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Abstract—The unique properties of metal nanoparticles (NPs) resulting from their localized surface plasmon
resonance have led to the emergence and rapid development of promising scientific areas. One of these areas
is thermoplasmonics, which is based on the ability of such NPs to effectively transform optical radiation into
heat. We discuss the optical properties of noble metal NPs, the main approaches to their synthesis, as well as
the latest advances of thermoplasmonics in the field of biomedicine. The focus of this review is on photother-
mal diagnostics and therapy (theranostics) of various diseases. Note that, in addition to theranostics of
tumors, the prospects for the use of plasmonic NPs in cardiology, ophthalmology, the fight against bacterial
and viral infections, and other biomedical fields have been analyzed.
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1. INTRODUCTION scientific and technical community for the past

20—30 years. This phenomenon arises when the oscil-

Localized surface plasmon resonance (LSPR), lation frequency of conduction electrons in NPs coin-

which is inherent in metal nanoparticles (NPs), and cides with the frequency of an incident radiation and

the broad practical potentials associated with it are  manifests itself as an intense peak in the particle
among the “hottest” topics that are discussed in the extinction spectrum.
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Fig. 1. The main stages of transformation of radiation absorbed by plasmonic NPs into heat [10].

Within the framework of the Mie theory, which
describes the interaction of metal NPs with electro-
magnetic radiation, total extinction cross section C,,,
of an individual NP is the sum of the contributions
from surface plasmon absorption C,,, and scattering
Cy. [1]. The resonant enhancement of these charac-
teristics of the LSPR band leads to the fact that the
efficiencies of particle scattering Q,., and absorption
0,5 of radiation with a given resonant wavelength cal-
culated as the ratios of C, and C,, to the geometric
cross section of an NP can reach values of ten and
more. This fact is of fundamental importance for solv-
ing various practical problems [2—4]. For example, the
ability of plasmonic NPs to scatter radiation, as well as
to enhance the electromagnetic field in the immediate
vicinity of their surface, not only opens up the possi-
bility of creating highly sensitive sensors, light-emit-
ting devices, and diagnostic tools for various danger-
ous diseases [2—4], but also makes it possible to con-
trol optical radiation fluxes at the nanolevel [5]. At the
same time, the absorption of radiation with a wave-
length corresponding to LSPR by metal NPs leads to
their strong heating. This phenomenon has led to the
emergence of thermoplasmonics, a new field of
research that includes the use of nanoparticles in bio-
medicine, nanofluidics, catalysis, and other fields of
science and technology. In the last decade, this field is
intensively developed. This is evidenced by a drastic
increase in the number of experimental works on the
analysis of the photothermal efficiency (PTE) of plas-
monic particles and the search for new ways of their
application, as well as the appearance of monographs
and reviews devoted to this scope in leading scientific
journals [6—9]. Note that, as a rule, these reviews dis-
cuss the use of gold N Ps, while much less attention has
been paid to silver NPs.

In this review, along with a brief analysis of the data
relevant to the regulation of the morphology, optical
characteristics, and photothermal efficiency of Au and
Ag NPs, the latest advances of the thermoplasmonics
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in the field of treating various dangerous diseases will
be discussed and the most promising applications
using particles of these two metals will be indicated.

To obtain a sufficiently complete picture, let us,
first of all, turn to the fundamental ideas of the regu-
larities in the behavior of plasmonic NPs when they
absorb laser radiation and the main factors that deter-
mine the PTE of particles.

2. GENERAL CONCEPTS OF THE BEHAVIOR
OF PLASMONIC NANOPARTICLES
UNDER THE ACTION OF LASER RADIATION

It should be emphasized that most of the works
devoted to studying the heating of plasmonic NPs
under laser radiation were carried out using gold NPs
as models. This is largely due to the fact that such par-
ticles are intensively studied as thermosensitizers for
laser hyperthermia of malignant neoplasms (see, e.g.,
[7—10]). Naturally, all regularities found for gold NPs
are equally applicable to NPs of other metals.

When plasmonic NPs are exposed to laser radia-
tion, the generation wavelength of which coincides
with the resonance frequency, photon energy is partly
absorbed by conduction electrons (Fig. 1), thus lead-
ing to a dramatic increase in their kinetic energy [8, 9,
11, 12]. These high-energy “hot” electrons, which pri-
mordially have a nonequilibrium energy distribution,
relax due to collisions with “cold” electrons belonging
the conduction band; the characteristic relaxation
time is, in this case, 10—100 fs [9, 12]. At this stage, the
energy exchange between free electrons and an ion
matrix (“lattice”) is actually absent. As a conse-
quence, temperature 7, of the electron gas may
amount to from several hundred to several thousand of
Kelvins, depending on the conditions of laser irradia-
tion, while the temperature of the ion lattice (7;)
remains unchanged.

Subsequently, the particle itself is heated due to the
interaction of electrons with ions of the crystal lattice.
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The rate of this process is almost independent of NP
sizes (with the exception of particles whose diameter is
less than 5 nm), and their heating time is 2—50 ps,
depending on initial 7, [13, 14]. At this stage, an equi-
librium temperature is reached inside of an NP (7, =
T)), while the ambient temperature remains
unchanged and equal to its initial value.

At the final stage, NPs are cooled due to heat
exchange with an environment. The characteristic
time required to establish equilibrium at the particle—
environment interface depends on the NP size, the
nature of the environment, and the laser irradiation
conditions. For example, in aqueous dispersions, it
can vary from 100 ps to 1 ns [13]. An increase in the
temperature in the immediate vicinity of NPs may be
as high as several tens or several hundreds of Kelvins
and accompanied by the occurrence of certain pro-
cesses in the environment [15—17].

