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Plasmonic systems are becoming a favourable alternative to dye molecules in the generation of photoacoustic
signals for spectroscopy and imaging. In particular, inorganic nanoparticles are appealing because of their
versatility. In fact, as the shape, size and chemical composition of nanoparticles are directly correlated with their
plasmonic properties, the excitation wavelength can be tuned to their plasmon resonance by adjusting such
traits. This feature enables an extensive spectral range to be covered. In addition, surface chemical modifications

can be performed to provide the nanoparticles with designed functionalities, e.g., selective affinity for specific
macromolecules. The efficiency of the conversion of absorbed photon energy into heat, which is the physical
basis of the photoacoustic signal, can be accurately determined by photoacoustic methods. This review contrasts
studies that evaluate photoconversion in various kinds of nanomaterials by different methods, with the objective
of facilitating the researchers’ choice of suitable plasmonic nanoparticles for photoacoustic applications.

1. Introduction

The world of photoacoustics is currently being pervaded by inno-
vative materials, among which plasmonic nanoparticles (PNPs) repre-
sent one of the main constituents [1-3]. Several aspects make these
systems attractive for photoacoustic applications. In particular, plas-
monic resonances immediately lead to a strong light / matter interac-
tion. Notably, the absorption cross section of metal nanoparticles is
expected to be larger than that of dye molecules by at least one order of
magnitude [4]. It is recalled that a high level of light absorption is the
basis for effective generation of photoacoustic signals. In addition,
plasmonic resonances give a particular versatility to PNPs, as an opti-
mum excitation light wavelength can be selected in relation to the size,
shape and composition of the nanoparticle in question. Together with
the bulk chemical properties, it is nowadays possible to control the
surface chemistry of PNPs. In particular, surface functionalization can be
performed producing tailored species that can selectively react with
important target molecules [5]. Finally, the generation of photoacoustic
signals can be ably exploited for photoacoustic imaging (PAI). This
technique can be performed by exciting either the signals of the con-
stituent molecules of living cells, or those of exogenous contrast agents

[6,7]. PNPs appear to be especially well suited for PAI because of their
optical and optothermal properties [8-10].

Localized surface plasmon resonance (LSPR) is the basis of the
interaction between light and PNPs. The theory and experimental
approach adopted to explain such phenomena were originally devel-
oped for metal PNPs for which the physical size scale is much smaller
than the light wavelength used [11-13]. The simplest shape of a nano-
particle — especially for ease of calculation — is that of a sphere. In
addition, spheroids can be treated by specifically modified analytical
models [14]. More complicated shapes can be theoretically investigated
by numerical calculations or analytical methods [15]. The case of
anisotropic PNPs is especially interesting, as they display additional
degrees of freedom yielding enhanced LSPR versatility [16]. Recent
progress in PNP synthesis has allowed PNPs of different morphology to
be obtained characterized by high chemical purity and preparation
reproducibility. Moreover, the reaction products of modern syntheses
can be designed in such a way that the resultant PNPs effectively absorb
light within the first (650 nm — 850 nm) or second (950 nm - 1350 nm)
near infrared (NIR) window [17]. These wavelength regions are of
particular interest for biomedical applications, particularly for those
based on photoacoustic approaches. They are named “windows”

Abbreviations: PNP(s), plasmonic nanoparticle(s); PAI, photoacoustic imaging; LSPR, localized surface plasmon resonance; NIR, near infrared; PTT, photothermal

therapy; PCE, photothermal conversion efficiency.
* Corresponding author.
E-mail address: alessandro.feis@unifi.it (A. Feis).

https://doi.org/10.1016/j.pacs.2021.100281

Received 21 October 2020; Received in revised form 5 May 2021; Accepted 10 June 2021

Available online 14 June 2021
2213-5979/© 2021 The Authors.

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license


mailto:alessandro.feis@unifi.it
www.sciencedirect.com/science/journal/22135979
https://www.elsevier.com/locate/pacs
https://doi.org/10.1016/j.pacs.2021.100281
https://doi.org/10.1016/j.pacs.2021.100281
https://doi.org/10.1016/j.pacs.2021.100281
http://crossmark.crossref.org/dialog/?doi=10.1016/j.pacs.2021.100281&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/

C. Gellini and A. Feis

because light attenuation by living tissues is relatively low at these
wavelengths. This fact allows PNPs to be irradiated without excessive
interference by cell constituents, thus improving PNP efficiency in those
processes of light absorption and energy conversion which form the
basis for the use of PNPs in diagnosis and therapy [18,19].

The use of sensitive probes has been particularly beneficial for the
advancement of photoacoustic microscopy. In fact, several kinds of
photoacoustic microscopy techniques already exist [20], that are being
explored for an increasing number of medical applications [21], which
vary from two-dimensional imaging to computer-aided tomography
[22]. As photoacoustic signal generation occurs upon absorption of the
excitation radiation, high absorption coefficients at the excitation
wavelength are a favourable feature for PNPs when they are used as
contrast agents in living organisms [23-26].

Similar considerations may be made regarding the applications of
PNPs in photothermal therapy (PTT). This is a promising kind of treat-
ment for a variety of illnesses, including cancer. A prominent feature is
the selectivity of its action, which can damage cancerous cells while
leaving normal cells unaffected. The basis for this property is laser
irradiation, which can be restricted to a specific body region leading to a
localized temperature increase. Extreme localization of the effect can be
obtained by conjugating the PTT agent to antibodies that specifically
target cancer cells, thus increasing the efficiency and selectivity of the
light / PNP interaction at the irradiation wavelength. Photoacoustics is
not directly involved in PTT. Nevertheless, the efficiency of the photo-
physical processes involved in heat generation can be conveniently
evaluated - often in a quantitative way — by the use of photoacoustics as
a spectroscopic tool. Finally, PAI and light-based therapeutic methods
(PTT, photodynamic therapy, and more) can be combined in a fruitful
manner [22,27], especially when suitable contrast agents are employed
[28-30].

This review covers various aspects of research on nanoparticles. The
central question common to the studies presented here can be expressed
in the following terms: which properties make PNPs suitable as photo-
acoustic agents? This is initially discussed in Section 2, which gives an
overview of the optical properties of plasmonic systems and their rela-
tionship with size and shape. The section is focussed on gold nano-
particles as representative objects. Section 3 is a general presentation of
the thermoelastic events triggered by light absorption in dispersed PNPs.
These events give rise to the material response generating photoacoustic
signals. Two specific parts — Sections 4 and 5 — deal with structural
modifications of PNPs and their consequent effect on the photoacoustic
response. Section 4 briefly presents examples of surface modifications
and their significance in photoacoustic studies. Section 5 discusses the
effects of aggregation on the optical spectra of PNPs. Photoacoustic
literature is extensively reviewed in Section 6. In particular, by illus-
tration of several examples, it addresses the determination of a property
essential for photoacoustic applications, namely, the efficiency of the
transduction of light absorption into heat. Methodological aspects
constitute the principal focus of the section, hence, for clarity only
studies on gold PNPs are presented. The relevance of photoacoustic
methods for this purpose is also introduced. The last part of the review —
Section 7 — gives a parallel treatment of non-metallic PNPs. It presents
photothermal properties of materials based on copper sulfide, and out-
lines the role of unconventional plasmonic systems as an emerging topic.
In fact, the discovery of new materials will enable the design of in-
struments that can provide new opportunities for photoacoustic and
photothermal studies.

