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Preface

Nanomaterials have been researched extensively in academia because of
their unique properties depending on their size, shape, and composition.
They have also been optimized and used for a lot of applications. As a re-
sult, a huge amount of literature in this area has been published in many
academic journals, patents, and application-specific references. However,
very few of these discuss photothermal nanomaterials in detail, despite the
fact that many nanomaterials exhibited photothermal properties and their
applications have been extensively researched in recent years. Light-matter
interaction has been of great interest for centuries, among which light-to-
heat conversion has drawn much attention in previous years. The explor-
ation of photothermal nanomaterials with high light-to-heat conversion
efficiency paved the way for practical applications. In this book, the pho-
tothermal effect of different categories of light-absorbing nanomaterials is
reviewed and discussed, focusing on metallic nanomaterials, 2D materials,
semiconductors, carbon-based nanomaterials, polymeric nanomaterials,
and their composites. Recent advancement in their preparation and
photothermal applications are introduced and summarized in detail. This
book provides a systematic summary of the recent advances in the fabri-
cation and application of photothermal nanomaterials, together with the
advantages, challenges and potential opportunities. Thus, we believe the
publication of this book will greatly facilitate the reader in gaining a
comprehensive and systematic overview of the latest developments in
photothermal nanomaterials and their applications.

We gratefully acknowledge all the authors and the Royal Society of
Chemistry editorial office for helping to complete this book. We would like
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to extend gratitude to our colleagues who helped in reviewing this book. We
also acknowledge the financial support provided by the Institute of Materials
Research and Engineering (IMRE) under the Agency of Science, Technology
and Research (A*STAR).

Enyi Ye and Zibiao Li
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CHAPTER 1

Introduction to Photothermal
Nanomaterials

SI YIN TEE,” KHIN YIN WIN,* SHERMIN S. GOH,*
CHOON PENG TENG,? KAREN YUANTING TANG,?
MICHELLE D. REGULACIO,b ZIBIAO LI** AND ENYI YE*?

#Institute of Materials Research and Engineering, Agency for Science,
Technology and Research, 2 Fusionopolis Way, Singapore 138634, Singapore;
P Institute of Chemistry, University of the Philippines Diliman, Quezon City
1101, Philippines

*Emails: lizb@imre.a-tar.edu.sg; yeey@imre.a-star.edu.sg

1.1 Introduction

Advances in nanotechnology have resulted in a library of functional nano-
materials with well-defined size, shape, composition, and surface function-
alities that enable the conversion of low-density light energy to thermal energy,
known as photothermal materials. They have attracted extensive research
interest among scientists for their great promise in many practical applications
ranging from biomedical to environmental fields. In biomedical applications,
the photothermal effect is typically stimulated by near infrared (NIR) light,
which enables high penetration depth and minimal invasiveness to biological
tissues. The emerging methods in the diagnosis and treatment of cancer that
rely on photothermal effects show benefits of high selectivity and precision as
well as low invasiveness to normal cells which reduce the significant side ef-
fects of the conventional treatment methods. Upon NIR laser irradiation, the
induced photothermal effect elevates the temperature within the tumor and
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2 Chapter 1

causes irreversible destruction to cancer cell membranes, protein denatur-
ation, and followed by cell death, while sparing the healthy cells.”” Similarly,
nanomaterials with NIR-responsive photothermal effects can have good cap-
acity for fighting bacterial infections using the produced heat to inhibit the
growth of bacteria as well as prevent bacterial biofilm formation.

Photothermally active materials have also emerged as a frontier area of
research for their potential application in solar-driven vapor generation in
aqueous systems.’ ® In this regard, photothermal conversion is the simplest
way to utilize NIR light in the solar light spectrum for practical transformation
of solar energy into thermal energy. Accordingly, the NIR radiation in the range
of 780-2500 nm constitutes nearly half of the solar energy. The solar-driven
water evaporation (e.g. seawater desalination and wastewater purification)
represents one of the most promising green and sustainable solutions through
combining two of the most abundant resources on Earth (i.e. solar energy and
water) for low-energy fresh water production. This technology is based on the
harvesting of solar energy by a photothermal material and converting it to
thermal energy for heating up liquid water to generate steam.”’

Material and structural design are the most important criteria for photo-
thermal applications. Over recent decades, a great number of NIR-responsive
photothermal materials and structural engineering strategies have been
developed to suit different applications. In general, photothermal materials
can be categorized into four functional categories, such as plasmonic metals,
semiconductors, carbon-, and polymer-based materials. The photothermally
active plasmonic metals are mainly comprised of nanostructures of noble
metals (e.g. Au, Ag, Pd) while semiconductors are composed of transition
metal oxides (e.g2 WOs, Fe;0,), transition metal chalcogenides (e.g. Cus,
Cu,Se), and transition metal dichalcogenides (e.g. WS,, MoS,). The diversi-
fied carbon-based nanomaterials are based on 1D, 2D, and 3D architectures
(e.g. carbon nanotubes, graphene) and polymer-based materials including
conjugated polymers (e.g. polyaniline, polypyrrole) as well as crystalline
porous organic polymers (e.g. covalent organic framework). In this book
chapter, we will first (1) introduce the fundamentals of various photothermal
conversion mechanisms and (2) review the recent development of unique
nanomaterials and related nanostructures that exhibit outstanding photo-
thermal performance, as well as their (3) potential applications in photo-
thermal therapy (PTT), photothermal sterilization and solar-driven water
evaporation. Finally, we (4) present a summary and the perspectives of pho-
tothermal materials (see Figure 1.1).

1.2 Photothermal Conversion Mechanism

Photothermal effect refers to the temperature increase of a material due to
the absorption of light. The distinct photothermal effect induced by
nanostructured photothermal materials can reduce the defined region of
heat modulation to the nanoscale. Considering the different light-matter
interactions in various materials that relate to their inherent electronic or
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Figure 1.1 Schematic illustration of the development of photothermal materials

(plasmonic metals, semiconductors, carbon-based materials, polymer-
based materials) and applications (photothermal therapy, photothermal
sterilization, solar evaporation).
The figure of carbon-based materials is reproduced from ref. 8, https://doi.
0rg/10.3390/app9112174, under the terms of the CC BY 4.0 license, https://
creativecommons.org/licenses/by/4.0/. The figure of polymer-based
materials is reproduced from ref. 9 with permission from American
Chemical Society, Copyright 2020.

bandgap structures, photothermal conversion mechanisms can be categor-
ized into three main groups: (1) plasmonic localized heating of metals,
(2) electron-hole generation and relaxation of semiconductors, and
(3) HOMO-LUMO excitation and lattice vibration of molecules.

1.2.1 Plasmonic Localized Heating of Metals

Metallic nanomaterials (e.g. gold and silver) have gained great scientific
and technological interest for their key ability to interact with light in the
visible to NIR region. When interacting with light at the appropriate wave-
lengths, free electrons on the metallic nanoparticle surface are excited
and conduction-band electrons collectively oscillate at the same frequency.
This phenomenon is identified as localized surface plasmon resonance
(LSPR).">'" The LSPR is able to decay through two competitive pathways
namely the radiative and nonradiative decay processes. The radiative decay
process provides the main role in the plasmonic enhancement of the electric
field in the near-field regime, while the nonradiative decay process via in-
traband or interband transitions is responsible for forming energetic or hot


https://doi.org/10.3390/app9112174
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

4 Chapter 1

electrons, leading to particle heating. A typical example of the decay dy-
namics of photoexcited gold nanoparticles is described in three phenom-
ena'? (see Figure 1.2a): firstly, relaxation from a non-Fermi to Fermi electron
distribution via ‘electron-electron scattering’ (<100 fs), secondly, cooling of
hot-electron gas through ‘electron-phonon scattering’ (1-10 ps), and lastly,
heat dissipation from gold nanoparticles to the surrounding environment
via ‘phonon-phonon scattering’ (~100 ps).'%'*'* The LSPR effect is strongly
dependent on many factors, including the metallic particle morphology,
size, composition, interparticle distance, dielectric constant or medium
around a particle.">'® Up to now, noble metals such as gold and silver
nanostructures have been the most frequently used plasmonic metals, while
several other non-noble metals that show metal-like optical properties in
specific wavelength ranges include transition metals (e.g. Al, Cu, Co, Ni),"”>°
transition metal oxides (e.g. WO;_, and MoO;_,),>" > and transition metal
chalcogenides (e.g. Cu,_,E, E=S, Se).>**

(a) ppiReation lattice cools via
) e - e scattering phonon-phonon
& mer coupling
PRRERCAFEES & - phonon
% Y _ J ¥ e coupling
L
& \)
i,
photoexcitation rapid rapid increase in  cooling back to
of e gas non-equillibrium surface equilibrium heat dlSSlpatlon into
heating temperature surrounding media
Conduction
Auger :
band Ymmlﬁ‘mation religxtgfi%n
LUMO n*
recombination
via defects
Band gap T
— e — trap
states
< HOMO n
Valence rss
band -
(b) Electron-hole generation and (c) HOMO-LUMO excitation and
relaxation of semiconductors lattice vibration of molecules

Figure 1.2 Different mechanisms of the photothermal effect. (a) Schematic illustration
of light to heat conversion by plasmonic nanoparticles. Reproduced from
ref. 12 with permission from the Royal Society of Chemistry. (b) Schematic
illustration of electron-hole generation and relaxation of semiconductors,
and (c) HOMO-LUMO excitation and lattice vibration of molecules. Repro-
duced from ref. 26 with permission from the Royal Society of Chemistry.
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1.2.2 Electron-Hole Generation and Relaxation of
Semiconductors

The generation and relaxation of electron-hole pairs usually occur in
semiconductors (see Figure 1.2b).”° When irradiated by an incident light
with an energy equal to or greater than the band gap, the semiconductor
absorbs photons to produce active electron-hole pairs. The act of photo-
excitation generates electrons in the conduction band and leaves electronic
vacancies or holes in the valence band. The subsequent relaxation from
the higher excited states to the lower energy states can occur either via
radiatively in the form of photons, or non-radiatively in the form of phonons.
The latter causes a heat liberation when carriers distribute part of their
energy to the crystal lattice. As a result, the thermal (vibrational) energy of
the lattice rises, which is measured as an increase in its temperature.
A temperature distribution is thus established, depending on the optical
absorption and nonradiative bulk/surface recombination. This establish-
ment of a temperature distribution in the material charge by carrier dif-
fusion and recombination is referred to as the photothermal effect.””

