (W)
Pd (Wem™?)

(C) in vitro and ex vivo studies

Study model
NR, nanorods; ns, nanosecond; NS, nanospheres; P, power; Pd, power density; PW, pulsed wave; Sub, subcutaneous; ¢, exposure time; Th, thickness; V, volume; W, width; A, wavelength; r,

Abbreviations: CW, continuous wave; d, diameter; E, energy; F, fluence; f, frequency; fs, femtosecond; i.m., intramuscular; i.p., intraperitoneal; i.t., intratumoral; i.v., intravenous; L, length;
pulse width.

TABLE 3
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FIGURE 9 Image-based temperature ( A)
measurements with (A) thermographic images of

water medium with and without GNPs, MR

thermometry in agar gel phantom (B) without

GNPs, and (C) with GNPs [245]

(B)

©)

changes in photoacoustic signal amplitude based on the
generation of pressure waves on the absorption of light
energy [256]. A few works on the use of PA-thermometry
during GNPs [257] and NPs-assisted PTT are avail-
able [258].

The imaging-based techniques here described are
under the spotlight also for the optimization of the PTT
guidance. In this regard, multifunctional nanoparticles
are synthesized not only to increase the local tumor tem-
perature by absorbing the NIR energy, but also to act as
bimodal contrast agents. Theranostic agents have the
ability to produce a signal detectable by the imaging sys-
tems, hence to allow the detection of the target in which
they are deposited. Several agents have been developed
for simple US imaging [259, 260], CT/X-ray imaging
[261], or dual-modal imaging-guided PTT (eg, MRI/US,
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150

140

Temperature (°C)

Distance (mm)

Temperature (°C)

Distance (mm)

PA/US) [262-265]; in combination with NIR conversion
into heat, they hold great potential for PTT in cancer
treatment.

6 | SIMULATIONS

Simulations are useful to pre-define the optimal settings
for the specific treatment, as well as for investigating the
influence of all the factors affecting the spatial distribu-
tion of heat in the tumor and healthy tissues, such as
NPs’ optical and thermal properties, their biodistribution
within the tumor and biological tissues, and the adequate
laser settings. As it was mentioned above, since both the
cancerous and surrounding healthy cells absorb the laser
radiation, damaging the nearby normal tissue is the main
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risk of laser ablation. Thus, calculation of the tempera-
ture increase within the tumor and surrounding tissues
guides the selection of the most promising combination
of the laser settings and GNPs’ properties [112, 236].

Several software packages are available to model ther-
mal treatments in tissues [266]. To simulate a realistic
electromagnetic-based thermal therapy for cancer, visual-
izer for electromagnetic dosimetry, and optimization
(VEDO) software [267] has been designed [268, 269].
Field II Focus and k-wave are the softwares that are
available for simulating the ultrasound-based hyperther-
mia planning.

Equation-based modeling for heat transfer and interac-
tion between laser and medium is possible with the license
based COMSOL Multiphysics software (http://www.
comsol.com) in which the light propagation is modeled
using the finite element method; therefore, the result pre-
cision and computing time depend on the grid size. In
COMSOL, propagation of photons is described by diffusion
approximation of the radiation transport equation, which
is limited to systems where their absorption coefficients
are lower than the reduced scattering. Diffusion approxi-
mation and propagation of light through a diffuse scatter-
ing medium with no absorption (Kubelka-Munk model)
are based on hypotheses that are often not true for light
scattering in tissues during phototherapy [270].

In the numerical study by Soni et al., the effect of the
distribution of NPs delivered to skin tumor was investi-
gate for the thermal ablation condition attained during
thermal therapy. In this work, they used three distribu-
tions for NPs, and they highlighted the role of NPs distri-
bution on the spatiotemporal temperature fields within a
two-dimensional skin tumor. By this numerical work,
they made a framework to incorporate distribution of
GNRs in the numerical models, which is achievable in
practice, thus giving prediction of temperature toward
pretreatment [271].

Rossi et al. used COMSOL Multiphysics software to
indicate the laser irradiation-related parameters in the
design of a new approach based on the use of GNRs in
the hyperthermia of tumor. This model aims at designing
the correct settings of the laser to induce effective tem-
perature values in the biological tissue, avoiding to
induce thermal damage at the nanoscale level to the
GNRs [272]. This multi-physical field software can be uti-
lized to couple the light and heat physical fields and used
for defining scattering cross-section and laser-induced
heat at the single nanoparticle level and for increasingly
more complex modeling which can exploit Monte Carlo
method and bioheat equation [273]. It can be used also in
combination with 3D image processing and model gener-
ation software for complex PTT and interstitial PTT
scheme [274, 275].