2. Optical properties of plasmonic nanoparticles

Some classes of inorganic nanomaterials are characterized by special
optical transitions indicated as plasmonic excitations [31]. The term
plasmon defines a quasiparticle, or excitation mode, involving the free
electrons of the material. Strictly speaking, the excitations involved in
plasmonic studies are most often plasmon polaritons. However, the
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polariton aspect is often implicitly assumed and the simpler term plas-
mon is commonly used [13].

Size and shape of nanoparticles are directly correlated with the
properties of localized surface plasmon polaritons. A characteristic
property is the resonance wavelength maximum of the LSPR, which can
lie in the ultraviolet, visible, or NIR wavelength range [4,32]. The
relationship between the LSPR band position and PNP size became soon
apparent in early studies, starting from the cases of Au [33] and Ag [34]
nanospheres. The LSPR maximum of these systems shifts to longer
wavelengths as the PNP diameter increases. This experimental rela-
tionship is in close agreement with the predictions based on a very early
general optical theory, i.e., the Mie theory of scattering from nano-
particles [11]. We recall that this theory applies to PNPs that are smaller
than the wavelength of the incident light by a factor about 0.1. A simple
example of this relationship for Au nanospheres and nanoshells - i.e.,
“sphere within a sphere” nanostructures — is shown in Fig. 1. On the
basis of progress in nanoparticle synthesis, which is not reviewed herein,
it soon became evident that anisotropic particles can be especially ad-
vantageous. In contrast to spherical objects, they display an even larger
tunability of the LSPR maximum [16]. Nanorods, in particular, have
been actively investigated for this reason [35-37]. Their shape is pri-
marily described in terms of the aspect ratio, i.e., the ratio between
length and width. The left part of Fig. 2 shows how an aspect ratio
change of just a few units leads to a ~ 300 nm wavelength shift for the
LSPR of the longitudinal mode of gold nanorods [38]. This can be ad-
vantageously exploited to produce nanorods with strong NIR absorp-
tion, both in the first and the second transparency windows. Recently,
still higher aspect ratios have been attained [39,40]. An example is
shown in the right part of Fig. 2, where the aspect ratio of “thin” Au
nanorods is extended up to 10 and the LSPR maximum shifted beyond
1200 nm, revealing the strong dependence of the LSPR maximum on
aspect ratio. The application of this kind of PNP has recently been
demonstrated in the generation of photoacoustic signals by laser exci-
tation at 1064 nm [41].

Recent anisotropic structures display branched shapes, e.g., nano-
tripods [42] and nanostars [43]. In these cases, several geometrical
factors determine the LSPR position, among which the number and
aspect ratio of the branches and the core size are particularly important.
Fig. 3 displays a representative example of the strong dependence of
LSPR wavelength upon nanostar size [44]. This relationship between
structural and optical properties shows that the LSPR of nanostars can be
as easily tuned as that of nanorods, even in the NIR range.

The effect of the three-dimensional nanostructure on the optical
properties of PNPs does not only involve the resonance wavelength, but
it also determines the resonance strength, which is often expressed as an
extinction cross section at the wavelength A, Qg (A). According to a
general rule, Qg increases for larger PNP volumes. In the case of very
small PNP dimensions, atomic aggregates are often termed clusters
rather than nanoparticles. These systems do not give rise to plasmonic
excitations; therefore, they cannot generate photoacoustic signals. At
the other extreme (i.e., for sizes larger than the light wavelength) surface
plasmon resonances are not localized, unless hybrid nanostructures are
formed, e.g. nanospheres on metal films [45]. Therefore, the typical size
scale of useful PNPs is of the order of tens of nanometres. The ratio
between Qg and volume has been proposed as a useful indicator of PNP
efficiency in heat production, as it takes into account both material
properties [46].

Moreover, the chemical composition of the system determines Qg to a
large extent. This results from the dielectric properties of the PNP bulk
material, which may be a metal [47,48] or a semiconductor [49]. A
smaller contribution arises from the dispersing medium. A third factor
that can play a role is the molecular layer that coats the surface of PNPs.
The first two aspects will be introduced in Section 3, whereas the third
one is presented in Section 4.
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Fig. 1. Calculated position of the LSPR band
maximum for representative spherical nano-
particles. (a) LSPR maximum wavelength of
gold nanospheres with various diameters. (b)
LSPR maximum wavelength of silica (core) /
gold (shell) nanoshells with increasing total
radius. The ratio of the core radius (R;) to the
total radius (Rz) was kept constant in this
calculation at R; / R, = 0.857. (¢) LSPR
maximum wavelength of the same kind of
nanoshells upon variation of the (R; / Ry) ratio.
The total radius was constant (70 nm) in this
calculation. Adapted from Ref. [4] with

permission. Copyright 2006 American Chemical
Society.
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Fig. 2. (left) Experimental LSPR extinction spectra of nanorods with an aspect ratio (indicated as AR) increasing from 2.4 to 5.7. Adapted with permission from
Ref. [38]. Copyright 2009 Wiley-VCH. (right) The dependence of the experimental LSPR maximum on the aspect ratio of specifically prepared “thin” Au nanorods.
Length varied from 19 to 93 nm for a width < 10 nm. Adapted with permission from Ref. [39]. Copyright 2018 American Chemical Society.

3. Photoacoustic response of nanomaterials

In the previous section we have briefly reviewed the optical prop-
erties of various PNP types, and in particular, we have given a few ex-
amples of the extinction spectra of nanostructured Au nanoparticles of
various shape and size. Extinction spectra form the basis for the opto-
acoustic response of both traditional and innovative PNPs [50]. On the
other hand, the events generating photoacoustic signals in
condensed-phase systems must be considered in a wider picture. This
includes the thermoelastic properties of all the phases present in the
sample. Most frequently PNPs are investigated as a biphasic system, i.e.,
solid PNPs dispersed in an aqueous solution as liquid phase. We will
consider analogies and differences when the properties of molecular
solutions -which are monophasic - are contrasted with those of PNP
dispersions.

According to well-known relationships, the photoacoustic signal is
primarily determined by the occurrence of light absorption. As it con-
cerns the optical properties of the sample, this can be measured by an

absorption cross section Q4 or, equivalently, by an absorption factor o
[51]

a=1- 10" (€D)]
which is related to the decadic absorbance A. Therefore, enhancing light
absorption by increasing Qg is an important criterion in designing new
materials and - in particular - innovative PNPs that can be useful for
photoacoustic applications [52]. The extent of light absorption is
determined by the number of incident photons, which can be high
especially when the signal is generated by laser light [53]. The gener-
ation of the optoacoustic signals is also determined by the thermoelastic
properties of the sample. In the case of dispersed PNPs, these properties
are mainly related to the environment, i.e., the dispersing liquid phase,
surrounding the primary absorber. In this context, the relationship be-
tween optoacoustic signal and thermoelastic properties of the solvent —
or dispersing agent — is identical for molecular solutions and PNP dis-
persions: it is simply determined by the liquid phase, which is prepon-
derant for dispersions and the only phase for solutions.
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Fig. 3. Experimental extinction spectra of Au nanostars with increasing size. A-
F: the number of branches increases from 7 to 14; the core diameter from 27 to
57 nm; the total diameter from 45 to 116 nm. Adapted with permission from
Ref. [44]. Copyright 2008 American Chemical Society.