1.2.3 HOMO-LUMO Excitation and Lattice Vibration of
Molecules

Carbon- and polymer-based materials have been investigated as photo-
thermal materials due to their strong light-absorbing and photon-to-heat
conversion abilities through lattice vibrations (see Figure 1.2¢).>® In these
materials, the less tightly held electrons in © bonds can be easily excited
from the = orbital to n* orbital with a lower energy input. Notably, the
conjugation (n-n or p-n) and hyperconjugation effects (o-n) facilitate the
excitation of electrons by light irradiation (t— n*) and induce a strong ab-
sorption in the NIR region, where the excited electrons return to the ground
state by releasing the absorbed energy into heat.>**° Accordingly, the excited
electron is promoted from the ground state (highest occupied molecular
orbital, HOMO) to a higher energy orbital (lowest unoccupied molecular
orbital, LUMO) upon illumination with light energy that matches a possible
electronic transition within the molecule. Then, the relaxation from the
higher excited states to the lower energy states can occur by means of
electron-phonon coupling. Therefore, the energy gained is transferred
from the excited electrons to vibrational modes within the atomic lattices,
resulting in an increase in the temperature of the material.*!

1.3 Classification of Photothermal Materials

1.3.1 Plasmonic Metal Nanostructures

Plasmonic metals, like silver and gold, exhibit photothermal effects arising
from their LSPR. For instance, triangular silver nanoplates have been widely
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explored for their photothermal effects under NIR laser irradiation.**™*> As
for gold, a typical absorption band of gold nanospheres is presented in the
500 to 550 nm region due to their LSPR.>®* When the particle size increases,
there is some LSPR red shift due to electromagnetic retardation in larger
particles. With continuous improvement and development in the synthetic
methodologies, various gold nanomaterials including rods, shells, prisms,
plates, and cages/boxes, hollow, and branched nanostructures have been
synthesized successfully.’”*' By changing their sizes or shapes, the plasmon
resonance peak can be tuned to the NIR spectral region to achieve maximum
thermal conversion for photothermal application.**** Gold nanorods are
among the most studied metal nanostructures as inorganic photothermal
materials, owing to their anisotropic shape, tunable aspect ratio, and strong
NIR absorption of the longitudinal plasmon band with high thermal con-
version efficiency.*>™*° The absorption range of gold nanorods can be tuned
through altering the aspect ratio, so the heating efficiency can be optimized
by using an absorption maxima ~800 nm. Our group synthesized multiple-
branched gold nanostructures that exhibited a distinct near- and mid-IR
LSPR via a template-directed approach.’®>' The synergistic coupling be-
tween the branches enables the multiple-branched nanocrosses to efficiently
absorb IR light (see Figure 1.3a-f). As compared to gold nanospheres and
gold nanorods, the absorption cross-section of gold nanocrosses of 100 nm
in the longitudinal and traverse directions was calculated to be 7.5x10~ "> m* by
using discrete dipole approximation simulations,”* which is higher than the gold
nanospheres of 40 nm (2.93x10~ " m*)*>** and 150 nm (5.73x10" "> m**® in
size as well as gold nanorods of 45 nmx 20 nm in dimension (1.83x10~ "> m?).>®
Thus, the gold nanocrosses can effectively improve the light absorption with
a great extension to the longer wavelengths relative to the gold nanospheres or
nanorods at shorter wavelengths.

Despite all the advantages associated with the gold nanostructures, they
often suffer from poor photothermal stability and hence easy loss of shape and
NIR SPR properties upon strong NIR laser irradiation (see Figure 1.3g).°°>®

Figure 1.3 Preparation of Au nanocrosses via a template-directed approach.
(a) Schematic illustration of gold nanocross formation based on AuCl,
reduction by a Cu-based reducing agent. (b) TEM image of the pre-
formed Cu nanostructures. (¢) TEM image of the as-prepared Au nano-
crosses. (d and e) TEM images of a representative Au nanocross with
(d) Dy, symmetry and (e) C,, symmetry. Reproduced from ref. 51 with
permission from the Royal Society of Chemistry. (f) UV-vis-NIR absorb-
ance of Au nanocrosses. Reproduced from ref. 50 with permission from
American Chemical Society, Copyright 2011. (g) Photothermal stability of
gold nanorods upon 980 nm laser irradiation (2 Wem™2, 30 min).
Reproduced from ref. 57 with permission from American Chemical
Society, Copyright 2013. (h) TEM image of the palladium nanocollora.
Reproduced from ref. 62 with permission from American Chemical
Society, Copyright 2011. (i) TEM image of the porous palladium nano-
particles. Reproduced from ref. 63 with permission from the Royal
Society of Chemistry.
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As such, palladium nanostructures have been developed to overcome the
photothermal instability drawback because of its significantly higher melting
point. Huang et al. prepared ultrathin hexagonal palladium nanosheets that
exhibited unusual optical features with tunable (826-1068 nm) and intense
LSPR absorption (molar extinction coefficient of 4.1x10° M~ 'em™ ') in the
NIR region, which is comparable with the most studied gold nanorods
(5.5x10° M "em ™ 1).>>*° Most importantly, these palladium nanosheets do
not undergo a shape transformation into spherical particles under high in-
tensity NIR laser irradiation. Further study on the palladium nanosheets
demonstrated a high photothermal conversion efficiency of 52.0% at 808 nm.*"
In another study, palladium nanocorolla composed of unidirectionally
aligned, well-spaced, and connected ultrathin palladium nanosheets was
synthesized through an etching growth strategy (see Figure 1.3h).°> Upon
808 nm laser irradiation, the photothermal effect of palladium nanocorolla
induced by the NIR SPR absorption gave rise to a temperature increase
from 26.6 to 50.4 °C. Likewise, Xiao et al. reported palladium nanoparticles
with a porous architecture (see Figure 1.3i), exhibiting high NIR absorption
(6.3x10” M~ em™ ") nearly two times that of solid palladium nanocubes at the
same mass concentration.®®

1.3.2 Semiconductors
1.3.2.1 Transition Metal Oxides

Several narrow bandgap semiconductors, such as hydrogenated black TiO,,**
Ti,O; nanoparticles,®® oxygen-deficient MoO; nanostructures,> and magnetic
microspheres (e.g. Fe;O4, MnFe,0O4, ZnFe,04, and CoFe,0,),°® have been
studied as photothermal materials in recent years. Zhu et al. constructed black
TiO, nanocages with enhanced absorption due to the light trapping effect.®*
The black TiO, efficiently absorbed the solar irradiation and the well-
crystallized interconnected nanograins structure accelerated the heat trans-
fer in the system, thus achieving a light-to-thermal conversion efficiency of
70.9%. Wang et al. reported Ti,O3 nanoparticles with outstanding absorption
capability across the full solar spectrum.®® It was suggested that the small
bandgap (~0.1 eV) and nano-sized features of the Ti,O; nanoparticles deliver
a remarkable solar-to-thermal conversion efficiency of ~92%.

Unlike conventional wide-bandgap TiO, which only absorbs UV light, Ti,O3,
which can be considered as oxygen-deficient phases of TiO,, is able to absorb
the full solar spectrum. Likewise, there are other oxygen-deficient metal oxides
such as WO;_, and MoOj;_,, which exhibit strong photoabsorption properties
in the broad wavelength range up to the NIR region.®”®®* Among the active
photothermal metal oxides, WO;_, exhibits strong LSPR due to oxygen
vacancies contributing free electrons. In contrast to WO; which is yellow in
color, WO;_, are generally blue in color, with many forms of oxygen-deficient
stoichiometries such as WO,4, WO,g;, and WO, ,.>"*® Apart from the
intrinsic absorption of WO; at 480 nm (ie. indirect band gap 2.6 eV), the
oxygen-deficient WO;_, exhibits a broad absorption peak in the 480-1800 nm
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region which is ascribed to the new discrete energy bands below the con-
duction band, generated by the oxygen vacancies and the collective
oscillations of surface-free conduction band electrons (700-1800 nm) that
induce the SPR.°® Among the transition metal oxides, iron oxide nanoparticles
possess dual functionalities of NIR absorption and magnetism. In comparison
with individual magnetic Fe;O, nanoparticles, studies have shown that clus-
tered Fe;O, nanoparticles can induce a higher temperature increase because
of their strong absorption in the NIR region.”® Likewise, the formation of self-
assembled Fe;O, architectures is capable of improving the photothermal
performance, exhibiting rapid temperature increments in larger Fe;O,
superstructures than the smaller ones due to the enhanced molar extinction
coefficient in the NIR region.”"