For example, the results of the simulating the time
evolution of temperature inside of a gold NP (with
diameter d = 55 nm) and in its aqueous environment
upon absorption of a femtosecond laser pulse with a
generation wavelength of 400 nm have indicated that,
under such conditions, the electron temperature
reaches approximately 8000 K, while the temperature
of the ion lattice is about 3000 K. The aqueous envi-
ronment in the immediate vicinity of the NP is heated
up to =550 K, thereby leading to its instant (“explo-
sive”) evaporation with the formation of vapor bub-
bles. The growth or collapse of these bubbles may lead
to the generation of acoustic (and, in some cases,
shock) waves in the environment [15]. (Note that the
mechanism of explosive water evaporation is actively
discussed in relation to the use of plasmonic NPs for
the photothermal therapy of malignant neoplasms [15,
18, 19].)

Laser-induced heating of NPs and their cooling
due to heat exchange with the environment are, natu-
rally, competing processes. If the heating rate signifi-
cantly exceeds the cooling rate, the excess heat accu-
mulated in an NP causes its melting, as well as the
occurrence of other processes, such as NP evapora-
tion, plasma generation, and fragmentation (“Cou-
lomb explosion”), which may be accompanied by the
appearance of shock waves in the environment. The
regularities of these processes have been considered in
detail in reviews [11, 15, 18, 20].

To conclude this section, it should be emphasized
that there are two possible modes of laser-induced
heating of NPs. The first of them is realized under the
action of cw laser radiation, when the exposure time is
much longer than the heat transfer time, while the sec-
ond one results from pulsed irradiation, when these
times are comparable. Both variants are actively used
both in laboratory experiments and in practical appli-
cations. However, the mechanisms that determine the
occurrence of a particular process, and, as a conse-

quence, the efficiencies of NP use may be significantly
different.

3. INTERRELATION OF MORPHOLOGY,
PLASMON CHARACTERISTICS,
AND PHOTOTHERMAL EFFICIENCY
OF NANOPARTICLES

The photothermal efficiency of NPs, i.e. their abil-
ity to transform laser radiation into heat, depends on
their material, size, and structure [21—33]. According
to theoretical estimates, one of the most promising
materials in this regard is silver [22—25]. This is indi-
cated by its significantly higher (compared to gold)
values of Q,,, and Jolie number, which characterizes
the ability of NPs to generate heat under irradiation at
a wavelength corresponding to the LSPR maximum
[22, 34]. However, it should be taken into account
that, due to the high reactivity of this metal, the sur-
face of NPs can be oxidized and, as a result, their PTE
may be decreased.

Variations in the size, shape, and structure of NPs
make it possible to control not only the position of the
plasmon peak, thereby tuning it to a desired wave-
length, but also the ratio between the scattering and
absorption contributions to the particle extinction
spectrum.

3.1. Effects of the Nature and Morphology
of NPs on Their Plasmon Characteristics

An increase in the size of spherical NPs leads to a
bathochromic shift of the LSPR position [26, 27];
however, this shift does not exceed 150—200 nm. For
example, the plasmon peak of gold NPs shifts from
nearly 520 to 700—750 nm with an increase in their
diameter from approximately 10 to 180 nm [26]. The
LSPR shift is accompanied by a gradual broadening of
the plasmon peak, and, then, by its splitting due to the
excitation of higher-order resonances in particles
larger than the electron mean free path. For example,
a quadrupole resonance, whose maximum is located
near 550 nm, may be excited. A similar situation is also
observed for spherical silver particles [27]: as their size
increases, the LSPR shifts from 400 to 600 nm. The
ability of NPs to absorb and scatter incident radiation
increases with their sizes [11]; however, the contribu-
tion of scattering to the extinction spectrum also
increases significantly, thus leading to a decrease in
the PTE of the particles (see below).

For particles with a more complex structure and/or
shape, a significant bathochromic shift of the LSPR
relative to the position characteristic of spheres is
observed. As an example, Fig. 2 shows the spectra of
aqueous dispersions of the main types of gold NPs,
which are characterized by LSPR variable within a
wide range, as well as their micrographs taken by
transmission or scanning electron microscopy. Some-
times, several peaks are distinctly seen in the spectra.
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Fig. 2. Extinction spectra of colloidal solutions of (a) gold nanostars [10], (b) nanoprisms [28], (c) nanorods [29], (d, e) dielectric
core/Au shell structures [31, 32], and (f) gold nanocages [33]. The insets show typical micrographs of such particles.

In particular, two resonance peaks are observed for
gold nanorods (GNRs) (Fig. 2¢). The first one with
Amax at nearly 500 nm corresponds to electron oscilla-

tions directed transverse to a nanorod, while the sec-
2023
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ond one in the region of larger A values is attributed to
longitudinal oscillations. The position of the longitu-
dinal resonance strongly depends on nanorod axial
ratio (i.e., on the ratio between GNR length and diam-
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Fig. 3. Typical dependence of the position of the longitu-
dinal LSPR of gold nanorods on their axial ratio [30].

eter) and shifts to the red region as this ratio increases
(Fig. 3). Note that, for star-shaped and prismatic NPs,
the bathochromic shift of LSPR also increases with
the degree of particle anisotropy (Figs. 2a, 2b).

In the case of metal nanoshells (both hollow and
formed on cores of different natures), the reason for
the LSPR shift is different. The optical properties of
such NPs are most adequately described by the plas-
mon hybridization theory, which is a kind of an analog
of the theory of molecular orbitals [31, 35—37]. Within
the framework of this theory, the resonance properties
of a metal nanoshell can be considered to be a result of
the interaction (“hybridization”) of plasmons on its
outer and inner surfaces. In the case of spherical par-
ticles, such hybridization leads to the appearance of
two plasmon resonances. The first of them is symmet-
ric or “bonding” (by analogy with the bonding molec-
ular orbital), is characterized by a lower energy and a
higher dipole moment; it strongly interacts with the
incident radiation. It is this resonance that is responsi-
ble for the appearance of the intense absorption band
in the long-wavelength region of the spectrum. The
second resonance is asymmetric (“antibonding”) and
has a higher energy; however, it rather weakly interacts
with the incident radiation. As a consequence, the
short-wavelength peak inherent in this resonance is
very poorly pronounced in the spectrum of nanoshells
(in the case of gold shells, it is completely hidden by
the region of interband transitions). The degree of
hybridization of plasmons depends on their energies
on the outer and inner surfaces of the shell and its
thickness [35, 36]. This theory can also be employed to
describe the resonances of nanoshells having other
shapes; however, the hybridization pattern becomes,
in this case, more complex [7, 31, 36, 37]. For exam-
ple, the LSPR of a spindle-shaped nanoshell is repre-
sented to be a result of hybridization of plasmons of a
solid metal ellipsoid and a cavity of the same size as
that of a “core” in a bulk metal. Such structures are
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characterized by the existence of two resonances,
transverse and longitudinal, with their positions
depending on the ratio between the length of the ellip-
soid and its maximum diameter [31, 36].