In another simulation study by Gheflati et al., COM-
SOL Multiphysics software was used to investigate the
optimum laser intensity for laser-induced hyperthermia
with the assistance of nonuniform-distributed GNRs
within the tumor. They utilized the periodic heating
method to solve the problem of surface overheating and
apply such an optimum intensity. The results showed
that such a model can optimize the laser power while
minimizing the surface overheating problem [276].

Shurrab et al. developed a mathematical model of
temperature distribution and light propagating in the tis-
sue during laser-induced hyperthermia to study the effec-
tive laser-related parameters to control hyperthermia.
They used COMSOL to simulate the light diffusion and
bioheat equation in a mouse model as well as the effect
of different parameters like power and irradiation expo-
sure time on the tumor surrounding tissues with the aim
of decreasing detrimental effects [277].

Mooney and colleagues have also implemented a
finite element model on COMSOL Multiphysics, simulat-
ing GNRs-enhanced laser therapy in mice, and compar-
ing these results with experimental data [48].

The Geant4 Application for Emission Tomography
(GATE) open-source simulation platform, based on the
Geant4 toolkit, has been developed since 2001 by the
OpenGATE collaboration [278-281]. This software has
been currently widely used by the research community
involved in molecular imaging, radiotherapy, and optical
imaging.

To enable modeling of NPs-mediated hyperthermia
therapy and simplify the heat diffusion in biological tis-
sues, Cuplov et al. have presented an extension of this
software [282]. Such a new feature of GATE combined
with optical imaging has made it possible to simulate a
theranostic scenario in which the patient is injected with
theranostic nanosystems and can be simultaneously
treated with both the therapeutic and fluorescence imag-
ing agents. This study demonstrated that NPs-mediated
NIR thermal therapy could be accurately simulated with
GATE and reproduce experimental data.

7 | DISCUSSION AND
CONCLUSIVE OUTLOOK

Since their introduction in the 1960s, minimally invasive
thermal treatments have gained large interest for the
management of solid tumors. Among them, PTT stands
out as a promising procedure, relying on the conversion
of the light absorbed by biological tissue into heat in syn-
ergy with a highly-absorbing photosensitizer. At present,
combinational therapy, based on different modalities like
such a technique, mediated by nanotechnology, has been
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the trend in pre-clinical and clinical research and,
recently, in a clinical scenario [43].

Even though the literature of this field is solid and
daily enriched, a broad overview of the main physical,
chemical, biological aspects at the practical bases of the
GNPs-assisted PTT is still indispensable to get oriented in
such a complex topic.

Table 3 summarizes several significant studies, to
point out the main procedural settings and the resulting
thermal outcome. Different factors such as size, shape,
concentration, coating, and modification of the surface,
as well as the route of injection, influence the NPs
targeting and accumulation in tissues, also affecting the
overall photothermal heating efficiency (Figure 10).

The most used wavelength values for the laser source
have resulted to be the range 520 to 550 nm for GNSs
[156, 244, 245] and 800 to 810 nm in combination with
GNRs with correspondent longitudinal surface plasmon
resonance peak [58,84,117,237,283,284]. Of these ranges,
800 nm is preferred because included within the thera-
peutic window and producing a lower absorption within
healthy tissue with respect to 500 to 600 nm, which is
dominated by the absorption of the oxyhemoglobin.

Laser power values have revealed to be highly study
dependent. Indeed, the laser energy is delivered continu-
ously (CW), or, more rarely, in pulsed (PW) modality.
Furthermore, the power (P) is often defined in terms of
power density (Pd, ie, the ratio between the power and
the laser spot area), underlining also the influence of the

FIGURE 10 Different factors and
their interplay on the thermal outcome
in GNPs-mediated PTT. Gold
nanoparticles (GNPs) are unique
therapeutic agents for minimally

GNPs’ size and shape
invasive photothermal therapy of Laser wavelength
cancer. Several GNPs parameters, for

example, optical properties, coating, and [
concentration, in association with laser I
settings and tumor properties,
significantly impact therapy outcomes.
Understanding the physical

. L P
mechanisms for heat generation in ower

Spot size

GNPs-embedded tissues is fundamental

Treatment time

for the design of experiments and
planning and monitoring tools, toward
the therapy settings optimization for the
final clinical application
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beam spot in the energy deposition inside the biological
medium. After clustering all this various information, it
emerges that the laser energy is mostly delivered in
CW. Although Pd and the laser beam characteristics are
selected according to the desired thermal effect on the tar-
get, therefore they vary depending upon each experimen-
tal design, some typical ranges can be identified among
preclinical studies. Regarding in vivo investigations, Pd
values ranging from 0.5 W/cm® to approximately 6 W/cm?
can be observed, as well as 2.7 to 30 mm beam spot sizes
[53,84,112,117,236,237,239,240,259,283,284]. Whereas, Pd
of 0.05 to 90 W/cm?, and beam focal spots comprised
between 2 and 30 mm in diameter are employed in
in vitro scenarios [58,61,84,156,244,245,283-287].