1.3.2.2 Transition Metal Chalcogenides

Transition metal chalcogenides are another important group of inorganic
photothermal materials that are receiving intense research due to their strong
absorption in the NIR region, good photostability, and other benefits such as
low cytotoxicity, low cost, and abundance. Particularly, a well-known p-type
semiconductor material, copper sulfide (CuS), has been found to show in-
trinsic NIR region absorption originating from d-d energy band transitions of
Cu®" ions rather than SPR. A notable example of CuS photothermal materials
is the synthesis of 3D flower-like CuS superstructures which exhibited high
NIR photothermal conversion efficiency.”” The CuS superstructures can rap-
idly convert 980 nm laser energy into thermal energy, leading to an increase in
the temperature of CuS superstructure aqueous dispersion as a function of
irradiation time and concentration. It was revealed that the faceted end planes
of the crystalline CuS superstructures function as the laser-cavity mirrors for
the 980 nm laser, giving rise to the enhancement of reflection, absorption,
and photothermal conversion. Our group has synthesized the multiply-voided
Cuy,Sb,S;; tetrahedron architecture with significant absorption in the NIR
region. Upon radiation from an 808 nm laser, the temperature of the aqueous
dispersions of tetrahedrite nanostructures elevates with increasing concen-
trations, showing an increment of 18.2 °C at a concentration of 0.4 mgmL ™"
compared to 2.4 °C in pure water (see Figure 1.4a-c).””

The phenomenon of intra-band transition appears to be a unique charac-
teristic of CuS nanostructures of 1:1 stoichiometry, as nonstoichiometric
copper chalcogenides (e.g. Cu,_,S/Cu,_,Se) have been found to show stable
LSPR behavior similar to metals.”*”> Upon irradiation by NIR light at 800 nm,
the Cu,_,Se nanocrystals generate an intense NIR absorbance peak relating to
the plasmon resonance. The significant photothermal heating effect resulted
in a photothermal transduction efficiency of 22%.>> Copper sulfides such as
CueSs and Cu;,S,; nanocrystals (see Figure 1.4d-e) demonstrated photo-
thermal conversion efficiencies up to 25.7% and 56.7% respectively, which are
both higher than that of gold nanorods of 24.6% under 980 nm light irradi-
ation.”®”” The outstanding photothermal conversion efficiencies can be
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Figure 1.4 Copper chalcogenide-based nanostructures as photothermal materials. (a) TEM image of porous Cu,,Sb,S;3 tetrahedron
architectures. (b) The corresponding absorption spectra with different concentrations. The inset shows the Beer’s law plot at
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Reproduced from ref. 73 with permission from the Royal Society of Chemistry. (d) TEM image of CueSs nanoplates.
Reproduced from ref. 76 with permission from American Chemical Society, Copyright 2011. (e) TEM image of Cu;,S,
nanocrystals. Reproduced from ref. 77 with permission from the Royal Society of Chemistry.
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explained by strong absorption in the NIR region due to the LSPR arising
from p-type carriers in vacancy-doped nanocrystals.”® In the case of Cu,,S,
nanocrystals, the plasmon resonance peak is centered at 968 nm which is
close to the wavelength of the NIR laser of 980 nm, leading to higher NIR
absorption than that of CuySs nanocrystals. When Cu, 44S nanocrystals were
self-assembled into ordered plant-like structures, the NIR photothermal
conversion efficiency of the assembled architectures was enhanced by about
50% compared with individual Cu, ¢,S nanocrystals, upon irradiation with a
1064 nm laser.”® In addition, 2D transition metal dichalcogenides such as
MoS, and WS, also show strong absorbance in the NIR region. In particular,
MosS, nanosheets presented a higher mass extinction coefficient at 808 nm
than that of graphene.®>®!

1.3.3 Carbon-based Materials

Several classes of carbon-based materials including carbon nanotubes
(CNTs), graphene, graphene oxide/reduced graphene oxide, carbon black,
graphite, and carbon composites have been nominated as potential photo-
thermal materials owing to their excellent light absorption over a wide range
of wavelengths and superior light-to-heat conversion efficiency.**° More-
over, they are relatively low cost and abundant compared to metallic ma-
terials. Diversified carbon-based nanomaterials based on 1D, 2D, and 3D
architectures have been designed and synthesized for photothermal appli-
cations.”" Unlike conventional amorphous carbon, the conjugation and
hyperconjugation in the molecular structure of CNTs and graphene permit
strong absorption in the NIR region and increasing the n-conjugation gives
rise to a red-shift of the absorption light spectrum.

CNTs are made of sp> carbons and regarded as typical 1D nanomaterials.
They can be categorized into either single-walled (SWCNTs) or multi-walled
(MWCNTS). The structure of SWCNTs is a rolled-up tubular shell of a gra-
phene sheet, while MWCNTSs consist of a stack of graphene sheets rolled up
into concentric cylinders.’>“® Each type has different properties and specific
photothermal effects. As CNTs are potentially toxic in their bare state and
hydrophobic in nature, one effective strategy is to chemically modify or
functionalize the CNTs to render solubility in aqueous medium, particularly
for biomedical applications. Du et al. introduced amino groups onto the
surface of SWCNTs by HNO; oxidation and amidation treatment to enhance
dispersibility of SWCNTs.?* This significantly improved the solar-thermal
conversion under sunlight irradiation experiments. In many other cases,
CNTs are noncovalently functionalized by simple adsorption of different
kinds of molecules including polymers, biomolecules such as saccharides/
polysaccharides, proteins, enzymes, and DNA. Wang et al. modified the
SWCNTs using PEG-grafted amphiphilic polymer, leading to stable disper-
sion in various physiological media.””> The PEG-coated SWCNTs exhibited
strong absorbance in the NIR region and were able to warm up rapidly under
808 nm NIR laser irradiation, resulting in significant photothermal effects.
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Graphene is a 2D material composed primarily of sp> hybridized carbon.
Due to the hydrophobic feature of graphene, additional hydrophilic treat-
ments are often required. Reports have shown that functionalization of
graphene through nitrogen doping”® and hydrophilic groups (e.g. hydroxyl
and carboxyl)”” can enhance the photothermal performance. On the other
hand, graphene oxide is a chemically modified graphene with additional
reactive oxygen functional groups, such as hydroxyl, carboxyl, and epoxy
groups. It is hydrophilic due to the oxygen-containing functionalities and
therefore it can be easily dispersed in aqueous media. It can also be con-
verted to reduced graphene oxide at high yields. Robinson et al. developed
biocompatible reduced graphene oxide sheets of ~20 nm through non-
covalent functionalization with amphiphilic PEGylated polymer chains and
yielded a 6-fold increase in NIR absorbance than with graphene oxide.”®
Besides PEG coating, the photothermal absorbing ability of reduced gra-
phene oxide has been studied by using different functional groups.””
Arginine modification of reduced graphene oxide increases the stability in
aqueous solutions and shows a higher absorption cross-section of 3.2 times
that of graphene oxide at 808 nm.*® When graphene sheets were assembled
into a vertically aligned graphene sheet membrane, the 3D graphene-based
materials exhibited outstanding light absorption in the full solar spectrum
range (250-2500 nm) for excellent photothermal transduction, featuring
high efficiency of 86.5% under one sun illumination.'*®

1.3.4 Polymer-based Materials

Apart from inorganic nanomaterials, organic materials particularly the
polymeric ones have been reported for their outstanding light-harvesting
capability and photothermal conversion efficiency with excellent bio-
compatibility."”" Conjugated polymers are macromolecules characterized
with m-conjugated backbones, which have emerged as new generation
NIR-absorbing photothermal materials.'® "% The successful examples of
biocompatible conjugated polymer-based photothermal materials mainly
include polyaniline,'°*'””  poly(3,4ethylenedioxythiophene):  poly(4-styr-
enesulfonate) (PEDOT:PSS),'*®'% polypyrrole,''*''! polydopamine,'**'** and
donor-acceptor (D-A) structured polymer molecules.'*****

Covalent organic frameworks (COFs) are newly emerged crystalline porous
organic polymers with extended structures, in which their backbones are
constructed entirely from light elements (B, C, N, O, Si), and connected via
covalent bonds into 2D or 3D structures.''” The key features of COFs include
low density, high surface area, high thermal and mechanical stability, highly
ordered m-m stacking structure, easy functional modification, amenable
topologies, and are structurally pre-designable, etc.”''*'"” In general, COFs
were formed by reversible condensation reactions between various organic
building blocks. They were first demonstrated by Yaghi and co-workers in
2005 using condensation reactions of phenyl diboronic acid and hexahy-
droxytriphenylene."*® The versatility enables COFs to be modified with many
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kinds of functional groups for different applications. Accordingly, COFs were
widely employed as a perfect support for integration or encapsulation of
functional nanoparticles in a controllable and predictable way. Tan et al.
developed COF-Fe;0, core-shell microspheres through an amorphous-to-
crystalline transformation process, whereby Fe;O, nanoclusters were
encapsulated by an imine-linked COF network."'® Due to the well-organized
stacking in shell, the resultant COF-Fe;O, microspheres exhibited
NIR absorbance and obtained a high molar extinction coefficient of
4.2x10" m'em ' at 785 nm. As such, the photothermal conversion
efficiency of COF-Fe;0, microspheres was determined to be 21.5%, which is
2-3 times higher than that of Fe;0, nanoclusters alone. Hu et al. synthesized
COF-CuSe nanocomposites with NIR photothermal conversion ability via
a solution-phase synthesis approach under ambient conditions."** Upon
808 nm laser irradiation, the corresponding COF-CuSe nanocomposites
displayed a photothermal effect with a photothermal conversion efficiency of
26.34% (see Figure 1.5).