Moreover, the material response is sensitive to the time course of the
light excitation pulse [54,55]. In many experimental configurations, the
laser-induced pressure change Py in an illuminated cylinder will be
given by an approximate equation that is valid on the assumption the
laser is not focussed [56]:

pUBEa

Py= pUV*pAT = 2 —— 2
o= pUp 7RG, ()]

where Ry is the radius of the laser beam, E is the laser pulse energy, T is
the cylinder temperature and « is as defined above. The following
thermoelastic properties of the sample are included: the mass density p ;
the speed of sound in the medium v; the volumetric expansion coeffi-
cient §, and the heat capacity at constant pressure Cp. This simplified
equation displays two significant features of the photoacoustic signal:

i) the signal is related to a light-induced temperature change. This
underlines the connection between photothermal properties and opto-
acoustic measurements, and

ii) the signal originates from light absorption. The consequence is
that other optical events — and in particular, resonant and non-resonant
scattering by PNPs — do not appreciably influence the signal in a direct
way. This has been experimentally verified in turbid dispersions at
relatively low concentrations in the case of non-resonant scattering by
silica particles [57].

When two phases are present in the material generating the photo-
acoustic signal, care must be taken to assess subtle effects on the pho-
toacoustic signals. For instance, the measurement of signals from silica-
coated Au nanospheres has demonstrated that signal amplitudes are
overwhelmingly related to the properties of the dispersing phase [58].
This behaviour is the same as that expected for the signals of molecular
solutions. Fig. 4 shows a comparison between the photoacoustic signals
of an aqueous solution of potassium permanganate and those of
water-dispersed Au nanospheres of 10 nm diameter [59]. Both systems
produce signals of the same amplitude within experimental error. We
stress that the measurements have been performed under frequently
employed experimental conditions, in particular: 108 s laser excitation,
low incident light energy and very diluted samples. Different results
would possibly be observed for optoacoustic determinations employing
shorter laser pulses and higher photon energy.

Deviations from the expected signal behaviour derive mainly from i)
the time scale of the processes involved in signal generation and ii) non-
linear response in relation to laser fluence [60,61]. The time course of
photoexcitation and acoustic signal generation is schematically
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Fig. 4. Photoacoustic signal amplitude as a function of incident laser energy
from an aqueous dispersion of 10 nm Au PNPs (stars, 3 x 10~® M concentra-
tion) and a potassium permanganate reference solution (squares, 1.8 x 10° M
concentration). The excitation wavelength was 532 nm and the laser cross
section was 0.1 cm?. Linear fit of the data (dashed lines) yielded the slope
values 2.41 (+ 0.06) x 10 and 2.46 (£ 0.05) x 107 for sample and reference
respectively. The figure is adapted from Ref. [59] with permission.

presented in Fig. 5.

A similar description has been reported previously [54] for the
photothermal excitation of dispersed metal PNPs. The fastest process is
electron gas thermalization, which occurs within 1072 s. This is fol-
lowed by electron-phonon interactions, leading to a relaxation process
with a time constant of a few ps. Heat diffusion starts with subsequent
heating of the medium varying from 1071 s up to 10® s. The ability to
assess whether the three steps are sequential is determined by the
duration of the laser pulse. In fact, it can be expected that the three
processes overlap for nanosecond pulse excitation, which is a typical
condition in photoacoustic measurements.

The time-resolved heat response of PNPs can be computationally
simulated. For example, the response of Au nanoshells has been deter-
mined according to models which are related to the above description
for light excitation with different pulse duration [62,63]. Besides theo-
retical descriptions of the photoinduced thermal processes, numerical
simulations have been employed to study PNPs as photoacoustic signal
generators [64]. The above-described approaches are valid until
non-linearities arise in the laser / PNP interaction, thereby influencing
the photoacoustic signal [61]. This possibility has been described both
theoretically [65,66] and experimentally [58,60,67-69]. Several
adjustable experimental conditions determine signal non-linearities,
including the laser pulse characteristics and PNP concentration.
Recent experimental results show that silica coating prevents the
occurrence of fluence-dependent non-linearity for the signals generated
by relatively large (116 nm diameter) Au nanospheres [70].

In the class of anisotropic PNPs, we first consider Au nanorods as a
prototypical case. Versatility of their optical properties is accompanied
by a higher complexity if these structures are compared to spherical
PNPs. In fact, the geometric anisotropy of the PNP creates an anisotropic
heat generation. Fig. 6 shows the computed spatial distribution of the
heat power generated by a Au nanorod at different excitation light
wavelengths [54]. This example demonstrates that photoacoustic signal
generation in anisotropic PNPs is a multifaceted process. In fact, the
available experimental results, which will be discussed in Section 6,
show high variability of the efficiency of heat generation for nanorods
and other anisotropic systems. More materials displaying different de-
grees of anisotropy have been increasingly proposed and tested in recent
years. In particular, hollow PNPs offer manifold geometrical parameters
potentially leading to a superior control of the LSPR wavelength
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Fig. 6. (a) Calculated wavelength-dependent heat power of a Au (50 x 12 nm)
nanorod. (b) Spatial distribution of the heat power density at different wave-
lengths. Adapted from Ref. [54] with permission. Copyright 2012 John Wiley
and Sons.

maximum and intensity distribution. For example, nanocages are an
innovative material that can be obtained from cubic PNPs by targeted
synthetic methods [71]. Their application in PAI has been successfully
performed [72] and, when properly functionalized, they allowed an in
vivo sensitivity below 0.5 nM to reached for 778 nm excitation 731" .
Assembled PNPs can equally lead to a specific degree of anisotropy.
Stacked disks have been proposed as advantageous contrast agents
because they can be used for both PAI and applications based on light
scattering, depending on the wavelength [74].

4. Surface chemistry of nanoparticles

The properties of the objects under review herein are not just defined
by the size and overall shape of PNPs: they are rather related to struc-
tural features, e.g. spikes, or cavities, at the nanometer scale (typically
from 1072 to 107 m). The whole particle, of course, may also be in this
size range. An important consequence of nanostructure is that an
exceptionally high number of atoms are exposed at the particle surface.
The importance of this quality was recognized early in studies on the

1 When in vivo molarity or mass content are quoted in this review, concen-
trations are estimated on the basis of a mouse blood volume V = 2 mL.

Other kinds of surface modifications can yield an even stronger
impact. The inorganic surface of PNPs can be functionalized through
beneficial, often irreversible chemical reactions [78]. In fact, the PNP
surface cannot be viewed as a “bare” metal or semiconductor interface in
most cases [29]. When nanoparticles are obtained by chemical synthe-
sis, excess reagents and / or capping agents stay adsorbed at the inter-
face between nanoparticle and solvent for very long times. In some
cases, these chemicals may be replaced or further reacted [79]. Surface
chemical modification can lead to improved solubility in water, and
various kinds of organic solvents, or to a better stability in biological
fluids. However, toxicological issues related to the coating must be
avoided [80]. Moreover, changing the coating of semiconductor nano-
particles is a versatile tool to move the LSPR maximum, or even dras-
tically change its strength by altering the electronic structure of the main
constituent [81,82].