The LSPR of nanoshells is tuned to a preset wave-
length by varying the ratio of the characteristic size of
the “core” (or the internal cavity) to the shell thick-
ness. The larger this ratio, the greater the bathochro-
mic shift of the LSPR relative to its position inherent
in spheres (Figs. 2d—2f). In turn, the quality factor of
the LSPR and the ratio between the scattering and
absorption cross sections of such particles strongly
depend on not only the above ratio, but also the parti-
cle size as a whole [38—40]. An increase in the size
leads to a rise in the contribution of scattering and
broadening of the plasmon peak. The latter phenome-
non is due to the appearance of higher-order reso-
nances and a phase shift that occurs when the particle
size becomes comparable with the wavelength of the
incident radiation [41].

The plasmonic properties of GNRs and spherical
SiO,@Au core/shell shell particles were systematically
compared with the properties of Au nanospheres in
[39]. In the case of GNRs, the authors used the con-
cept of the effective NP radius (R.;;), which was equal
to radius R of a spherical NP with the same volume as
the volume of the nanorod. It was calculated by equa-
tion

Ry = GV/4m)'”,
where V' is the particle volume. This made it possible
to compare the efficiencies of radiation scattering and
absorption by particles of different shapes.

In [39], the main attention was focused on plas-
monic NPs, whose LSPR maximum was in the near
infrared region (A,,,, = 800—1100 nm). It is this range
that corresponds to the maximum transmission of bio-
logical tissues and attracts the greatest interest as
applied to the biomedical use of NPs. Calculations
have shown that the O, O, and O, values at the
LSPR maximum for nanorods are significantly higher
than those for spherical NPs and core/shell particles.
As R.i;grows, the ability of GNRs to scatter and absorb
incident radiation, as well as the relative contribution

of scattering to the extinction spectrum, increase.!
The value of this contribution depends on both the
volume of GNRs and their diameter at a constant vol-
ume [39]. As will be shown below, variations in the
0,ps-to-0,, ratio significantly affects the PTE of par-
ticles.

3.2. Synthesis of NPs with a Specified Position of LSPR

NPs with a required morphology are obtained
using colloidal methods based on reducing ions of the
corresponding metals in liquid (most often, aqueous)

! This tendency is typical for particles of all types.

COLLOID JOURNAL  Vol. 85 No.4 2023



NOBLE METAL NANOPARTICLES IN BIOMEDICAL THERMOPLASMONICS

media [26, 27, 42—59]. As a rule, organic compounds
that act as stabilizers of NPs being formed are addi-
tionally introduced into a reaction mixture. These sta-
bilizers can not only provide NPs with required sizes,
but also govern their shape due to the specific adsorp-
tion on these or those crystallographic faces of grow-
ing NPs.

The simplest task is the synthesis of spherical gold
NPs [26, 42]. The main method of their preparation is
the so-called “citrate” synthesis, which involves the
use of sodium citrate as a reductant of Au(3+) ions. It
has been shown (see review [42] and references
therein) that, by varying the precursor/reductant
ratio, it is possible to obtain almost monodisperse NPs
with diameters from =10 to =100 nm. Moreover, the
introduction of additional portions of a precursor and
a reductant into a system makes it possible to increase
the NP sizes to 200—300 nm [26].

As regards the preparation of NPs with LSPR posi-
tions tunable in a wide range, this problem can be
believed to be completely solved only as applied to gold
NPs largely due to the high chemical inertness of gold.
To date, a sufficient number of reproducible and scal-
able methods have been developed for producing not
only NPs of different sizes and shapes, but also com-
posite structures with dielectric cores and gold shells.
These methods have been analyzed in detail in rela-
tively recent reviews [42, 45, 47].

As a first approximation, they can be divided into
two groups. One of them includes methods based on
the growth (enlargement) of ultrasmall spherical gold
NPs (so-called seed NPs) in an aqueous or nonaque-
ous solution containing gold ions, a mild reductant,
and, in some cases, additives that promote an aniso-
tropic growth of particles. These methods are actively
used both for the synthesis of anisotropic NPs of vari-
ous shapes (star-shaped, prismatic, or rodlike) and for
the formation of gold nanoshells on the surfaces of
spherical or anisotropic nanocores (for example, of

silica or iron oxide?) [31, 32, 42—45]. Their common
essential disadvantage is the high sensitivity of the pro-
cess to the quality of seed particles [42, 45—47]. That
is why the so-called seedless (or one-pot) methods for
the synthesis of star-shaped and rodlike Au NPs have
recently appeared and begun to gain popularity [30,
42, 48]. In addition to the easiness of realization, these
methods make it possible to obtain small particles
characterized by increased PTE.

The second of the aforementioned groups includes
methods based on the galvanic replacement of a less
noble metal (for example, silver) with a more noble
one, e.g., gold, and makes it possible to form hollow
nanoshells of spherical, cubic, and other shapes [42,
49—52]. For this purpose, a solution of chloroauric
acid is added to a colloidal solution containing Ag NPs

2 Note that silver nanoshells can also be obtained on cores of dif-
ferent natures in a similar way [53, 55].
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of this or that shape. The process is described by the
following scheme:

3Ag’ + HAuCl, — Au’ + 3AgCl + HClI

Such a process can proceed in the absence of a
reductant; however, according to the data of some
authors (see, e.g., [51]), its introduction enables one to
better control the reduction rate of gold ions and
obtain more uniform hollow NPs. As has been shown
in [52] using the synthesis of gold nanocages as an
example, the introduction of cetyltrimethylammo-
nium chloride into a reaction mixture also leads to a
similar result.