Organic-inorganic hybrid crystalline porous materials such as metal-
organic frameworks (MOFs), are similar to COFs, but instead of being
composed of light elements, the structure of MOFs is composed of metal
ions or clusters cross-linked by organic linkers. The photothermal effect has
been demonstrated in most representative subfamilies of MOFs, including
HKUST-1, UiO-66, ZIF-8, CPO-27, Fe-MIL-101-NH,, and IRMOF-3, with sig-
nificant heating of up to 167 °C (for CPO-27-Ni) achieved within 5 min of
UV-vis irradiation. This effect was attributed to the d-d transitions of the
metal ion centers, as observed in their broad absorption bands within the
irradiation range (300-650 nm); while MOFs without absorption bands in
this range showed only a small temperature increment even after irradiation
for 30 min."”" The photothermal effect in MOFs has been used for solvent
removal and chemical activation, with localized heating resulting in a more
rapid activation than heating with an external source, as well as chemical
modification in solid-state reactions."*""'*> They have also been combined
with polymers such as polyaniline for photothermal therapy.'*?

1.4 Applications of Photothermal Materials
1.4.1 Photothermal Therapy

Cancer refers to a large group of diseases characterized by the development
of abnormal cells that spread uncontrollably. It is a global public health
crisis due to its high incidence and mortality rates.'** To date, there is no
comprehensive approach for cancer treatment; common options are
primarily focused on chemotherapy, radiotherapy, immunotherapy, and
surgery, while surgery in many cases is not able to remove cancerous tissue
fully. Despite these approaches offering considerable therapeutic efficacy,
they are limited by their risk to normal cells and tissues as well as their
potential to destroy the immune system. For this reason, it is highly
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desirable to develop an effective cancer therapy to overcome the limitations
of conventional therapies, particularly focusing on minimal invasiveness
and reducing undesirable side effects while enhancing efficacy. Toward this
goal, photothermal therapy (PTT) is emerging as a promising alternative
therapeutic approach for cancer treatment, involving the application of be-
nign light wavelengths (4 =700-1100 nm) in conjunction with photothermal
agents that transform light energy to localized heat to ablate cancer cells.
The ideal photothermal agents should possess several distinct features,
including (1) biocompatibility and low toxicity, (2) strong absorption in the
NIR region, (3) large extinction coefficient and high photothermal con-
version efficiency, and (4) size between 30-200 nm to prolong circulation and
enhance tumor accumulation."'*®

In the pursuit of increasing therapeutic efficiency, continuous efforts have
been devoted to enhancing the intrinsic photothermal performance of
photothermal agents. Accordingly, the photothermal performance is related
to the nanoscale properties of materials in terms of composition, size,
structure, morphology, and surface functionalities. At present, the success-
ful examples of photothermal agents with a relatively high tissue transpar-
ency in the NIR window are mainly focused on noble metal nanostructures,
tungsten-, copper-, and iron-based semiconductors, carbon-based materials,
as well as polymer-based materials. Among these, gold-based nanostructures
were the earliest nanomaterials used in cancer photothermal therapy
research and have remained one of the most widely studied inorganic
photothermal agents today.'*® Examples of gold-based structures for
photothermal  study include nanoparticles,"”””"**®  nanorods,"**"*'
nanoshells,"***** nanocages,'*>'*® nanostars,*”'** nanoflowers,*® and
nanocrosses,””*”> which are capable of inducing localized hyperthermia
effects. Our group demonstrated that branched gold nanostructures such
as nanocrosses and nanoflowers could act as efficient absorbers for
NIR-assisted photothermal destruction of living cells. The percentage of cell
death is dependent on the laser intensity as well as the exposure time. Upon
900 nm laser irradiation (4.2 Wem™?), human lung cancer cells (A549) as-
sociated with gold nanocrosses were killed rapidly within 30 s, indicating the
hyperthermia effect induced by gold nanocrosses.’® This observation is also
demonstrated in gold nanoflowers for both in vitro and in vivo photothermal
therapy under 808 nm laser irradiation. In vitro photothermal heating of
gold nanoflowers in the presence of MCF-7 cancer cells caused the
destruction of the cancer cells after irradiation for 30 s. Meanwhile, the gold
nanoflower-mediated photothermal ablation of MCF-7 tumors in mice led
to effective ablation of the tumors using an NIR laser, suggesting an excel-
lent in vivo photothermal therapeutic efficacy of gold nanoflowers
(see Figure 1.6).*° Apart from gold nanostructures, other inorganic nanos-
tructured materials such as palladium (e.g. nanosheets,®" nanocorolla,*
and porous/hollow nanoparticles®>'*°) have shown great potential in NIR
photothermal cancer therapy. Zhang and co-workers demonstrated in vitro
photothermal heating of liver cancer cells in the presence of palladium
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Figure 1.6 (a) Schematic illustration of the formation of gold nanoflowers using AuCl,
and starfruit juice as the reducing agent. (b and c) NIR-mediated photo-
thermal destruction of MCF-7 cancer cells using gold nanoflowers. (b) Live
MCEF-7 cells incubated with gold nanoflowers before laser irradiation, and
their corresponding confocal image (c) of dead MCF-7 cells after laser
irradiation with an 808 nm laser. (d—f) In vivo photothermal ablation of
tumor by gold nanoflowers under NIR irradiation. (d) Time-dependent
tumor growth rate. (e) Photographs of excised tumors from different groups
after treatment for 6 days. (f) The corresponding photographs of mice with
the different treatments after 6 days.

Reproduced from ref. 40 with permission from the Royal Society of
Chemistry.

nanocorolla, causing almost 100% cell death upon 808 nm NIR irradiation
(1.4 Wem™2, 2 min).*?

Semiconductors, like transition metal oxides (WO;_,, MoO;_,)>' >**® and
transition metal chalcogenides (Cu,_,E, E =S, Se)***> have emerged as a new
class of plasmonic materials owing to crystal lattice oxygen vacancies that
contribute free electrons. With an LSPR signal at around 900 nm,"*' WO, _, is
an excellent candidate for biomedical applications."**'** Particularly, nanos-
tructured tungsten oxides (nanoparticles,'** nanorods,'*>'*® nanowires,'*’
nanosheets®?) have been developed as photothermal agents for in vitro and
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in vivo cancer therapy. When oxygen-deficient tungsten oxide nanosheets
were subjected to 808 nm NIR irradiation (2.5 Wem ™ ?), the temperature
of the tungsten oxide dispersion increased rapidly to 64.2 °C at a dose of
100 pg mL~".** This photothermal effect is responsible for >90% of MCF-7 cell
death upon 2 min irradiation and an efficient tumor inhibition rate of 96.8%.
Likewise, nanostructured copper sulfide (nanoparticles, nanoplates,'*® hollow
structures'*>'>°) are promising new materials for photothermal cancer
therapy.""'*? It has been reported that the PEGylated copper sulfide nano-
particles of pure covellite phase possess strong LSPR absorption in the NIR,
yielding an outstanding photothermal heat conversion efficiency of 71.4%."*
Li et al. presented a nuclear-targeted PTT strategy based on RGD and TAT
peptide-modified copper sulfide nanoparticles, to effectively destroy residual
cancer cells and prevent local cancer recurrence."> Upon 980 nm NIR laser
irradiation, the copper sulfide nanoparticles rapidly elevated the temperature of
the nucleus, causing DNA damage and protein denaturation, thereby leading to
an exhaustive apoptosis of the cancer cells. The therapeutic effect of the de-
signed nanoparticles was demonstrated by the cell activity experiments, which
showed 84% mortality arising from targeted nanoparticles compared to that
of non-targeted nanoparticles which showed 42% mortality. Moreover, in vivo
experiments showed that the xenografted tumor was fully eliminated after 14
days with only a single treatment and no recurrence of the cancer (see Figure 1.7).

Carbon-based materials (e.g. CNTs,'*®*'°"  graphene, and its
derivatives®>'®*7'%") have been extensively applied as photothermal agents in
biomedical applications. They are often assembled with other functional
molecules or nanostructures to afford hybrid functional materials in order to
provide better properties than their individual counterparts. Due to their
large surface area to volume ratio and distinct surface properties, graphene
can act as a platform in PTT by incorporating drugs or varieties of other
nanomaterials via covalent and non-covalent conjugation means. For in-
stance, through integrating reduced graphene oxide and gold superparticles
via an emulsion-based self-assembly method, Lin et al. were able to develop
a theranostic nanoplatform for PTT of cancer based on the reduced gra-
phene oxide coated gold superparticles.'® This combination improves the
photothermal conversion properties due to the plasmonic coupling of ad-
jacent gold nanoparticles and the interaction of gold superparticles with
reduced graphene oxide, leading to efficient photothermal ablation of
U87MG tumors in vivo (see Figure 1.8).