Linking a protein [20] or an aptamer [83] to the PNP surface may
change its affinity towards a target molecule, or a whole cell, allowing
an improved PAI sensitivity and selectivity [8]. The experimental results
reported in Fig. 7 show how cancer cells can be multi-targeted, meaning
they can be differently imaged by PAI upon changing the excitation
wavelength. This is attained by coupling two different kinds of photo-
acoustic contrast PNPs (namely, Au nanorods with extinction maximum
close to either 785 nm or 1000 nm) to antibodies with a specific affinity
towards two different proteins: either HER2, human epidermal growth
factor receptor 2, or EGFR, epidermal growth factor receptor. Both
proteins are involved in the development of tumours. A good photo-
acoustic contrast was obtained for in vivo concentrations of 1.5 nM [84].

Finally, the effects of silica coating on metal PNPs are being currently
explored also in view of biomedical applications [85]. This kind of
coating displays advantageous stability and reduced chemical reactivity
at the PNP surface. Importantly, the reduction of the photoacoustic
signal by the coating is within tolerable limits under the laser excitation
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Fig. 7. PAl intensity as a function of time after

in vivo injection of Au nanorod-based contrast
agents. Two types of PNPs with LSPR at
1000 nm or 785 nm were specifically func-
tionalized to bind the receptors EGFR or HER2,
respectively (see the text for the meaning of the
abbreviations). (a) Continuous line: signals
from EFGR-functionalized Au nanorods. Dashed
line: reference signals from non-functionalized
Au nanorods. Laser excitation wavelength
1064 nm. (b) Continuous line: signals from
HER2-functionalized Au nanorods. Dashed line:
reference signals from non-functionalized Au
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conditions that are usually employed for PAI and photoacoustic
spectroscopy.

5. Aggregation effects on the optical and photoacoustic
properties of nanoparticles

A fundamental property of PNPs, i.e., the extinction cross section Qg
(M), has been introduced in Section 2. In view of the presentation of
photothermal properties in this and the following sections, it is useful to
consider separately the two contributions which add - often to a
different extent — to give Qg, i.e., the absorption cross section, Q4, and
the scattering cross section, Qs:

Qe M) =04 M)+ 0s (M) 3

Qa is the only term that contributes to the photothermal processes
which are being reviewed. Hence, knowing the extent of absorption
within extinction is an important piece of information in the charac-
terization of photoacoustic properties [59]. Remarkably, the wavelength
dependence of Q4 and Qg is not governed by the PNP size only. It also
depends on the aggregation of PNPs into closely spaced dimers, trimers,
and higher aggregates [86], as has been demonstrated by simulations
and experimental results [87].

We first review the properties of the simplest PNP aggregate, namely,
the nanosphere dimer. It was soon recognized that the optical (and
optothermal) properties of a nanosphere dimer are related to a spatial
parameter: the interparticle gap, i.e., the distance between the surfaces
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Fig. 8. Wavelength-dependent Q4 for Au (d = 40 nm) nanosphere dimers
separated by 2 and 50 nm. The inset shows the spatial distribution of the
electric field amplitude for the indicated polarization. Adapted with permission
from Ref. [89]. Copyright 2019 American Chemical Society.

nanorods. Laser excitation wavelength 800 nm.
Reprinted with permission from Ref. [84].
Copyright 2008 Optical Society of America.
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of each constituent monomer [13,88,89].

Fig. 8 is particularly explicit as it shows the strong dependence of Q4
on the nanoparticle separation. The role of the interparticle gap essen-
tially derives from plasmonic excitation coupling [90]. By exploiting this
effect, an interesting analogy has been proposed between the case of
molecules and their constituent atoms, and that of aggregated PNPs and
PNP monomers [91]. Interparticle plasmon coupling has an effect not
only on the extinction strength but also on the LSPR position: this makes
the engineering of PNP aggregates almost as powerful in determining
the optical properties as the design of the shape and size of plasmonic
PNPs that has been outlined in the previous sections. An additional
important influence on the optical properties also stems from the
geometrical features of the monomers composing the PNP aggregates.
This is clearly displayed by calculated and experimental scattering
spectra of variously shaped Au dimers, e.g., ideally spherical vs. irreg-
ularly shaped PNPs [92,93].

Higher-order aggregates have also been investigated. Linear aggre-
gates of 2-6 Au nanospheroids have been prepared by electron beam
lithography [94]. Self-assembled chains of identical Au PNPs — with an
average diameter of 14 nm - have been obtained and stabilized in
aqueous dispersion by polypyrrole coating of preformed nanospheres
[95]. In addition, unusual PNP aggregates can be obtained by combining
various geometrical and optical features. Fig. 9 shows an example of the
spectral properties of an unusual trimer, for which the calculated spatial
distribution of heat generation was also reported [96].

Turning now to the photoacoustic properties of PNP aggregates, it
can be expected that they are dominated by interparticle interactions
when the gaps between the constituent PNP monomers are sufficiently
small. Experimental studies based on photoacoustic methods are still
lacking for plasmonic model systems. On the other hand, recent reports
by photothermal absorption spectroscopy have revealed — at the single
nanostructure level - significantly divergent spectral distributions of Q4
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Fig. 9. Wavelength dependence of the cross sections Qa, Qs and Qg for a trimer
formed by two Au nanospheres (d = 100 nm) and one Au nanorod (10 x 20 nm)
separated by a 40 nm gap. The polarization of the incident electric field is
indicated. Adapted with permission from Ref. [96]. Copyright 2016 American
Chemical Society.
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and Qg in a PNP decameric aggregate [97] and in variously shaped Au
nanorods [98]. Moreover, it has been shown that PNP aggregation can
favourably change the photoacoustic properties of Au nanospheres
when they interact with biological materials. To demonstrate this
valuable interaction, Au PNPs have been functionalized with antibodies
targeting the surface of cancer cells. This modification leads to selective
PNP accumulation at the cell surface resulting in close contacts that
determine a red shift of the LSPR band, which can be assigned to
interparticle coupling. In addition, this change in the optical properties
has been exploited to increase the photoacoustic signal used for in vivo
imaging [99], yielding good contrast at a concentration of 250 pg / mL.
PNP aggregation has been suggested to be the reason for photoacoustic
signal enhancement also in the case of simpler surface modification
[100,101].

6. Photothermal conversion by metal nanoparticles

PNPs are distinctive in photoacoustics because the energy relaxation
channels following light absorption are different from the pathways
displayed by molecules, both in extent and time scale [102,103]. In fact,
molecules display a manifold of non-radiative pathways, e.g., inter-
system crossing, internal conversion, and photoinduced reactions.
Conversely, these events do not occur in PNPs, or are seldom relevant.
The same can be said of radiative pathways, which normally lead to a
very low emission quantum yield in PNPs. In conclusion, once a photon
is absorbed by a PNP, the conversion of the photon energy into heat
should occur with a yield close to unity. The efficiency of this process is
currently an important field of both fundamental and applied research.
In fact, the quest for new photoactive materials characterized by high
conversion efficiency constitutes a major goal in cancer therapy through
photothermally induced biological effects [104-107]. Additionally,
several kinds of PNP are “dual”, in that they can be used for both pho-
tothermal therapy and photoacoustic imaging [108-110]. Au PNPs have
also led to improvements in an extremely sophisticated kind of PAI,
belonging to nanothermometry methods [111].