It should be emphasized that a variation in the size,
shape, and structure (i.e., the position of the LSPR) of
Ag NPs is a much more difficult task. The analysis of
the literature data [53—59] has shown that almost all
methods proposed for the synthesis of nonspherical
Ag NPs are not only poorly scalable, but also very sen-
sitive to the purity of the used reagents.

The most common method for obtaining anisotro-
pic silver particles is the so-called polyol synthesis,
which is based on the reduction of metal ions in the
media of polyatomic alcohols in the presence of
poly(vinylpyrrolidone) used as a stabilizer (see, e.g.,
review [58] and references therein). However, it
should be taken into account that the size of the parti-
cles formed in this case is, as a rule, rather large. This
leads to a significant prevalence of Q,, over Q,,, and
makes the use of such particles in thermoplasmonics
inefficient. Actually, the only exception is silver nano-
cubes. For example, the authors of [56, 60] showed, in
particular, the possibility of obtaining monodisperse
silver nanocubes with face sizes of 30—60 nm, which
were then used as “sacrificial” (i.e., soluble) templates
in the synthesis of gold nanocages. Then, it was shown
that such cubic silver NPs could also be obtained in an
aqueous medium [52]. In this case, cetyltrimethylam-
monium chloride served as a stabilizer for the particles
being formed.

3.3. Photothermal Efficiency of Plasmonic NPs
of Different Morphologies

Despite the fact that, the LSPR of diverse particles
is actually in the same spectral range, the Q-factors of
their resonance peaks differ significantly. The same
can be said about the contributions of absorption and
scattering to the extinction spectra of NPs, as well as
about the efficiency of the transformation of laser
radiation energy into thermal energy. (Note that, when
continuous radiation is used, this efficiency is gov-
erned by the specific absorption of a colloid.)

To date, rather many works have been published
devoted to the theoretical and experimental evaluation
of the PTE of plasmonic NPs (see, e.g., [21-33, 61—
69]); however, it is extremely difficult to quantitatively
compare the results obtained in these works because of
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Table 1. Efficiency of photothermal conversion for some types of plasmonic NPs irradiated with cw laser operating at a

wavelength of =800 nm.

Type of NPs Sizes, nm Photothermal conversion efficiency, %
Gold nanorods dx1=10 % 38 92 [21], 95 [61]
dx[=13x44 55162]
dx[=17 X 56 22 [63]
dx1=16 %60 83 [21]
dx1=20x70 79 [21]
Gold nanocubes Edge length of 45 nm, wall thickness of 5 nm |63.6 [63]
Gold 49 x 127 60 [21]
nanobipyramids 61 X 154 45 [21]
Gold nanostars d=285 38 [64]
Gold nanoflowers d =150 nm 74 [65]
SiO,@Au core/shell d=120h=12—14 39 [66], 25 [67]
Au/SiO,/Au Nanomatryoshkas |4, =42, hsio, =10, hp, =13 63 [66]
Rodlike particles with dXxX[=8%x32 h=13 18.56 [68]
Au@SiO, core/shell
Silver nanoprisms Edge length 44 nm, wall thickness 3 nm 30.4 [69]
different experimental conditions, measurement whose LSPR position can be tuned in the near-IR

methods, and approaches used by the authors for data
processing. It should be emphasized that the over-
whelming majority of these studies were performed
using gold NPs of various sizes and shapes. To a high
extent, this is because it is difficult to obtain Ag NPs,

region, which is of the greatest interest from the view-
point of biomedicine.

Table 1 shows data on the PTEs of several main
types of plasmonic NPs exposed to laser radiation at
Amax = 800 nm. It can be seen that the ability of metal
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Fig. 4. Increase in the temperature of dispersions containing (/) GNRs (d % /= 11 x 30 nm) and (2) SiO,@Ag core/shell particles
(d = 120 nm, A = 5 nm), under irradiation with cw laser operating at a wavelength of 808 nm (our unpublished data). The inset

shows micrographs of particles of both types.
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NPs to transform incident radiation into thermal
energy is, on the whole, noticeably higher than that of
composite particles with a core/shell structure. Some
exceptions are the so-called nanomatryoshkas, i.e.,
spherical particles with a gold core and alternating
concentric shells of silica and gold. Due to the strong
hybridization between the plasmons of the core and
the gold shell, such particles very effectively absorb
incident radiation [66].

Among the particles listed in Table. 1, the highest
efficiency is inherent in the smallest GNRs, which is
quite expected taking into account the estimations
performed in [39]. An increase in the size of the GNRs
(i.e., R.y) leads to a decrease in their ability to trans-
form incident radiation into heat, because of a rise in
the relative contribution of scattering to the extinction
spectrum (as has already been noted above, this ten-
dency is typical for particles of all types).

The higher Q,, values of silver than those of gold
must promote a sufficiently high PTE of particles
based on this metal. According to our data, for
SiO,@Ag core/shell structures, it turns out to be
somewhat higher than that recorded for GNRs. It is
seen in Fig. 4 that the GNR dispersion is heated under
the near IR laser irradiation at a higher rate than is the
dispersion of SiO,/Ag particles; however, the tem-
perature reached in this case is approximately 5°C

lower.?

Returning to the photothermal -efficiency of
GNRs, it should be emphasized that it depends sig-
nificantly on the orientation of the particles in the
electromagnetic field of an incident wave and
increases when they are oriented along the field [13,
62]. It should be taken into account also that GNRs
quite easily change their shape under the action of
laser radiation; a similar situation is observed for gold
nanostars and nanocubes. This process, whose fea-
tures have been discussed in detail in reviews [7, 8, 11],
is based on melting (and, in some cases, fragmenta-
tion) of particles under the action of high-energy laser
pulses. This leads to a decrease in the axial ratio of NPs
and a strong hypsochromic shift in their LSPR (up to
520—530 nm), thereby significantly reducing the
absorption efficiency of near-IR radiation. The cre-
ation of semiconductor or dielectric shells on the sur-
face of NPs hinders their transformation [70, 71].
Nevertheless, as the duration and/or energy of laser
irradiation increases, both core and shells are gradu-
ally destroyed. As has been shown relatively recently,
the latter process may be rather intense even under the
irradiation with a low-power cw laser [72].