All the above-described inorganic nanomaterials have shown favorable
absorbance features, high photothermal conversion efficiencies, and good
photo-stabilities. Unfortunately, their potential long-term safety concerns
due to poor biodegradability may restrict their further application in clinical
translation. On the other hand, organic photothermal agents exhibit excel-
lent biodegradability and biocompatibility as an alternative approach for
PTT in cancer treatment. Nevertheless, it must be considered that organic
nanomaterials have their own limits associated with poor photostability, low
absorptivity, or limited photothermal conversion efficiency. In many cases,
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Figure 1.7 (a) Schematic illustration of TAT-RGD modified copper sulfide nanoparti-
cle formation. In vivo PTT of modified copper sulfide nanoparticles in
mice via intravenous injection. (b) Photographs of tumor-bearing mice
subjected to different treatments. (c-d) Time-dependent tumor growth rate
and body weight. (e) H&E staining and TUNEL staining of the HeLa tumor.
Reproduced from ref. 155 with permission from American Chemical
Society, Copyright 2018.

combining PTT with other therapies such as chemotherapy and immuno-
therapy can further improve on the suppression of tumor growth and me-
tastasis."®>'®” For example, PEG-modified PEDOT:PSS was reported as a
drug carrier to load doxorubicin and SN38 for combined photothermal- and
chemotherapy, to realize a synergistic effect in cancer cell killing." A study
by Yu et al. revealed that both NIR dye and chemotherapeutic agent were co-
valently conjugated for combating doxorubicin resistance in breast cancer.'®®
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Figure 1.8 (a) Schematic illustration of the formation of PEG-functionalized
reduced graphene oxide-coated gold superparticles via an emulsion-
based self-assembly method. (b) NIR light-triggered acoustic and
thermal theranostics based on PEG-functionalized reduced graphene
oxide-coated gold superparticles for in vivo cancer therapy.

Reproduced from ref. 163 with permission from the Royal Society of
Chemistry.

In this study, a hybrid micelle with a pH and NIR light dual-responsive
property was developed based on enzyme-responsive doxorubicin poly-
meric prodrugs and cypate-linked polymers. Upon NIR laser irradiation, the
hybrid micelles induced a hyperthermia effect and improved tumor pene-
tration and cytoplasm release of doxorubicin, thus significantly improving
the therapeutic efficacy for treatment of doxorubicin-resistant MCF-7/ADR
breast cancer.

1.4.2 Photothermal Sterilization

The increasing development of antibiotic resistance in bacteria has become
a major global health threat. In particular, the eradication of antibiotic-
resistant bacteria (i.e. multidrug-resistant bacteria) and their biofilms is very
challenging with conventional antibiotics. It is therefore important to de-
velop a non-antibiotic strategy with high antimicrobial efficacy against
multidrug-resistant bacteria. Among which, nanomaterials with photo-
thermal effect under irradiation of NIR have a good capacity for fighting
bacterial infections, making use of the produced heat to inhibit antibiotic-
resistant bacterial growth as well as bacterial biofilm formation."®
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Our group has developed multi-branched gold nanocrosses with strong NIR
absorption to destroy antibiotic resistant bacteria, P. aeruginosa and its
biofilms, with an 800 nm laser (3.0 Wem 2%, 5 min).”> The NIR-assisted
photothermal effect was clearly shown through the effective inhibition of the
growth of P. aeruginosa by means of conjugated gold nanocrosses with
pathogen-specific antibodies (see Figure 1.9a).
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Figure 1.9 (a) Schematic illustration of the photothermal ablation of bacteria and
their biofilms with gold nanocrosses. Reproduced from ref. 52 with
permission from John Wiley and Sons, Copyright © 2016 WILEY-VCH
Verlag GmbH & Co. KGaA, Weinheim. (b-f) The NIR-mediated photo-
thermal antibacterial effect of chitosan and Fe;O, functionalized
graphene oxide on (b) E. coli and (c) S. aureus. (d) The corresponding
bacterial colonies treated with chitosan and Fe;O, functionalized
graphene oxide, in the presence and absence of NIR. SEM images of
(e) E. coli and (f) S. aureus, control experiment and treatment with
chitosan and Fe;0, functionalized graphene oxide under NIR radiation.
Reproduced from ref. 171 with permission from the Royal Society of
Chemistry.
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Graphene derivatives such as graphene oxide, reduced graphene oxide,
and other chemically modified graphene have been widely investigated in
antibacterial applications.'®® In various graphene-based photothermal anti-
infection agents, they are mostly integrated with other functional molecules
or nanostructures to achieve more specific and effective photothermal
sterilization. Hui et al. reported a polyelectrolyte-stabilized reduced gra-
phene oxide antibacterial surface that is able to kill >90% airborne bacteria
including antibiotic-tolerant persisters, on contact upon minutes of solar
irradiation."’® Jia et al. employed a photothermal antibiotic agent based on
chitosan and Fe;O, functionalized graphene oxide for capturing and
inhibiting the growth of both Staphylococcus aureus and Escherichia coli, as
well as destroying bacterial biofilms with NIR irradiation."”! In the presence
of nanocomposites and NIR radiation, the cell membranes of E. coli were
broken down and lost their integrity while some intracellular components
of S. aureus clearly leaked out, indicating effective sterilization through
photothermal lysis (see Figure 1.9b).

1.4.3 Solar-driven Water Evaporation

Solar-driven evaporation is considered as a promising and sustainable
approach for clean water production which is important to alleviate global
water scarcity issues. In recent years, various types of NIR absorbing
materials, including metallic nanostructures,'””'”> semiconductors,'”*""®
and carbon-based materials'”®"**" have been designed to optimize the solar
spectrum absorption and achieve efficient light-to-vapor conversion.
In particular, various gold solar absorbers including nanoparticles,"®*
nanoshells,'”>'® and nanorods,'® have been widely used in steam and
clean water generation. Furthermore, gold nanostructures can be hybridized
with other materials to improve photothermal efficiency or to form multi-
functional composites."®® Deng and co-workers introduced a surface evap-
oration approach via localized plasmonic heating by a self-assembled gold
nanoparticle film'®® and an airlaid-paper-based gold nanoparticle film'®” at
the air-water interface. When most of the thermal energy is confined and
utilized directly at the evaporative surface, this localized heating system
reduces heat loss and improves heat-to-evaporation conversion efficiency.
With increased surface roughness and good thermal insulating properties,
the paper substrate yielded high absorption of incident light and reduced
heat loss, thus achieving a higher evaporation efficiency (77.8%) than free-
standing plasmonic films (47.8%).

Successful examples of semiconductor-based solar adsorption materials
with significant water evaporation efficiency include WO, 5, nanoparticles,"*®
magnetic microspheres (Fe;O0, and MFe,O4, M =Mn, Zn, Co),*® and Cu,S,
nanocrystals.'® As for carbon-based materials, they generally appear in black
and are suitable for efficient broadband absorption.'*® With excellent light-to-
heat conversion properties, carbon-based absorbers can induce rapid water
evaporation upon illumination under different environmental conditions,
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therefore they are widely used in a solar-driven steam generation system.*%>'!

A comparative experiment was conducted by Ni et al. to study three different
carbon-based nanofluids (graphite carbon black, carbon black, and graphene)
in a solar-driven steam generation system.*’ The findings revealed that
graphite carbon black and graphene nanofluids significantly outperformed the
carbon black by 7% under 1.5 h of illumination. Wang et al. developed a solar
thermal evaporation system based on reduced graphene oxide modified with
magnetic Fe;O, nanoparticles, aiming for desalination of seawater.'”?
With high solar light absorption of over 95%, the evaporation efficiency
yielded 70% in a 3.5% NacCl solution with dispersed nanocomposite, under
solar illumination of 1 kW m™? (see Figure 1.10). Moreover, this system offers
the benefit of recyclability because magnetic nanoparticles can be easily
separated from seawater.

1.5 Summary and Outlook

This book chapter provides a succinct review of the different classes of
photothermal nanomaterials, such as plasmonic metal nanostructures,
semiconductors, and carbon-, and polymer-based materials, which have
been broadly explored as highly promising candidates for a variety of
photothermal-related applications. The different photothermal materials
along with their photothermal conversion mechanisms such as plasmonic
localized heating of metals, electron-hole generation and relaxation of
semiconductors as well as HOMO-LUMO excitation and lattice vibration of
molecules are summarized. To realize a highly efficient photothermal ma-
terial, the light absorbing capability is an essential factor. For the plasmonic
light absorbing materials, the light absorption can be greatly improved
through controlling the size, shape, and composition which in turn tune the
LSPR peaks to the NIR region. On the other hand, enhancement of light
absorption in a semiconductor can be obtained through element doping or
introducing oxygen vacancies in the lattice. Also, carbon-based and organic
polymeric materials are often assembled with other functional molecules or
nanostructures to afford hybrid functional materials that can demonstrate
better properties compared to their individual counterparts.