When new plasmonic systems are developed, a significant hindrance
is often encountered. If the LSPR intensity reaches a maximum at long (e.
g. NIR) wavelengths, photothermal conversion can be surprisingly
low — especially for gold-based materials [112]. Nevertheless, many
recently developed metal PNPs display both extremely broad
tunability — up to a wavelength of 1700 nm [17] — and very high
photothermal conversion: both advantages depend on the shape of the
PNPs, among other factors. Nanostars are a noteworthy example of this
versatility, which results from the combined optothermal effects
deriving from core dimensions, and size / number of spikes [113,114].
Similarly, nanorods [115] and nanoshells [89] display strong size effects
which allow their LSPR to be tuned over a wide range. To illustrate the
potential of such differently shaped PNPs, some representative cases are
reported and discussed below. It is not possible to review the photo-
thermal properties of all PNP types, therefore, we have chosen to focus
on representative examples of gold-based PNPs in this section.

It should be noted that the determination of photoconversion can be
made under different experimental configurations, to evaluate either
macroscopic - i.e., ensemble — properties, like temperature changes, or
microscopic properties like molecular or PNP cross sections. Accord-
ingly, we group different kinds of measurements as microscopic when
they are not based on thermometry. Importantly, a significant fraction of
this class of methods includes photoacoustic methods.

Macroscopic determinations often consist in a very accurate tem-
perature measurement of light-irradiated PNP samples. For instance, a
PNP dispersion is placed in a quartz cell and the temperature is recorded
by a thermocouple clamped to the cell. Temperature variations are
periodically recorded during laser illumination and dark relaxation in-
tervals. The output of these studies is often defined as photothermal
conversion efficiency (PCE). Data analysis must include instrumental
parameters, as shown in the following equation [116]:
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hA(Tax — Tamp) — Qo
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where 1 is identified with PCE in this study and in correlated in-
vestigations, which will be presented below. h stands for a heat transfer
coefficient and A is the cell surface. Tpe and Ty are the maximum
temperature reached by the system and the ambient temperature,
respectively. Qo is a correction term due to light absorption by the quartz
cell and the solvent. I represents the incident laser power. A; is the
sample absorbance given by the Beer-Lambert’s law, A;=¢,L c, where ¢,
is the molar extinction coefficient, L the optical pathlength and c the
molar concentration. It should be noted that the quantity A, is actually
the extinction measured at the spectrophotometer, as also remarked in
[117].

An alternative opportunity is offered by direct thermocouple im-
mersion in the dispersion. The latter configuration minimizes heat losses
through the cuvette and sample holder [118]. Notably, this difference in
the experimental design has led to an order-of-magnitude change in the
accuracy of PCE determination. Owing to its relevance in wide ranging
applications, macroscopic analyses have been applied both in vitro and in
vivo to estimate the potential of new PNP-based materials [89,119].

Studies at the microscopic level are currently being developed and
involve experiments on single PNPs [120], arrays of PNPs [121], or PNP
dispersions [122]. In contrast to macroscopic PCE measurements, the
efficiency of the photoconversion at the microscopic level is the ratio
between cross sections, Q4 (A) / Qg (A). It must be stressed that the
experimental determination of these quantities does not necessarily
require measurements on single PNPs. If ensemble observables are
properly analysed, they can be related to individual PNP properties.
Similar considerations are commonly applied, for example, to determine
fluorescence quantum yield or oscillator strength.

The experimental measurements are often substantiated by the
calculation of optothermal properties according to various models
[123]. We note that both macroscopic and microscopic experimental
measurements are often limited by the availability of only a single
excitation wavelength. In contrast, calculations allow the expected
wavelength dependence of Q4 (1) / Qg (M) to be predicted.

Table 1 displays a demonstrative example of different experimental
and calculated photoconversion values. The data collection originates
from a study of Jiang et al. [124], where both accurate macroscopic and
microscopic approaches are systematically contrasted, allowing an
evaluation of the size dependence of PCE in Au nanospheres. Notably,
the agreement between the macroscopic and calculated data sets can
only be considered to be qualitative, notwithstanding the high accuracy
of their determination. It appears that experimentally determined PCE is
systematically lower than the calculated Q4 / Qg ratio. Future studies on
the physical origin of this difference may be useful for a better under-
standing of the subjects treated in both this and the following sections.
We remark that this issue has been presented in a previous review [119]
on the basis of the comparison among different experimental and
computational approaches.

Photoacoustic studies in the field of photothermal properties do not

Table 1
Experimental PCE and calculated Q4 / Qg ratio of Au nanospheres with
increasing diameter. Experimental data from Ref. [124].

Au nanosphere
experimental diameter
from scanning electron

Experimental PCE
macroscopic
determination (1)

Mie-theory calculated Q4 /
Qg at 532 nm (diameter of
the model nanosphere)

microscopy according to Eq. (4)

4.98 + 0.59 0.803 + 0.008 0.999 (5 nm)
15.38 + 1.29 0.784 + 0.008 0.996 (15 nm)
18.77 + 0.77 0.737 + 0.021 0.992 (19 nm)
40.29 + 2.28 0.694 + 0.005 0.928 (40 nm)
50.09 + 2.34 0.650 + 0.012 0.869 (50 nm)
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involve temperature measurements and rather rely on the evaluation of
the amplitude of a calibrated optoacoustic signal, as shown in Fig. 4.
Therefore, they can be viewed as intrinsically microscopic experimental
determinations. In this approach, a suitable standard is employed for the
calibration, i.e., a molecular solution with known thermodynamic
properties. The latter substance is often termed a calorimetric reference.
The experimental photoacoustic conditions for sample and calorimetric
reference must be identical. This essentially means that: i) the extinction
of sample and reference has to be equivalent, ii) the efficiency of the
photoacoustic setup does not vary during the measurements, and iii)
both sample and reference are excited by light in the linear regime [53].

Table 2 reports a selection of photothermal properties obtained from
aqueous dispersions of Au PNPs by various experimental and compu-
tational methods. An overview of the observed variations in different
systems is pertinent to our aim, as photothermal conversion is pivotal for
the generation of photoacoustic signals. As a first instance, PCE data are
presented for several representative kinds of Au nanorods. In most cases,
the data were obtained by macroscopic determinations, namely, by an
analysis of the temperature increase of dispersions upon laser irradia-
tion. The PCE of two nanorod forms [125,126], obtained in different
laboratories at 800 nm and 980 nm, appeared markedly similar. Both
values were relatively low, namely, below 0.24. It must be stressed that a
strong divergence between calculated Q4 / Qg values (0.93) and
experimental PCE determinations (n = 0.55) had also been previously
described in the case of Au nanorods [36]. In contrast, a microscopic
determination employing photoacoustics showed a good overlap be-
tween experimental and calculated values of small-nanorod dispersions
[127]. Fair agreement between calculated and experimental data was
also observed when nanothermometry by quantum dot fluorescence was
applied to Au nanorods [128]. Importantly, nanothermometry has been
extended to various kinds of Au PNPs, unveiling the effects of shape and
size on microscopically determined efficiencies [103,129]. The impor-
tance of polydispersity on PCE has been recently reported for Au
nanorods and contrasted with the case of Au nanospheres [130].