Note that, in some cases, the shells contribute to an
increase in the PTE of particles [61, 73]. For example,

3 The concentrations of Au and Ag in the studied dispersions were
=~(.4 and =0.15 mM, respectively. As a consequence, the differ-
ence between the PTEs of particles of two types per unit mass of
metal will be even more significant.
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according to [61], the presence of semiconductor
shells of zinc or silver sulfides on the surface of spher-
ical gold NPs leads to a bathochromic shift of their
LSPR (from 500 to 800 nm) due to a change in the
permittivity near the particle surface. As a conse-
quence, the heating temperature of the corresponding
dispersions under the action of a laser operating at a
wavelength of 808 nm increases by several times. A
similar effect of increasing PTE is also observed for
gold NPs coated with graphene oxide, copper sulfide,
or a layer of indocyanine green dye [73].

At the same time, for particles with a dielectric sil-
ica shell, the results are rather contradictory. For
example, according to the estimates of the authors of
[68], the PTE of nanorods coated with such a shell is
18.56%, which is noticeably lower than that recorded
for “bare” GNRs of similar sizes (Table 1). However,
the results of our experiments have indicated that the
presence of an organosilica shell on the surface of
GNRs has almost no effect on the heating kinetics of
the corresponding dispersion and the maximum
attainable temperature [74].

4. GOLD AND SILVER NANOPARTICLES
IN THERMOPLASMONICS

Noble metal nanoparticles are among the most
popular objects for thermoplasmonics and are used to
solve a wide range of problems, including photother-
mal catalysis [8, 75—77], solar light harvesting [8, 78—
80], laser ignition of energetic materials [81—85], var-
ious biomedical applications, etc. [6—9].

As has been noted above, the main goal of this
review is to analyze the state of the art in the field of
biomedical applications of thermoplasmonics and,
first of all, its application for the treatment of various
diseases.

4.1. Photothermal Therapy of Tumors

The possibility of tumor destruction due to the
local heating under laser irradiation of SiO,@Au
core/shell composite plasmonic particles introduced

into it* was for the first time shown by Prof. Halas et al.
in 2003 [86].

The success of these experiments induced the
emergence and rapid development of one of the most
urgent areas of thermoplasmonics, i.e., photothermal
theranostics, which comprises both photothermal
therapy (PTT) of malignant neoplasms (in this review,
we will focus on this therapy) and the methods for
their diagnosis based on the interaction of plasmonic
NPs with laser radiation [45, 87]. A rather detailed
analysis of these methods (first of all, optical coher-

4 The LSPR of the particles coincided with the laser generation
wavelength and was in the near-IR range, which corresponded
to the highest transmission (“transparency window”) of biologi-
cal tissues.
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the scheme of the experiment (based on the data of [101]).

ence and photoacoustic tomography) was carried out
simultaneously in several recent reviews (see, e.g., [7,
45, 54, 87)).

Along with the ability to transform the energy of
absorbed radiation into heat, thus causing the death of
tumor cells due to necrosis or apoptosis, when being
intravenously administrated, plasmonic NPs can be
selectively accumulated in tumors by the mechanisms
of “passive” or “active” targeted delivery.

The first of them, which is referred to as the effect
of enhanced permeability and retention, is based on
the increased vascularization and permeability of the
endothelium of blood vessels and capillaries in a
tumor as compared with their endothelium in healthy
tissues, as well as on the defectiveness of the lymphatic
system of the tumor [38, 88]. In turn, the active trans-
port of NPs is provided by their functionalization with
biologically active molecules (antibodies, aptamers,
folic acid, etc.) that are capable of identifying in this or
that way tumor cells or elements of cell membranes, as
well as by delivering the particles using certain types of
cells (macrophages, leukocytes, erythrocytes, etc.)
[88]. In particular, it has been shown [89] that the
incorporation of gold NPs into mesenchymal stem
cells leads to a great (37-fold) increase in the content
of particles in a tumor and, hence, to a more pro-
nounced therapeutic effect.

To date, a lot of experimental data have been col-
lected on the PTT of tumors [42, 45, 87—102], with
these data indicating the promise of this approach, as
well as the possibility of its combination with chemo-,

photodynamic, radiation, and other types of therapy.’

5 Review [90] is devoted to the detailed description of the poten-
tials and advantages of multimodal therapy.

Of greatest interest is the use of PTT to suppress tumor
metastasis [91]. El-Sayed et al. were among the first to
demonstrate the possibility of such suppression by the
PTT of breast cancer in cats and dogs [92]. The mech-
anism of the observed effect remains to be clarified;
however, according to the authors’ opinion, one of its
reasons may be remodeling of the cytoskeleton of can-
cer cells and a decrease in their mobility [91, 93].

The combination of PTT with immunotherapy
also makes it possible to inhibit the formation of
metastases [42, 91, 94]. For example, it has been
shown that PTT using gold nanostars followed by
administration of PD-L1 antibodies facilitates not
only to a significant increase in the efficiency of glio-
blastoma treatment, but also prevents the reappear-
ance of this tumor [94].

The overwhelming majority of the studies devoted
to PTT of tumors have been performed using gold

NPs® and, primarily, GNRs (see, e.g., [87—99]), while
silver particles have been used relatively rarely [69,
100—103]. This is due to both the difficulty of obtain-
ing silver NPs with an LSPR position tunable in the
near-IR region and the generally accepted opinion

about the significantly higher toxicity of this metal.’
The ability of this metal to induce the formation of
reactive oxygen species is considered to be one of the
main reasons for this toxicity [104].

6 Strictly speaking, all these particles (with the exception of the
core/shell structures) rather consist of gold-silver alloys, since
one of the components used in their synthesis is silver nitrate.