Apart from improving the light absorbing capability, the photothermal
conversion performance of photothermal materials is discussed with respect
to their application in biomedical and environmental fields. Due to the great
advantages of PTT and the high demand for targeted cancer therapy, wide-
spread studies on engineering photothermal materials have been reported
and have demonstrated promising results in cancer treatment. When com-
bined with NIR light, these inorganic and organic photothermal materials are
capable of generating sufficient heat to raise the local temperature and thus
result in tumor cell death. Among which, gold nanostructures have received
great attention due to their strong optical absorption properties, outstanding
photothermal conversion efficiencies, and good photo-stabilities. Moreover,
they have achieved encouraging therapeutic efficacies in many in vivo animal
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studies, which make them promising photothermal materials in cancer
treatment. Despite all the glaring prospects, application of photothermal
materials is still associated with many challenges that may restrict their
further application in clinical translation. For instance, thermal stability is a
highly critical parameter particularly for gold nanostructures. When the
heating rate far exceeds the cooling rate, the accumulated heat in the lattice
will result in structural changes in terms of the shape or integrity of nano-
particles. Another concern of using photothermal materials in PTT is the
possible long-term cytotoxicity of accumulated and aggregated nanomater-
ials, therefore, knowledge about their potential toxicity and health impact is
essential before these nanomaterials can be used in real clinical settings.
Undoubtedly, photothermal material-based solar-driven water evaporation
represents a green, efficient, low-cost, and environmentally benign technol-
ogy for clean water generation. Material and structural design with favorable
light absorption over the full solar spectrum and excellent photothermal
conversion efficiencies are the prerequisites for a high-performance solar
evaporation device. Although high conversion efficiencies of greater than
90% have been achieved in recently studied photothermal materials, more
efforts are required to develop robust photothermal materials enabling good
thermal/chemical stability and recyclability. Additionally, to facilitate prac-
tical applications of solar-driven water evaporation in different water quality
(e.g. seawater and industrial wastewater), the properties of the photothermal
materials, including photothermal stability, corrosion resistance, anti-
biofouling ability, as well as cost effectiveness, long-term stability, and dur-
ability should be taken into consideration. We anticipate that, in the coming
years, more photothermal material and structural engineering strategies will
be developed to effectively enhance the light absorption and light-to-heat
conversion or even emerging new properties for a wider range of applications.
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2.1 Introduction

Gold nanoparticles (Au NPs) are arguably the most versatile and widely
studied nanomaterials to date." Typically defined as particles of 1-100 nm in
size,” which is in the sub-wavelength regime of visible light,> Au NPs offer a
multitude of unique physiochemical features. These include uniform and
tailorable size and shape, high chemical stability and biocompatibility,
availability via scalable liquid-phase synthesis and surface modification, and
unique optical properties.*”

Similar to their bulk analog, Au NPs are famous for their chemical stability
and specificity. On one hand, they are generally stable against oxidation
under a range of conditions, including variable pH, ionic strength, and
temperature, without major concerns regarding leaching of toxic chemical
species.® On the other hand, their surface can be readily modified with high
fidelity by a range of thiol- or amine-containing ligands, to produce col-
loidally stable NPs with various surface charges (including positive, negative,
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zwitterionic, and neutral) and functional groups. The combination of the
above two properties enables Au NPs to be exploited as an ideal nanoscale
platform for drug and gene delivery among other nanocarriers.”

Notably, however, the distinguishing feature that allows Au NPs to top
the “hall of fame of nanomaterials” is their unique optical properties
underpinned by a physical phenomenon known as localized surface
plasmon resonance (LSPR),® which is mediated by nanostructures of plas-
monic metals, e.g. gold, silver, copper, and aluminum. LSPR involves the
coherent oscillation and excitation of free electrons on the surface of
plasmonic nanostructures, under exposure to electromagnetic waves
(i.e. photons) in the ultraviolet-visible-near infrared (UV-VIS-NIR) spectral
region.’

LSPR typically allows stronger light-matter interaction than that of small
molecules due to a better match in length scale between the propagation
distance of localized surface plasmons and the wavelength of UV-VIS-NIR
light, as well as the large polarizability of plasmonic materials at optical
frequency. Under resonance conditions, the electric field around an Au NP
will be significantly enhanced which facilitates light-matter interaction of
the medium surrounding a nanoparticle via near-field effects. The resultant
oscillating electric dipole and multipoles can also impact the associated far-
field spectral scattering signal; meanwhile, part of their energy will be dis-
sipated as heat via Joule heating due to the increased frequency of collisions
between the electrons and lattice atoms."®

Early research in plasmonics in the 1900s mainly focused on the gigantic
light intensity enhancement around a nanoparticle by LSPR, which has re-
sulted in a range of promising photonic advances in biosensing, trace
chemical detection, photovoltaics, and plasmon-enhanced spectroscopy. In
this context, energy dissipation as heat will weaken the optical signal and is
therefore considered an undesired loss that has to be minimized.

The emergence of thermoplasmonics research can be traced back to
1999, when Au NPs were first utilized to generate heat from light to
investigate the denaturation of proteins.'' More importantly, the main
benefits of using metal nanoparticles over commonly used dyes have been
identified, which include enhanced light-matter interactions, high achiev-
able temperatures, localized heating with high spatiotemporal resolution,
and strong resistance against thermal and photo-bleaching of absorbers.
Subsequent seminal work of the field includes plasmonic photothermal
imaging,'” plasmonic photothermal therapy (PPTT),">'* photothermal-
triggered drug and gene delivery,'® as well as photoacoustic imaging.'®

Following the ground-breaking initial developments in the early 2000s, the
field of thermoplasmonics, where plasmonic nanoparticles are used to
generate localized heat, has been growing rapidly.'®'” The scope of research
has also been extended from heat generation to heat quantification and
management. Along the course, a plethora of applications for photothermal
gold nanostructures have been discovered from cancer therapy'®?' to
nanofabrication®**° to solar steam generation.”*>°
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The main motivation of utilizing plasmonic nanoparticles as photo-
thermal agents is to efficiently convert light into heat in a highly localized
fashion at the nanoscale. Plasmonic nanoparticles can significantly out-
perform molecular dyes due to their strong light-matter interaction and
their resistance to thermal and photo-bleaching. The combination of these
two properties also underpins their ability to generate heat under tight
temporal confinement, typically down to the nanosecond scale, using high-
power pulse lasers that can achieve temperatures as high as 300 °C.
In contrast, the niche of plasmonic nanoparticles will fade in macroscale
heating scenarios because the absorption cross section (C,ps) and the
absorber size are no longer the only parameters of interest. Under this
circumstance, the overall absorbance (A) of the entire system becomes
relevant, where A = C,p,¢cl, ¢ is the concentration of the absorber, and [ is the
optical path length. Thus, concentrated black paint or carbon black can be
used to cost-effectively achieve almost 100% absorption. Furthermore,
these black materials exhibit high absorbance across a wide spectral range
compared to plasmonic nanoparticles and are therefore more suitable for
applications involving broadband light sources, such as the sun.

Regarding selection among plasmonic metals, gold is the most commonly
used material in thermoplasmonics.*® This is despite the fact that theore-
tically, silver should exhibit more efficient photothermal light-to-heat con-
version due to its superior optical properties, such as larger absorption cross
section.’’*> However, in practical terms, the oxidation of silver by sulfur
atoms of the ligands significantly dampens and weakens the plasmonic
resonances.’” In general, silver nanoparticles (Ag NPs) are prone to oxidation
by atmospheric oxygen, especially in aqueous media of acidic or alkaline pH
and/or in the presence of ammonia and compounds containing amino
groups. This oxidation results in the generation and dissolution of Ag™
cations which are mainly responsible for the observed cytotoxicity and low
biocompatibility of Ag NPs.*>** On the contrary, Au NPs are chemically
stable and highly biocompatible. In the material selection and design pro-
cess, it is important to consider other requirements, and hence the material
with the highest absorption cross section may not always win. For instance,
biological and biomedical applications call for a combination of high
biocompatibility, NPs of sizes between 10 nm and 150 nm for prolonged
blood circulation,® as well as LSPR in the NIR biological transparency
window. In this context, gold nanoparticles outperform silver nanoparticles.

This chapter aims to provide an overview of the landscape in state-of-the-
art thermoplasmonics research and to propose a framework for classifying
and designing novel photothermal gold nanoparticles, illustrated by selected
examples and applications. In Section 2.1 we discuss the background of gold
nanoparticle research in the context of thermoplasmonics (see Table 2.1 for
a summary of the strengths and weaknesses of Au NPs in various contexts).
We note the competitive edge of plasmonic NPs as efficient and highly
localized heat sources at the nanoscale, and the multiple constraints that
have to be considered when optimizing NP design for a specific application.



Table 2.1 Strengths

and weaknesses of Au NPs in various application contexts.