In many cases the photoconversion process is weakened by energy
losses due to light scattering. This is a general aspect of the interaction
between light and PNPs, and it becomes increasingly relevant as the PNP
size becomes a considerable fraction of the light wavelength [13]. This
apparent loss can be compensated in the case of sizeable PNPs displaying
complicated forms. In a representative study, the photothermal prop-
erties of a new class of branched gold PNPs, i.e., nanohexapods, was
studied [114]. The photoacoustic signal of nanohexapod dispersions was
calibrated by using that of the dye molecule indocyanine green, a
well-known photothermal standard, at 805 nm excitation. The experi-
mental Q4 / Qg ratio was 0.91, in good agreement with the value
computed by the discrete dipole approximation method (0.96). Macro-
scopic efficiencies were also measured and contrasted for gold nano-
hexapods, nanorods and nanoshells of comparable size in the same
study.

Au / SiO3 nanoshells represent a PNP class that displays both a fairly
high Q4 / Qg ratio and NIR tunability. Photoacoustic methods were
employed to assess these important properties at the microscopic level.
Relatively small-sized nanoshells displayed an especially high heat
release when excited on the blue side of the LSPR extinction band [131].
Successively, three kinds of nanoshells with different overall size and Au
shell thickness were investigated [132]. The Q4 / Qg ratio was evaluated
over an extensive wavelength range (440 — 900 nm). This unusually
broad spectral range allowed the contributions of scattering and ab-
sorption to extinction (see Eq. 3) to be separated, showing that the
smallest nanoshells were most effective, yielding a value of 0.77 at ~
600 nm.

Au nanomatrioshkas can be viewed as an extension of the above
described nanoshells, as they can involve, e.g., successive Au / SiOy / Au
nanostructured layers [133]. They combine the advantages of small size
and NIR tunability with the additional degree of freedom offered by the
third layer. Moreover, the scattering to extinction ratio can be varied
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over an appreciably wide range [134]. All these features can be
exploited in the optimization of nanomatrioshkas as PNPs for optical
and optothermal applications.

Besides spherical and cylindrical structures, PNPs with branched
shapes have been actively investigated in order to obtain systems dis-
playing both high PCE and broad tunability. In this context, nanostars
are especially attractive. Recent work has reported a very high conver-
sion efficiency at ~ 1000 nm, which was obtained for specifically
designed Au nanostars. The latter were formed by a medium-sized core
and rod-shaped branches. Besides the size characteristics, the number of
branches per PNP proved to be determinant for photothermal properties
[113]. It can be envisaged that this kind of metal PNPs — as well as those
displaying unusually complicated forms [117,135] — will become a
valuable material for photothermal applications. On the other hand, it
should be noted that transposing reported values — determined in vitro —
to in vivo efficiency is not obvious. This issue has been seldom treated.
Recent work systematically compared photothermal heating before and
after cell internalization [136]. Four types of Au PNPs were examined
and significant differences were observed for the same PNPs in water
and within cells. These changes were explained on the basis of endo-
somal confinement.

To complete this section, we mention the role of all-optical tech-
niques employing light scattering to evaluate Qs / Qg ratio. These
methods can be viewed as complementary to photoacoustic de-
terminations. Measuring the contribution of scattering to extinction, in
fact, is expected to be consistent with the absorption fraction of the
extinction [137,138].

7. Photothermal conversion by innovative plasmonic
nanomaterials

The quest for new materials for PNPs which display extended
tunability, high photothermal conversion, low costs and reduced
toxicity is currently an active area of research [1,139-142]. Attempts
have been centred on the substitution of PNP classic materials, i.e.,
coinage metals, by semiconductor compounds. This choice has been
stimulated by the need for LSPR transitions that cover the infrared range
to a large extent. Study of the plasmonic properties of various copper
sulfide compounds has become a particularly dynamic field [49,
143-145]. Therefore, we will mainly review the optical and photo-
thermal properties of the latter materials, and the photoacoustic studies
which employ PNPs based on them.

In order for copper sulfide to display a LSPR band, its Cu:S stoi-
chiometric ratio must follow certain rules. A demonstrative example is
shown in Fig.10, where the extinction spectrum of as-synthesized CusS
nanorods is featureless in the NIR range. The creation of Cu vacancies
gives rise to a progressively more intense LSPR band [146]. This is
consistent with the general observation that PNPs with a stable (1:1) CuS
stoichiometry display broad LSPR extinction bands in the NIR range.
Additional methods to regulate LSPR properties, including
temperature-induced processes and surface reactions, have been
recently reviewed [147].

Fig. 11 displays an instructive comparison between the calculated
optical properties of coinage metals and those of (1:1) copper sulfide
[148]. The real part of the CuS permittivity displays a wavelength
dependence which changes from positive values (for A < 673 nm and A <
1047 nm, depending on the spatial component) to negative values. This
suggests that a LSPR is expected only in the NIR range. The absolute
values of both the real and imaginary part of the CuS permittivity are
considerably smaller than those of metals at infrared wavelengths. The
calculated permittivity allows the simulated extinction spectra (which
are equivalent to absorption spectra for small nanoparticle size) to be in
good agreement with the experimental observations.