7 It should be emphasized that there are actually no works devoted
to systematic comparison between the toxicities of NPs of these
two metals (especially with regard to their sizes and surface
chemistry).
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In our opinion, the negative attitude to silver NPs,
which is based on the idea of its toxicity, needs to be
seriously rethought. For example, their ability to pro-
duce reactive oxygen species, which cause oxidative
stress, can lead to the activation of the innate immune
system and increase the efficiency of antitumor ther-
apy. This is evidenced, in particular, by the results of
works [105, 106] devoted to the use of silver NPs in the
treatment of leukemia and melanoma. It has also been
shown that silver NPs exhibit selective cytotoxicity
towards cells of triple negative breast cancer, which is
the most aggressive form of this disease [107]. This
contributes to a decrease in their survival both under
irradiation [107] and during combined radiation and
photothermal therapy [102, 107]; in the latter case, sil-
ver nanoprisms with the LSPR maximum at nearly
800 nm were used in the experiments.

In addition, according to our data [101], composite
particles with a silver shell provide a higher antitumor
effect (compared to similar structures based on Au)
during the PTT of S-57 sarcoma in mice using a
pulsed laser operating at a wavelength of 1064 nm, i.e.,
in the range corresponding to the second transparency
window of biological tissues. It can be seen (Fig. 5)
that, for particles of both types, approximately the
same inhibition of tumor growth is observed, while
their doses differ nearly twofold. It should be noted
that long-term (up to 9 months) observations of ani-
mals after intravenous administration of very large

doses (45 mg of silver per 1 kg of weight®) of a disper-
sion of composite particles with a silver shell have
revealed no marked changes in their well-being or
behavior. As a first approximation, this indicates a
rather low toxicity of such particles.

In conclusion of this section, it should be noted
that, at present, there is a clear trend towards a shift
from basic researches to preclinical and clinical trials.
(Therewith, the main attention is focused on the intra-
venous or intratumoral administration of the parti-
cles.) The first relatively successful example of this
passage is AuroShell drug, which has been developed
by AurolLase and is represented by a dispersion of
spherical Si0,@Au core/shell composite particles. As
has been evidenced by the results of the first stage of
the clinical trials, this drug is quite efficient for the
treatment of prostate cancer [99, 108]. Unfortunately,
the process of the realization of thermoplasmonics in
clinical practice is noticeably complicated by the lack
of complete information about the systemic and
chronic toxicity of NPs, as well as general ideas about
their optimal structure, the most sensitive types of
tumors, and the standards for PTT, including the
method of the administration of the particles, irradia-
tion conditions, etc. The most serious problems
include the rapid accumulation of NPs in the liver
and/or kidneys upon their intravenous administration.

8 More than six times higher than the therapeutic dose used in the
experiments in [101].
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Another serious limitation is a rather high cost of gold-
based drugs.

We believe that some of these problems can be
solved, to a high extent, by using alternative methods
of NP administration (primarily, transdermal and
intranasal) and developing appropriate dosage forms.
The promise of these approaches is, in particular, con-
firmed by the results of [109, 110]. For example, it has
been shown that the use of polylactide microneedle
patches coated with GNRs provides rather efficient
PTT of human epidermal carcinoma [109].

4.2. Photothermal Theranostics
of Cardiovascular Diseases

Cardiovascular diseases are the most common
causes of death in the world, thus making it very
important to develop methods for their diagnosis and
treatment. Gold and silver NPs have begun to be used
for this purpose relatively recently. Works [111, 112] are
among the first studies in this area.

Work [111] was devoted to studying the possibility
of using core/shell composite particles for the photo-
thermal destruction of atherosclerotic plaques. Two
approaches were compared. The first of them con-
sisted in the application of a patch containing
SiO,@Au core/shell particles onto an artery followed
by irradiation of the plaque with a laser, which was
introduced into the vessel and operated in the near-IR
spectral region. Within the framework of the second
approach, Fe;0,@Si0,@Au core/shell/shell particles
were loaded into stem cells and, then, injected into the
coronary artery through a catheter; an external laser
was used for irradiation. It turned out that both
approaches lead to a significant reduction in plaque
volume [111]. This conclusion was also confirmed by
clinical trials [113].

In turn, the authors of [112] showed the possibility
of detecting atherosclerotic plaques by photoacoustic
tomography on both phantoms and vessels ex vivo. In
this case, GNRs with a silica shell were used as con-
trasting agents. The results of subsequent experiments
in this area have indicated the promise of using plas-
monic NPs of different sizes and shapes for photother-
mal theranostics of atherosclerosis and other diseases
[114—118]. For example, according to the data of
[115], composite particles with a magnetic iron oxide
core and a silver shell provide not only efficient throm-
bus diagnostics in vivo, but also its photothermal lysis.
In addition, it has been shown [118] that the introduc-
tion of GNRs into the left cervical ganglion of dogs
followed by laser irradiation makes it possible to
reversibly suppress the activity of neurons, thus reduc-
ing the likelihood of ventricular arrhythmia caused by
myocardial infarction.

The results of the works cited above, first of all [ 113,
118], inspire restrained optimism about the potential
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of PTT as one of the methods for minimally invasive
therapy of cardiovascular diseases.

4.3. The Use of Thermoplasmonics to Combat Bacterial
and Viral Infections

The field of thermoplasmonics that implies the use
of gold and silver NPs for the diagnosis and/or therapy
of bacterial and viral infections can be attributed to
one of the most promising fields both in terms of the
achieved effects and the possibility of implementing
results of laboratory studies in clinical practice.

A striking example of such implementation is the
use of gold NPs and composite structures based
thereon for creating photonic thermal cyclers, which
can significantly accelerate the detection of infectious
agents by means of polymerase chain reaction [7, 119—
122]. The possibility of such acceleration was, for the
first time, shown in 2015 using a thin gold film [119].
Currently, researchers actively develop miniature
devices that enable one to point-of-care diagnostics of
different diseases. The urgent need in such diagnostics
has been revealed by the SARS-CoV-2 pandemic.