The heterogeneity of these parameters impairs a
straight comparison of the studies in terms of the out-
come. The large variety of this setting is an index of the
current status of the research, which is still working on
the identification of the suitable ranges for the specific
target. The PW modality is, instead, largely used to evalu-
ate the effects of the irradiation on the change of mor-
phology of the GNRs (Table 2).

Regarding the irradiation time, treatments have a typ-
ical duration of 30 to 600 seconds in most of the in vivo
studies [237, 239, 244, 245, 286], with some exception
concerning in vitro experiments which can last until
1200 seconds [58].

The in vivo experiments for the assessment of the
therapy outcome are usually conducted in mice, whereas

-

GNPs’ properties
Absorption cross-section
GNPs’ size and shape
Functionalization
GNPs’ biodistribution

GNPs’ biodistribution

Thermal
outcome

20
V
N

Laser settings
Laser wavelength

Properties of tumor
Thermal properties
Optical properties

Vascularization

Continuous/pulsed mode

Laser wavelength
Spot size
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some agar-phantom experiments have been carried out to
assess the thermal efficacy of the GNPs, varying the pro-
cedure settings (eg, irradiation time and power). Several
GNPs’ concentrations have been assessed, ranging from
0.005 to 0.2 mg/mL [236, 239, 244, 287], and both i.v. and
intratumoral (i.t.) injection routes are used in animal
model studies. The injection modality has proved to
influence both the therapy outcome and the bio-
distribution: indeed, i.v. and intraperitoneal (i.p.) cause
accumulation of GNPs mostly in liver and spleen after
24 hours [83,119], whereas oral administration revealed
prominent accumulation in the kidney [74] (Table 1).
The pilot studies in patients with prostate cancer used
i.v. injection, with a dose of 7.5 mL/kg, including around
100 OD gold-silica nanoshells, corresponding to ~2.77
x 10" particles/mL [43,55].

Moving from the settings to the outcome evaluation,
change in the morphology (Table 2), toxicity, and phar-
macokinetics of NPs should also be considered while
assessing the long-term behavior of the nanostructures
within the biological structures. A further concern is the
evaluation of the thermal tissue damage and the neces-
sity to monitor the thermal effect of the procedure. Tem-
perature values above 50°C induced by 808 nm laser at
3 W (CW) for at least 3 minutes have shown therapeuti-
cally efficacy in murine models (colon carcinoma and
human breast cancer cells) [117, 236]. It is worth under-
lining that temperature is one of the most accessible
physiological parameters to be monitored during the pro-
cedure. Indeed, the tissue temperature is the direct evalua-
tion of the effects of the ongoing therapy and is related to
the desired cells heat-induced damage. As observable from
Table 3, only a part of the studies minds about thermome-
try. A subgroup uses single probes (eg, thermocouples)
[53,58,84,117,236], whereas the others perform MR ther-
mometry of thermography for obtaining information
about the temperature distribution inside and around the
target organ [237, 239 244, 245, 286].

Intraprocedural temperature information could help in
tuning the laser settings (power and time). Alternatively,
some works have based their settings choice on the predic-
tion provided by theoretical models. The development of
reliable simulation-based tools represents another key factor
for the optimization of GNRs-assisted photothermal treat-
ments. Theoretical and computational studies based on
finite element methods and Monte Carlo-based tools have
demonstrated to estimate with sufficient accuracy the tem-
perature values reached in tissues undergoing irradiations
[214]. The accurate prediction on the spatial temperature
evolutions proved to be mostly influenced by the optical,
mechanical and thermal properties of tissue and GNPs
properties [23,271,276]. The availability of simulation-based
tools is crucial to foresee the tissue thermal damage, thus,

to guide the design of experimental studies and to evaluate
a priori the temperature outcome.