The next critical step towards the use of CuS PNPs in photothermal
applications is to assure high values of their PCE [149]. It is apparent
from inspection of Table 3 that the PCE of this material is extremely
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Table 2
Photothermal properties of selected Au PNPs.
Material Coating Size, Qa/ Qg Observed AT, Excitation wavelength, Ref.
agent LSPR maximum (method) macroscopic irradiation conditions
PCE (n) according to
Eq. (4)
Au nanorods CTAB 50 x 15 nm ~10K 980 nm, cw [125]
845 nm n=0.237 0.51 W / cm?
600 s
Au nanorods (commercial ~ PEG 23 x 7 nm 22K 800 nm, cw [126]
source) ~ 760 nm n =0.21 2 W / cm?
1800s
Au nanorods Surfactant mixture 44.0 £ 7.9 0.87 +£0.11 638 nm, pulsed [127]
x 19.8 + 6.5 nm (PA) < 15 ns pulses
638 nm 0.85 (calculated) 10 Hz repetition rate
Au nanorods 47 x 24 nm 0.98 808 nm, cw [128]
(commercial source) 808 nm (quantum dot 5 x 10% - 4.31 x 10°
fluorescence) W / cm?
0.91
(DDA calculated)
Au nanorods CTAB 38 +3.8 0.873 750 nm, cw [52]
x 10 &+ 1 nm (light scattering) 30 mW / cm?
~ 750 nm 0.945
(FEM calculated)
Au nano-hexapods PVP 25.3 £ 0.9 nm 0.91 36.5K 805 nm, pulsed [114]
(core) (PA) < 15 ns pulses
16.3 £ 2.2 nm 0.96 10 Hz repetition rate
x 13.6 + 1.8 nm (arms) (DDA calculated) (PA method)
805 nm 808 nm, cw
0.8 W / cm®
300 s
(macroscopic method)
Auysilica nanoshells 3-amino-propyl- d=24+3nm, 0.97 + 0.05 532 nm, pulsed [131]
triethoxy-silane d=29 + 3nm, (PA) ~ 7 ns pulses,10 Hz
(total diameter, bimodal repetition rate
distribution) ~7mJ/cm?
~ 800 nm
Auysilica nanoshells PVP d=76 +18 nm 0.77 £ 0.13 780 nm, pulsed [132]
(core diameter) (PA) ~ 10 ns pulses,
d =118 + 30 nm 10 Hz repetition rate
(total diameter) <70uJ/ cm?
~ 660 nm
Auysilica nanoshells d=120 &+ 5nm 0.68 + 0.03 808 nm, cw [129]
(core diameter) (fluorescence <2 x10°W / cm?
=10+ 1nm thermometry)
(shell thickness)
~ 870 nm
Auy/silica/Au d=88+5nm 30K 810 nm, cw [133]
nano-matrioshkas (total diameter) n=0.63 2 W/ cm?
783 nm 2400 s
Au nanostars PEG 52 + 5 nm 38K 980 nm, cw [113]
(core diameter) n=0.788 1.8 W/ cm?
65 + 10 nm 360 s
x 24 + 5 nm (spikes)
1120 nm
Au nanostars CTAB 38 + 4 nm 1.02 + 0.03 808 nm, cw [129]
(core diameter) (fluorescence <2 x10°W / cm?
46 + 6 thermometry)
x 9 &+ 3 nm (lobes)
820 nm
Au nanostars PVP 36 + 4 nm (core) 0.43 + 0.05 808 nm, cw [129]
13 + 3 x 6 + 3 nm (lobes) (fluorescence <2 x10°W / cm?
780 nm thermometry)
Au nanostars PVP 25 + 2 nm 0.957 750 nm, cw [52]
(core) (light scattering) 30 mW / cm?
10 nm (arms) 0.971
~ 750 nm (FEM calculated)
Au rugged hollow PEG d =90 + 10 nm 11.7K 790 nm, cw [117]
spherical PNPs (external) n =0.97 £ 0.01 1W/cm?
~ 710 nm 1800s
Au nano-bellflowers PEG d = 314.3 + 27.6 nm 72.8 K 808 nm, cw [135]
(hydrodynamic) n= 074 1.1 W/ cm?
> 1000 nm 3000 s

Abbreviations used in the table: CTAB, cetyl trimethylammonium bromide; cw, continuous wave; PEG, polyethylenglycol; PA, photoacoustic; DDA, discrete dipole
approximation; FEM, finite element method; PVP, polyvinylpyrrolidone; d = sphere diameter.
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Fig. 10. Experimental LSPR spectra of Cu(I)S nanorods. The spectra indicate
that plasmonic excitation is the determinant for the NIR band of this material.
The latter band is absent when the stoichiometry is (2:1) Cu:S in the as-
synthesized sample. Exposure to oxygen leads to Cu vacancies that facilitate
plasmonic excitations [146]. Reprinted by permission from Springer Nature:
copyright 2011 Macmillan Publishers Ltd.

variable, with values in the range from n = 0.25 to n = 0.93. To our
knowledge, experimental PCE values close to unity have not been
observed until recently for CuS-based nanomaterials [150]. The struc-
tural determinants that cause this variability have not yet been
completely rationalized. The very high accuracy of the experimental
data reported in the latter study prompted the proposal that experi-
mental conditions, particularly PNP concentration and dispersing phase
properties, influence PCE.

One of the earliest CuS-based theranostic systems displayed favour-
able features for both PTT and positron emission tomography [151].
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Subsequently, CuS spheroids were tested as efficient contrast agents for
PAI with 1064 nm excitation, i.e., at the fundamental output wavelength
of Nd YAG lasers. The wide availability of such lasers favours extensive
use of this approach in medical applications [152-154]. Fig. 12 displays
a representative application of CuS spheroids for in vivo PAIL

Tian et al. were able to shift the LSPR resonance to long wavelengths
by synthesizing hexagon-shaped CuS nanoplatelets. In addition, they
improved the photothermal properties at 980 nm excitation through
assembling these systems into a flower-like shape [155]. The same
research group measured the macroscopic PCE of non-stoichiometric
CugSs platelets, which had been synthesized to yield efficient photo-
thermal agents, obtaining an efficiency of 0.257 at 980 nm [125]. Much
higher PCE at the same wavelength (0.567) was observed successively
for PNPs with a different stoichiometry, namely Cuy2S4 [156]. Shape
effects were proposed to foster the very high PCE (up to 0.748 at
980 nm) of CuS assembled nanobundles [157].

Copper sulfide PNPs can display LSPR bands at still longer wave-
lengths. A recent study has reported the experimental macroscopic PCE
of CuS nanorods and CugSg nanodots. Both PNPs displayed a fairly high
efficiency, 0.366 and 0.490 respectively, at 1064 nm excitation [158].
Suitability of CuS nanodisks and nanoprisms as PAI contrast agents was
demonstrated at excitation wavelength of 920 nm for ovarian cancer
imaging with an in vivo concentration of 5.4 nM [159]. Our laboratory
exploited a photoacoustic method to attain the determination of the Q4 /
Qg ratio of covellite CuS nanoflakes for 1064 nm excitation. The PNPs
had been dispersed in water and after subtraction of the solvent
contribution a high ratio (0.76) was determined [160].

A wavelength dependence has been demonstrated for the PCE of
small, PEG-capped CuS nanospheroids [161]. The error limits in this
determination were below 0.058. The measured PCE values were in the
range 0.65 — 0.71 at 806 nm and 0.58 at 970 nm. The decrease at longer
wavelength is related to an experimental effect, which was probed by
isotopic H20 / D20 replacement. Importantly, light scattering contri-
butions to the wavelength dependence were ruled out on the basis of
calculated optical properties.

PTT applications of CuS PNPs are becoming increasingly common.
CuS-based contrast agents include composite materials that couple CuS
and coinage metals, e.g. Au nanospheres on CuS platelets [162], Au /
CuyS4 hetero-structured nanorods [163], Au / CugSs hybrid nano-
spheroids [164]. Their PCE value can be high in the NIR region, as re-
ported in Table 3.

The versatility of CuS-based materials does not imply that they are
the only non-metal PNPs which can be useful in photothermal applica-
tions. New characteristics can be sought in other kinds of materials.
Copper selenide PNPs have already been tested both in vitro and in vivo.
Low (~ 8 nM) concentrations were effective in rat forearm at 900 nm