The ability of gold and silver NPs to photother-
mally suppress the vital activity of bacteria and viruses
is of considerable interest for solving a wide spectrum
of problems relevant to the sterilization of protective
masks, medical instruments, and implants [123—125],
the creation of new dressing materials (including those
intended for treating infected wounds) [126—130], etc.
[131—133]. Therewith, in the case of silver NPs, one
can expect an additional effect caused by the action of
silver ions (see, e.g., review [123] and references
therein).

Experimental results [ 126—130] have indicated that
the introduction of Au or Ag NPs into the matrix of a
biocompatible polymer makes it possible to obtain
dressings or templates for tissue engineering that can
efficiently suppress infections (including those caused
by bacteria resistant to antibiotics) both in vitro and
in vivo. Irradiation with a laser operating in the trans-
parency window of tissues promotes the photothermal
death of bacteria, and, in some cases, enhances the
proliferation of the cells healthy tissues, thereby accel-
erating wound healing.

Recently, works have begun to be published on the
use of plasmonic NPs to combat infections of the
respiratory tract or the central nervous system (CNS).
For example, in the opinion of Prof. El-Sayed et al.,
bronchoscopic administration of GNRs that can spe-
cifically bind to the S-protein on the surface of SARS-
CoV-2 (in combination with a subsequent PTT ses-
sion) may become a new paradigm for the treatment of
patients with severe lung damage caused by this virus
[131].

In turn, the data of [132] have indicated that spher-
ical gold NPs with a mixed monolayer of a quaternary
ammonium compound and indocyanine green dye
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formed on their surface can serve as efficient means for

combined therapy® of CNS injury by staphylococcus
resistant to methicillin. In this case, laser irradiation
not only promotes the photothermal death of bacteria,
but also makes it possible to control the permeability
of the blood-brain barrier.

In conclusion of this section, let us dwell on the
prospects for the use of PTT in the treatment of acne.
This seemingly non-serious disease can cause a num-
ber of psychological problems. The analysis of the lit-
erature [133—136] has indicated that PTT performed
with the help of plasmonic NPs can lead both to the
destruction Propionibacterium acnes, which are the
causative agents of acne, and to photothermal ablation
of the sebaceous glands. The highest efficiency of PTT
has been observed with the use of a pulsed millisecond
laser operating at 800 or 1064 nm and spherical com-
posite particles composed of silica cores (d = 120 nm)
and gold shells nearly 15 nm thick [134, 136]. In the
case of monotherapy, no acne recurrences are
observed for at least three months, while the combina-
tion of PTT with a drug therapy aimed at regulating
the intestinal microbiota can extend this period to two
years [136]. In 2018, a drug based on SiO,/Au parti-
cles, which are produced by Sebacia Co. under trade
name Sebacia microparticles, was subjected to clinical
trials and approved by the United States Food and
Drug Administration [137]. This method of acne
treatment is most widely used in Asian countries.

4.4. The Use of Thermoplasmonics in Ophthalmology

The use of plasmonic NPs in ophthalmology
makes it possible to solve a number of problems asso-
ciated with the therapy and diagnosis of eye diseases
(especially those occurring in the back of an eye).
Such NPs can serve as contrasting agents in optical
coherence or computer-assisted tomography, and also
act as radiosensitizers, delivery vehicles for drugs and
gene material, etc. [138].

The ability of NPs to transform the energy of
absorbed radiation into heat is actively used to treat
vitreous opacity [139] and postoperative complica-
tions in cataract or glaucoma [140—142], as well as to
eliminate the dry eye syndrome [143].

For example, experiments in vitro and in vivo have
shown that intravitreal administration of spherical
gold NPs modified with hyaluronic acid and indocy-
anine green dye followed by pulsed laser irradiation
promotes mechanical destruction of collagen clots
that cause opacity of vitreous body [139]. This
destruction occurs under the action of nanosized
vapor bubbles resulting from the rapid evaporation of
water near the NPs heated by laser pulses. An ideolog-
ically similar scheme was also employed for the treat-

9 We mean the combination of PTT with medicinal and photody-
namic effects.
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ment of fibrosis, which is one of the postoperative
complications of glaucoma removal [142]. In this case,
a peculiar composite based on silver NPs and
graphene oxide was used as a thermosensitizer.
According to the data obtained, PTT results in a sig-
nificant decrease in the level of fibrosis and, as a con-
sequence, a reduction in intraocular pressure.

The introduction of silica-coated GNRs or other
gold-based structures into intraocular lenses causes
the efficient thermal destruction of “residual” epithe-
lial cells under the action of cw laser radiation, thereby
preventing the cloudiness of the posterior lens capsule,
which often occurs after cataract surgery [140, 141].

Summarizing all of the aforementioned in this sec-
tion, it should be emphasized that, in our opinion, the
results of the cited works have quite serious prospects
to be implemented in clinical practice. This is, to a
high extent, due to the possibility of the local admin-
istration of N'Ps, which makes it possible to minimize
the risks associated with the accumulation of NPs in
the body and their chronic toxicity.

4.5. The Use of Plasmonic NPs in the Treatment
of Neurological Disorders and CNS Diseases

The central nervous system controls all vital func-
tions of the body and communications with the envi-
ronment. Any violation of its activity is associated
with, at least, a significant decrease in the quality of
life. As the analysis of the literature has shown [90,
144—152], the photothermal properties of plasmonic
NPs determine their demand for minimally invasive
diagnostics and/or treatment of a wide spectrum of

CNS diseases.?

In particular, nowadays a rapid increase is observed
in the number of works devoted to the use of plas-
monic NPs for modulating the activity of neurons and
regulating the differentiation stem cells [144—152]. As
a first approximation, they may be divided into two
groups. One of them includes studies aimed at the
determination of the optimal conditions for laser irra-
diation to prevent cells from death as a result of ther-
mal shock (see, e.g., [147] and references therein).
Another group comprises works devoted to determin-
ing the efficiency of this approach within various
models using both dispersions of NPs and their
ensembles formed on various substrates and develop-
ing methods for creating neuroprostheses [144—146,
148—152]".