9¢

Strength

Weakness

General

Photonics

Thermo-plasmonics

Chemical stability against oxidation

Ease of synthesis into NPs of controllable size

and shapes

Facile functionalization to form colloidally stable NPs
with a range of functional groups

High biocompatibility

Strong and tunable optical signal via optimizing their
size, shape, and arrangements

Optical signals that are highly sensitive to the
surrounding environment

High photo-conversion efficiency due to a high density
of free electrons and thus large absorption cross-
section and Joule number

Resistance to thermal and photo-bleaching

Highly localized heating at the nanoscale

Fast photothermal response (milliseconds)
Ultrahigh temperature can be achieved (up to 300 °C
by pulse laser, 220 °C by continuous-wave laser)
Heating beyond the fluid boiling point without
boiling it

LSPR can be in the NIR biological

transparency window

LSPR can be tuned to achieve wavelength-specific
photothermal effects

Low chemical stability toward species containing soft
atoms, incl. I, Br, S, P, N

Some shape-directing ligands (e.g. CTAB) are toxic and
difficult to remove

Prone to aggregation in high ionic strength media
(e.g. PBS)

Actual toxicity remains less characterized, as it
depends on the surface ligands and the means of
administering

Instability in optical signal which is sensitive to
aggregation of NPs

Optical signal susceptible to contamination

Less suitable for macroscale photothermal heating due
to limitation on NP concentration in the media

Non-spherical Au NPs reshape into spheres from

150 °C, altering their optical properties

Less suitable for broadband illumination due to sharp
LSPR absorption

¢ 1a3dvyn
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In Section 2.2 the physical origin of photothermal effects in Au NPs via the
Joule heating mechanism is briefly discussed, setting a theoretical back-
ground for the fundamental structural dimensions employed in the next
section. In Section 2.3 we propose a classification framework for gold
nanostructures based on three fundamental structural dimensions (length
scale, anisotropy, and complexity) for classifying and designing photo-
thermal Au NPs. In Section 2.4 we review representative examples of po-
tential applications of thermoplasmonics, featuring brand-new functions
that are unachievable using conventional photothermal agents, for instance,
performing nanosurgery based on selective localized heating of subcellular
compartments or single organelles,*® and breaking the Shockley-Queisser
limit of photovoltaic conversion of 41% by using the approach of thermo-
photovoltaics to achieve a theoretical limit of 80% photoconversion effi-
ciency.’” Last but not least, in Section 2.5 we attempt to distil the high-level
message based on recent developments and to propose possible directions
of future research in thermoplasmonics.

2.2 Physical Mechanism

Here we introduce the basic mechanism of the photothermal effect of gold
nanoparticles, which stems from the optical property of metals in the
nanoscale, known as localized surface plasmon resonance (LSPR). We
explore the physics of LSPR by first considering the interaction of a metallic
nanosphere with an electromagnetic wave. Subsequent subsections discuss
how LSPR changes in nanoparticles of different sizes and shapes, and how
they are associated with heat generation.

2.2.1 Localized Surface Plasmon Resonance

The optical properties of metals highly depend on the motion of electrons
within them, which can give rise to new exciting optical effects when their
motion is restricted by the dimensions of the nanoparticles with a size
smaller than the wavelength of the incident light, typically 10-100 nm.
This is due to the fact that, when the size of an Au NP is <10 nm, the mean
free path of the oscillating electrons in the nanoparticle can be longer than
the particle size, resulting in quantum effects*® (see ref. 38 for quantum
plasmonics). Meanwhile Au NPs over ca. 100 nm in diameter begin to violate
the simple quasi-static approximation where the higher mode resonance
including radiation damping becomes effective.

We begin with the simplest case in terms of geometry and analytical
treatment; a homogeneous, isotropic nanosphere of gold in the range of
10-100 nm. When visible light is illuminated onto a gold nanosphere, the
free electrons on its surface are excited and lead to the displacement of the
electron cloud relative to the nuclei. This causes the Coulombic restoring
force between the nuclei and the electron cloud, which leads to the con-
tinuous oscillations of the electron cloud. Such collective coherent

)
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oscillation can be maximized when the oscillation frequency matches that of
the incoming light. This phenomenon is termed localized surface plasmon
resonance (LSPR). Under this condition, the excited electrons strongly
enhance the optical field surrounding the gold nanosphere and then follow
two decay processes: i) scattering, where the energy is radiatively emitted as
photons with the same frequency as the incident light, and ii) absorption,
where the energy is converted into phonons which is the source of heat.
The sum of these two processes is known as extinction. Hence, the LSPR for
a spherical nanoparticle can be expressed in terms of:

Cext = Csca + Caps (2'1)

where Cey, Csca, and Cyps, respectively, denote the extinction, scattering, and
absorption cross sections. When this LSPR is caused by the interaction of a
plane wave with a spherical gold nanoparticle, in a quasi-static approxi-
mation, the absorption and scattering cross sections can be described in
terms of the particle’s polarizability «.*°

27
Cabs = - 1m(2) (2.2)
8’
Csca = 3? [a]Z (2.3)

where o describes the electromagnetic response of the particle given by the
Clausius-Mossotti relation:*’

3 &) —ém

o(w)=4nR (@) * 26m

(2.4)
where ¢, and ¢(w) are, respectively, the frequency-dependent dielectric
constants of the surrounding medium and nanoparticle. This shows that the
polarizability rises with the increasing radius R of the gold nanoparticle and
also shows that |«| is maximized when |&(w) + 2¢y,| is a minimum (the Fréhlich
condition).?” Crucially, these affect eqn (2.2) and (2.3), such that the absorption
and scattering (and thus extinction) can be resonantly enhanced due to
the increase in the polarizability (), which originates from the increase in size
of the nanoparticle (R) (Figure 2.1b) and/or the dielectric constant of the
surrounding media (&), specifically refractive index () here (Figure 2.1c).
We now consider another special case of absorption, an ellipsoidal shaped
. . x2 2 ZZ .
Au NP with semi-axes a;<a,<as;, SO g"‘ﬁ_z"'? =1. This leads to the
1 2 3
general form of the polarizabilities «; along the principal axes (i=1, 2, 3):

e(w) —ém
3ém + 3Li(e(®) — &m)

o = 4ATa a,as (2.5)

where L; is a geometrical factor that satisfies XL;=1 and for a sphere

1 . . )
Li=L,=1;= 3 The depolarization factor is also often used to define the
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Figure 2.1 (a) Optical near-field enhancement and (b-c) absorption cross-sections
of spherical gold nanoparticles when changing (b) the Au NP radius
(R) and (c) the surrounding medium refractive index (7).
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Figure 2.2 (a) Optical near-field enhancement and (b) absorption cross-sections of
spheroidal gold nanoparticles with aspect ratios (AR) of 1-4. a; and a,
are fixed at 20 nm and a3 is varied from 20 nm to 80 nm with 20 nm
intervals.

shape effect (see ref. 40 for details).*® These equations can be used to de-
scribe the absorption cross-section for non-spherical particles. Based on the
Mie solution, Figure 2.2 shows the numerical simulation of the important
case of ellipsoids; spheroids that change absorption cross-section and
resonance wavelength according to an increase in their aspect ratio.*’
The incident linear polarization is along the long axis (a;) of the spheroid
which results in the largest absorption.

2.2.2 Plasmonic Heating

The localized surface plasmon resonance generates heat via the Joule effect,
so here we show that they are related.®® The time-averaged heat power
density q is given as:

g=Re(] E*) (2.6)

where J is the electronic current density and E is the electric field inside the
nanostructure. Utilizing the relationship between the current density and



40 Chapter 2

the polarization vector (P), J = 0P/0t and P = ¢(¢ — 1)E, eqn (2.6) can also be
expressed as:

)
q= Esolm(s)|E|2 (2.7)

where o is the angular frequency of the light. It is important to note that the
heat power density within a nanoparticle is proportional to the square of the
amplitude of the electric field. According to Poynting’s theorem, the total
heat power (Q) delivered by a nanoparticle is simply the integral of g over the
nanoparticle volume V:

0= 2eoIm(e) Jﬂ IE, |2 dV (2.8)

2

The heat generated by a gold nanoparticle results in a temperature
increase in the nanoparticle and the surrounding medium due to heat
diffusion. This can be expressed via the general heat transfer equation:

T (r)

S =V VT + (2.9)

pCp

where p, C,, and x are the density, specific heat capacity, and thermal
conductivity at constant pressure, respectively. 7(r) is the absolute tem-
perature. To determine the heat generated by a nanoparticle and the sub-
sequent temperature rise in the surroundings, the electric field inside the
particle must be determined. This can be done by solving Maxwell’s equa-
tion numerically using finite element modeling (FEM)."

2
vXurl(vXE)_“’—(g—ii>E:o (2.10)

c2 weg

where 4, is the relative magnetic permeability and c is the speed of light. The
electric field, and consequently the heat power density, within a spherical
nanoparticle is considered to be uniform for particles smaller than the
plasmon resonance wavelength.'® This leads to the optical absorption cross-
section (C,ps) defined in eqn (2.2), so Q can be described as:

Caps = 9 (2.11)
Iy

where I, is the intensity of the incident light given by I, = %|E|Z. This
highlights why C,p,s is one of the most important quantities to consider when
evaluating a particular nanostructure for plasmonic heating.

The temperature distribution around the particle is governed by eqn (2.9)
which reaches a steady state within tens of nanoseconds and therefore
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satisfies Laplace’s equation. The general solution of the temperature gradi-
ent outside a spherical nanoparticle is:

Q

Ankr’

AT(r) r>R (2.12)
where r is the distance from the center of a nanoparticle with radius R. AT(r)
is at its maximum at the surface of the nanoparticle (where = R). From eqn
(2.8), Qoc R?, therefore substituting » = R into eqn (2.12) gives AT(max) oc R>.*!
However, since there is an upper limit of LSPR where the radiation damping
becomes effective, R~50 nm might present as the upper size limit for
wavelength-selective plasmonic heating.

2.2.3 Au for Plasmonic Heating

For macroscale heating, the absorbance (4) of the sample plays a key role,
defined as:

A= Cpcl (2.13)

where ¢ is the molecular concentration (in molecules per m®) and [ is the
thickness of the system. This means that the absorption cross-section is not
a single parameter to increase the absorption, so the plasmonic nano-
particles may not be the best solution when aiming for macroscale heating
because other cheap materials, e.g. carbon black, can reach almost 100%
absorption over the whole visible range by increasing their concentration
(Figure 2.3a)."