a b Fig. 11. Wavelength dependence of the real (a)
20 T v - v v v v and imaginary (b) parts of the calculated
D-5 Cu$ D-S CuS permittivity for different nanomaterials and
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computation methods. D-S indicates that the
Drude-Sommerfeld method was employed in
the calculation of CuS nanoparticles for com-
parison. D-L indicates the Drude-Lorentz model
was used for both noble metals. Two spatial
components (g and ¢,) are displayed for the
permittivity computed according to a Green’s
function-based  method.  Adapted from
Ref. [148] with permission. Copyright 2019
American Chemical Society.
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Table 3
Properties of selected CuS PNPs.
Material Coating Size, Qa/ Qe Observed AT, Excitation Reference
agent LSPR maximum (method) macroscopic wavelength,
PCE () according to Eq. irradiation
“4) conditions
CuS nanodisks PEG d=11nm 55K 808 nm, cw [151]
930 nm 16 W / cm?
300 s
Flower-like PVP d~1pm 20.7 K 980 nm, cw [155]
CuS PNPs > 1080 nm 0.51 W / cm?
300 s
CugSs platelets Amino-caproic acid d =70 nm 15.1 K 980 nm, cw [125]
h=13nm n=0.257 0.51 W / cm?
> 1100 nm 600 s
Cuy,»S4 spheroids Oleyl-amine / oleic d =20 nm 19.5K 980 nm, cw [156]
acid 978 nm n = 0.567 0.72 W / cm?
420 s
CuS PVP / thioacetate ~ 3 pm length 32K 980 nm, cw [157]
nano-bundles > 1100 nm n=0.726 1W /cm?
2000s
CusS spheroids PMA d =18 nm 20 K 980 nm, cw [154]
965 nm n=0.419 1.5 W / cm?
720 s
CuS PEI 6.5 x 38.5 nm 35K 1064 nm, [158]
nanorods 1277 nm n = 0.366 1.33 W / cm?
600 s
CuoSg PEI d = 6.5 nm 43 K 1064 nm, cw [158]
nanodots 1148 nm n = 0.490 1.33 W / cm?
600 s
CuS Brij52 / Igepal CO- d =371 + 35nm 0.72 1064 nm, pulsed [160]
nanoflakes 630 1300 nm (PA method) ~ 10 ns pulses,
10 Hz repetition
rate
<70 pJ / em?
CuS nanodisks PEG d = 24.4 nm 0.99 10.22 4+ 0.03 K 1280 nm, cw [150]
h=4.0 nm (calculated) (including 152 mW
1356 nm 5.76 + 0.04 K from 175s
water)
n=0.93
+0.03
CusS spheroids mPEG d = 35.5 nm 6.2+ 0.1K 970 nm, cw [161]
H,O-dispersed 970 nm n=0.582 10.5 W / cm?
+ 0.031 1200 s
3.6 £0.1K 806 nm, cw
=0.714 10.5W / em®
+ 0.058 1200 s
CusS spheroids mPEG d = 35.5 nm 4.2+ 0.2K 970 nm, cw [161]
D,O-dispersed 970 nm n=0.702 10.5 W / cm?
+ 0.042 1200 s
33+0.1K 806 nm. cw
n=0.677 10.5 W / cm?
+0.034 1200 s
Au-decorated CuS nanoplates PVP d=~ 70 nm 25.6 K 1064 nm, cw [162]
~ 1100 nm n = 0.365 250 mW
600 s
Core-shell Au-Cu;S4 hetero-structured PEG 84.2 +£ 5.9 nm x 0.81 32.1K 808 nm, cw [163]
nanorods 36.6 = 4.9 nm (calculated) n = 0.620 0.9 W em ™2
803 nm t=600s
Dumbbell-like PEG 61.4 £ 5.6 nm 0.95 31.2K 808 nm, cw [163]
Au CuyS4 hetero-structured nanorods x 20.6 + 3.8 nm (calculated) n = 0.558 0.9 W cm™2
809 nm t=600s
Au-CugSs hybrid spheroids Mixed polymer d =10 nm (core) 15.8K 1064 nm, cw [164]
d = 20 nm (total) n=0.37 0.7 W cm 2
~ 1100 nm t=600s

Abbreviations used in the table: PEG, polyethylenglycol; d = spheroid diameter; cw, continuous wave; PVP, polyvinylpyrrolidone; h = disk thickness; PMA, modified
poly(maleic anhydride); PEI, polyethyleneimine; PA, photoacoustic; mPEG, methylated polyethylenglycol.

excitation [165]. Mixed sulfide and selenide PNPs can display very high
LSPR tunability (1400-1600 nm) as an advantageous feature [166]. In
addition, semiconductor-based materials have been successfully com-
bined with metals. One of these materials is based on Au / copper
selenide heterodimers, which have displayed both versatility and
sensitivity: 25 pg / mL in vivo for 1064 nm excitation in rats [167]. More
generally, there have been many attempts to tune the LSPR maximum
wavelength in various chalcogenide-based materials, while increasing
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their efficiency [168-170]. For example, the PCE of chalcopyrite
(CuFeS,) nanocrystals was shown to be higher than that of pure copper
sulfide PNPs, as it reached the notable value of 0.49 at 808 nm excitation
[171]. WSy nanodots yielded a similar PCE value (0.443) at this wave-
length [172]. Nowadays, new compounds are extending the opportu-
nities found in metal and semiconductor nanomaterials. NiyMoO3
nanodots, for example, display especially high PCE at 808 nm excitation,
where many photoactive materials are tested [173].
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Fig. 12. (from left to right) TEM image of CuS PNPs. The diameter of the spheroids was 11 + 3 nm (see inset). LSPR band of these PNPs dispersed in water. The
extinction of pure water is displayed for comparison. The dashed line indicates the excitation wavelength for PAIL Image of a mouse brain where CuS PNPs were
injected into a nodule. The image of the nodule is highlighted by an arrow. Adapted with permission from Ref. [152]. Copyright 2012 American Chemical Society.

8. Summary and perspectives

We have collected and contrasted a significant number of examples
taken from various areas of the scientific literature. Altogether they
show the growing importance of nanostructured inorganic materials in
photoacoustics. Moreover, we have addressed an especially interesting
aspect of this field, i.e., assessing the contribution that photoacoustics
can give to the evaluation of favourable PNP properties. This consider-
ation leads specifically to the question whether photoacoustic tech-
niques can be employed for a quantitative measurement of the efficiency
of the processes involved in photothermal conversion. An examination
of both experimental and computational results strengthens the view
that photoacoustic measurements yield accurate figures of optothermal
properties (over a wide range of excitation wavelengths) due to their
microscopic nature. In fact, the measurement of calibrated photo-
acoustic signals has been essential for the reliable determination of the
Qa / Qg ratio. The importance of this quantity cannot be overrated,
especially for medical applications of inorganic materials where the
attainment of high photoconversion efficiency is particularly desirable.
An early report of PNPs in 2003 reported the use of Au nanoshells with
silica core in a study to verify whether photothermal therapy could be a
viable approach for the treatment of solid tumours [174]. A temperature
increase was observed for both isolated human cells and whole model
animals upon irradiation at 820 nm. The application of photothermal
therapy has built upon these and related findings to an impressively high
degree. Recently, selective photoablation of prostata tumours has been
performed for therapeutic purposes by the use of Au nanoshells in
human patients. The evaluation of these results shows that the treatment
is successful under many points of view, including patient safety [175].

Besides therapeutic applications, diagnostic tools based on photo-
acoustics are gaining popularity in biomedical areas. A pioneering study
demonstrated the favourable contrast enhancement by Au PNPs in the in
vivo photoacoustic tomography of a whole rat brain [176]. Increasingly
complicated biological tissues can be now visualized according to their
position and function by optoacoustic imaging techniques. Varying the
excitation light wavelength is an opportunity which adds multidimen-
sionality to photoacoustic investigations. It can be foreseen that more
beneficial applications in biomedicine will soon become evident with
the development of advanced plasmonic contrast agents, especially in
the NIR range.
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