In the opinion of most authors (see reviews [144—
146]), photomodulation of neuron activity mediated
by plasmonic NPs improves not only visual and audi-
tory, but also cognitive functions. (The latter is espe-

11 this case, we are talking only about gold NPs. On the con-
trary, silver NPs are actually not used in such experiments
because of their rather high neurotoxicity [153].

1A detailed analysis of all features and prospects of these
approaches can be found in the reviews [144—146].
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cially important as applied to the treatment of the Alz-
heimer, Parkinson, and other neurodegenerative dis-
orders.) For example, it has been shown that GNRs
can be used both to stimulate and to inhibit the activity
of retinal ganglion cells [150] under the action of
pulsed laser radiation. At the same time, short laser
pulses promoted an increase in cell activity, while long
pulses suppressed it. The obtained information can be
used as the basis for the creation of ocular neuropros-
theses.

The mechanisms of neuron photomodulation in
the presence of plasmonic NPs still remain to be stud-
ied; however, it is assumed that they are based on the
optical stimulation of thermosensitive ion channels (in
particular, the TREK-1 potassium channel) [144].

In addition to studying the mechanisms that govern
the behavior of nerve cells, further researches are
needed to determine the biocompatibility and effi-
ciency of the devices being developed. Nevertheless,
taking into account the rapid development of this field
of knowledge, it can be assumed that clinical trials of
new types of neuroprostheses will begin in the nearest
future.

4.6. Plasmonic NPs as Means for Intracellular Delivery
of Biologically Active Compounds

An increase in the permeability of a cell membrane
due to laser irradiation or optoporation is one of the
promising methods for both transfection of cells (i.e.,
the introduction of foreign nucleic acids) and the
delivery of various compounds (e.g., drugs) [7, 154,
155].

The use of plasmonic NPs makes it possible to sub-
stantially increase the efficiency of this process.
Lapotko et al. were the first to show the possibility of
the transfection by the example of spherical gold NPs
and a number of cell cultures [156]. As the experimen-
tal results have shown, NPs penetrating into cells are
localized near the membrane to form small aggregates.
Irradiation of such a system with a nanosecond laser
leads to the instantaneous evaporation of water near
the NP surface and the formation of nanosized vapor
bubbles. In the course of their growth and collapse, the
membrane is deformed with the formation of peculiar
channels in it, which let plasmid DNA penetrate into
the cell [156].

In the course of subsequent studies of the features
of optoporation and transfection of cells in suspen-

sions and on substrates,'? the optimal parameters of
laser irradiation, the rate of the restoration of the
integrity of the cell membrane, and other factors con-
trolling the course of these processes were determined
[154, 155, 157—160]. It has, in particular, been shown
that two-dimensional ensembles of gold nanostars

2Note that, in this case, only gold NPs were used in the experi-
ments.
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formed on a silicon substrate modified with poly(vin-
ylpyridine) could serve as a “platform” for transfec-
tion of HeLa cells with plasmid DNA, with this pro-
cess proceeding under the action of a cw laser radia-
tion at a wavelength of 808 nm [157]. The transfection
efficiency quite expectedly depended on the density of
the nanoparticle ensemble and the laser radiation
energy. Moreover, the “working” range was deter-
mined for heating of the cell suspension under laser
irradiation (approximately, 42—53°C) corresponding
to the combination of high levels of transfection and
cell survival.

The feasibility of using cw lasers for optoporation
increases the availability of this approach taking into
account their relatively low cost compared to pulsed
lasers. However, it should be kept in mind that their
use may be more traumatic for cells. This is indirectly
indicated by the results of [158]. For example, the
complete restoration of the integrity of a cell mem-
brane after the cw laser irradiation takes much longer
time than after the pulsed irradiation.

Although the data of the cited works indicate the
promise of using plasmonic NPs for the intracellular
delivery of gene materials and various drugs, this
approach is difficult to implement in the clinical prac-
tice. One of the main reasons for this situation is the
lack of sufficiently complete information about the
mechanisms of the processes underlying plasmon-
induced optoporation.

CONCLUSIONS

The unique properties of gold and silver NPs deter-
mine their surprisingly happy “scientific fortune,”
reflected in the continuously growing interest of
researchers in the problems relevant to the deepening
of ideas about the features of the interaction of such
NPs with radiation in different frequency ranges, the
development of new methods for regulating their mor-
phology, as well as their use for creating new materials
and devices for various purposes.

This review, which has shown a wide spectrum of
possibilities that open up in biomedicine owing to the
ability of gold and silver NPs to transform the energy
of absorbed radiation into heat, is a quite convincing
confirmation of the aforementioned.

The analysis of the literature data has indicated
that, in addition to a significant increase in the num-
ber of articles devoted to the development of new
approaches to the use of plasmonic NPs and the deter-
mination of the mechanisms underlying this or that
process, there is a clear trend towards a gradual transi-
tion from laboratory studies to preclinical trials, and,
in some cases, and to clinical practice.

A particularly urgent task is, undoubtedly, the
implementation of new methods for the treatment of
oncological diseases in the practical medicine and the
creation of appropriate dosage forms based on plas-
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monic NPs. As has been noted above, one of the main
obstacles on this way is the ability of such particles to
be actively accumulated in the liver and some other
organs. To a high extent, the local introduction of NPs
makes it possible to cope with this problem. In addi-
tion, some optimism is inspired by the results of recent
study [161], which has proposed a method for the tem-
porary partial “blockage” of mononuclear phagocytes
responsible for removing foreign particles from the

bloodstream."® This makes it possible to significantly
increase the duration of circulating target particles
and, consequently, the likelihood of their accumula-
tion in a tumor.

It should be emphasized that the use of plasmonic
NPs in PTT is not confined to the above areas.
Indeed, recent works have indicated the possibility of
efficient use of PTT in dentistry [162], treatment of
liver fibrosis [163], rheumatoid arthritis [164], venous
malformation [165], as well as in stimulating osteo-
genesis [166]. Moreover, it is obvious that PTT can be
combined with other types of therapy in the treatment
of not only tumors, but also other diseases.
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