Nevertheless, further studies are needed for the estab-
lishment of simulations considering the real tumor and bio-
logical off-target tissue geometries, and the correct
estimation of tissue properties and metabolic-related
processes, such as perfusion and vascularization contri-
butions. Thus, despite holding great potential and pecu-
liar features, concerns such as the unknown long-term
cytotoxicity, still limit the widespread transitioning of a
safe photothermal technique to the clinical stages.
Future investigations should focus on the implementa-
tion of a standardized intervention procedure and the
synergetic application of nanotechnologies approaches,
real-time temperature measurement methods, and treat-
ment simulation systems for bridging GNRs-assisted
laser PTT into clinical scenarios.
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22NV B} )2 .
Gans theory or Mie-Gans theory is the extension of o= 3] 2}:( e >2+ ) (A2)
. . . . € € €
Mie theory. It is the solution of Maxwell equations to 1Ty 2

characterize the scattering for the prolate or oblate
spheroid shape particles smaller than the excitation
wavelength. In this theory, the absorption only
depends on the AR (ie, the ratio of particle size in
different dimensions) and is not dependent on the
absolute dimension. This dependency is determined
by the defined factors that are related to the shape of
particles in three dimensions. In fact, the Gans theory
was developed to explain the optical properties of
ellipsoid shaped particles based on the dipole
approximation.

The Mie solution to Maxwell's equations describes
the scattering and absorption of incident light by
spherical particles, based on the relationship for the
extinction cross-section, Cey; (Cext = Caps + Csca), that
is, the sum of the absorption cross-section and the
scattering cross-section of the metal nanoparticles. For
small particles (d < 1), the Mie solution is represen-
ted by:

CEXt = 99 8% VO 82(0)2) 3
c [er(@) +2em ] + & (w)

(A1)

where V, = %R3 is the volume of particle, w is the angu-
lar frequency of the extinction radiation, ¢ is the complex
dielectric constant of the metal given by ¢ = efw)
+ie(w), while e{w) is the real part and ¢(w) is the imagi-
nary part of dielectric constant of the metal, respectively.
em is the real part of the dielectric constant of the sur-
rounding medium. The surface plasmon absorption
band appears when ¢/ (w) & —2¢,, if ¢(w) is small or if it
is only weakly dependent on . The bandwidth and
amplitude of the peak are well approximated by &{w);
however, the size dependency of the position of the sur-
face plasmon absorption band of the metal NPs can be
adapted by assuming size-dependent dielectric func-
tions [289].

For more sensitive detection of the LSPR signal, NP
shape is an important factor. This characteristic is well
described and showed how it is affected by the nano-
particle shape and size, and that more detailed proper-
ties can be found in more complicated geometries [149,
290, 291].

The NRs are formed by asymmetric growth of small
gold spheres in the presence of shape-forming surfac-
tants, weak reducing agents, and the catalysts [292].
According to Gans theory, the extinction coefficient o
can be quantitatively expressed as [161]:

where N is the number of NPs per unit of volume, V is
the volume of each NP, A is the wavelength of the inci-
dent light, P; is defined as

1-e2[1. [1+e B\?
Py=17] [im(l_e)_l}e_ 1‘(2) (A3)

PB:PC:

where j represents the three dimensions of the particle,
A, B, and C are the three axes of the rods and P; termed
depolarization factors for each axis of the prolate B is the
. 1-pY
AR/B is the AR. The resonance occurs at &; = — (i’#

where i = A for longitudinal resonance and i = B,é for
transverse resonance. The wavelength of the LSPR peak
is dependent on the dielectric function of the surround-
ing medium [293]. This phenomenon can be demon-
strated by the Drude model, represented as:

2
Wp

_w2+;/2

(AS5)

g=1

where w, is the plasmon frequency and y is the damping
factor of the bulk metal. In the visible and NIR regions,
in the case of y < w,, we can simplify this equation to

Whn\ 2
=1- (_p) A6
Er w (A6)
that under resonance condition (¢, = - 2¢, ), then
we have.
w
Winax = ——— A7
T 2em+1 (A7)

where W,,.x is the frequency of the LSPR peak.

If the frequency is substituted by the wavelength via
A = 2nc/w, and then the dielectric constant is replaced by
refractive index via €, = n’, we will have

Amax =4p V/20m? +1 (A8)

where Anmax is the wavelength at the LSPR peak and 4, is
the wavelength corresponding to the plasma frequency of
the bulk metal. From a general point of view, in presence
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of GNPs under laser light, the temperature increase is
given by the heat contributed by a large number (N) of
GNPs, each particle generating a certain amount of heat
(Qnps), Which is given by the product of absorption cross-
section area (C,s) and laser fluence (I) = Cu,sl). The
resulting Specific Absorption Rate (SAR) for N particles
is, therefore, given by Equation (9)

SAR=N-Qups=N-Cabs- I =ptanps- I (A9)

where N-C,ps defines the absorption coefficient p, nps Of
the particles. GNPs with high scattering increase the
internal diffuse radiation, whereas GNPs with high
absorption produce a large amount of SAR at the entry
region, that is, the region near the laser source. For all
the light transport modeling methods mentioned above,
the optical properties of the NP laden tissue are funda-
mental inputs and need to be described accurately.
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