However, the key advantage of using plasmonic nanoparticles for heating
is their ability to generate heat in extremely small volumes at a specific
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Figure 2.3 (a) Absorption spectra of 0.01 gL' solutions of carbon black and
silica-coated gold nanorods (12.5 nmx50 nm), suspended in ethanol.
Reproduced from ref. 41 with permission from American Chemical
Society, Copyright 2018. (b) Calculated Joule numbers of ellipsoids
made of different materials, and for different aspect ratios, from 1 to 8.
Reproduced from ref. 42 with permission from American Chemical Soci-
ety, Copyright 2015.
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wavelength, making them the best candidates for applications requiring
spatially confined heating with a restricted spectral window (e.g., in the
human body). In this context, it is important to identify or design the most
suitable plasmonic nanoparticles for a specific application. A common goal
for plasmonic heating applications is to maximize the light-to-heat
conversion, which can be achieved by engineering the nanoparticle’s
physical geometry (size and shape) and material composition. Details of
these effects will be discussed in the following section, but the majority
of material composition will be fixed to Au due to the following reasons.
Figure 2.3b shows values of the Joule number (J,) at the plasmonic reson-
ance for nanospheroids of different aspect ratios (for simplicity) and made of
various materials.**

Cabs;tref

Jo= oV (2.14)
where A.ris 1240 nm (an arbitrary reference to make J, dimensionless) and v
is the volume of the nanospheroid. J, is proportional to Cg,s, which stems
from the material permittivity in the current circumstance of the given
geometry. Hence the material with the best J,, Ag here, could be considered
as the best among the given materials in Figure 2.3b.** However, as dis-
cussed in Section 2.1, the oxidation of silver can significantly dampen the
plasmonic resonance.*® Furthermore, in practice, Ag is not always suitable as
it has to compromise with other requirements depending on the application.
For instance, in biomedical applications, the nanoparticles should be a few
tens of nanometers in size for cellular uptake while presenting the resonance
in the NIR transparency window. Furthermore, physicochemical stability is
crucial for low toxicity. Thus, in this context, gold is superior to silver
(although it has a lower J,), as it not only exhibits resonance in a longer
wavelength regime while remaining sufficiently small to favor cellular pene-
tration but is also intrinsically stable in various biological fluids.

2.3 Classification Framework

Gold nanoparticles exhibit vast structural diversity, ranging from simple
nanospheres to highly complex assemblies of Au NPs on a DNA Origami
scaffold, made of more than 200 molecularly precise components. Enabled
by advances in synthesis, fabrication, and self-assembly approaches, the
number of novel hybrid gold nanostructures, tailored to perform a specific
function, is growing at an impressive rate (see Section 2.5 for details). Per-
haps ironically, we might be the victims of our own success because the huge
and fast-growing number of gold nanostructures reported in the literature
could become incomprehensible and intractable for many researchers who
would like to select the “best” gold nanostructure for their system without
going too deep into the physics and chemistry of Au NPs. This humiliating
scenario is like trying to select the “best” dish of food for dinner from a long
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and unfamiliar menu written in a foreign language. An easy way out for this
scenario is indeed to go for the classics, i.e., gold nanospheres, with the risk
of missing out on other far more promising options.

Another issue that could impede the nanomaterial design and selection
process is that the majority of gold nanostructures in the literature were
designed for purposes other than thermoplasmonics. Is there a systematic
way of quickly assessing the transferability of gold nanostructures optimized
for other photonic applications, and repurposing them for thermo-
plasmonics without the need for reinventing the wheel?

In this section, we propose a classification framework based on three
fundamental structural dimensions, namely length scale, anisotropy, and
complexity, with an aim to gain a clear overview of the highly diverse range
of gold nanostructures. Meanwhile, gold nanostructures are grouped into
three main classes, (1) homogeneous Au NPs, (2) heterogeneous Au NPs, and
(3) Au NP assemblies, according to their length scale and material com-
plexity. Representative subclasses can then be organized with respect to each
other according to structural dimensions, as shown in Figure 2.4.

This framework can offer a means to visualize the materials space defined
by the independent structural dimensions, and thereby aiding comparison
and design of nanomaterials in a systematic fashion. While many existing
examples of gold nanomaterials are not featured in the scheme owing to
limitation of space, other nanostructures can be readily inserted into the
framework by benchmarking against examples in the scheme based on
fundamental structural parameters. For instance, gold nanocubes are made
of pure gold and with anisotropy between that of a sphere and a rod, thus
they can be positioned between spheres (Figure 2.4a) and elongated NPs
(Figure 2.4b).

The relevance of the structural dimensions to the potential thermo-
plasmonic applications of a nanomaterial and the corresponding consider-
ation about nanomaterial design will be briefly discussed in the subsections
below. It is noted that a similar classification framework for Au NPs in
biomedical applications has been proposed in ref. 1. By comparing and
contrasting the two frameworks, we can identify structural features that are
generally critical to most applications, as well as those that are specific to
thermoplasmonics.

2.3.1 Length Scale
2.3.1.1 Isolated Nanoparticles

The length scale of an individual gold nano-object typically lies in the range
of 1-100 nm, and those of composite and self-assembled nanostructures
generally span a much wider range up to the micron regime. While length
scale in this context refers to the overall size of a nano-object, it is noted that,
in the case of hierarchical nanostructures, a nano-object can have a feature
size much smaller than the overall length scale of the NP. For instance, the
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Figure 2.4 Classification framework of Au NPs for thermoplasmonics. (a) Nano-

spheres,®® (b) single crystal nanorods®® and triangular nanoplates,®”
(c) nano-cages®® and nano-stars,®’ (d) core@shell NPs,°* (e) Janus
NPs,** (f) a hybrid NP system, illustrated by an aluminum porous
structure decorated with Au NPs,®® (g) clusters of Au NPs,* (h) a nano-
film,”> and (i) a device, as illustrated by Au nanopads on an Au-Al,O;
substrate.”® (a) Reproduced from ref. 56 with permission from
American Chemical Society, Copyright 2013. (b) Reproduced from
ref. 58 and 59 with permission from American Chemical Society,
Copyright 2008 and 2018. (c¢) Reproduced from ref. 60 and 61 with
permission from American Chemical Society and AIP Publishing,
Copyright 2008 and 2018 American Vacuum Society. (d) Reproduced
from ref. 62 with permission from the Royal Society of Chemistry.
(e) Reproduced from ref. 44, https://doi.org/10.1186/511671-019-3185-6,
under the terms of the CC BY 4.0 license, https://creativecommons.org/
licenses/by/4.0/. (f) Reproduced from ref. 68 with permission from
Elsevier, Copyright 2017. (g) Reproduced from ref. 69, https://doi.org/
10.3390/nan09091202, under the terms of the CC BY 4.0 license, https://
creativecommons.org/licenses/by/4.0/. (h) Reproduced from ref. 72 with
permission from Elsevier, Copyright 2018. (i) Reproduced from ref. 50
with permission from AIP Publishing, Copyright 2010.
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hybrid gold-aluminum nanostructure consists of aluminum nanopores
(d~300 nm) decorated with gold nanoparticles (d~20 nm) as shown in
Figure 2.4f.

Length scale is the most important structural dimension in the context of
thermoplasmonics, since the polarizability («(w)) and the total heat power
(Q) of an isolated nanoparticle are proportional to the cube of its radius (R?),
i.e., its volume V, as shown in eqn (2.4) and (2.8) respectively. Nevertheless,
there is an upper limit of LSPR where the radiation damping becomes
effective, d~ 100 nm might present as the upper limit of particle size for
wavelength-selective plasmonic heating. Beyond this size, the extinction
spectrum of Au NPs will suffer from significant broadening due to radiation
damping as well as multipolar LSPR modes, resulting in ineffective ab-
sorption under narrow-band illumination.

To the first approximation, by considering only the direct effect of size in
eqn (2.8), a large nanoparticle (e.g., V=10> nm’) exhibits the same total
heat power as a group of isolated smaller nanoparticles with the same total
volume (e.g., 100 NPs of V=10> nm® per NP). Hence, a large NP can be
“chopped up” into smaller NPs without compromising the total heat power.
However, the real situation is more complicated, since a change in particle
size will impact the LSPR wavelength and intensity as a function of the
imaginary part of the dielectric function, Im(e). In addition, collective effects
from interparticle plasmonic coupling in the short range and collective
thermoplasmonic effects based on temperature diffusion in the long range
could not be omitted for ensembles of NPs (see Section 2.3.1.2).

Application-driven design requirements should also be carefully con-
sidered. For instance, in vivo biomedical applications typically call for NPs of
size between 10-150 nm for prolonged blood circulation or smaller than
10 nm for rapid renal clearance. At the same time, the LSPR should be in the
NIR biological transparency window. The combination of these require-
ments already implies the NP size to be close to 100 nm in the case of
spherical NPs, while a further red-shift in LSPR can be achieved by engin-
eering the shape and aspect ratio of the NPs (see Section 2.3.2).

For solution-based applications, larger nanoparticles tend to exhibit lower
colloidal stability owing to the large van der Waals interactions between
them. The attractive interactions can be screened by appropriate coating of
the Au NPs by either polymers or inorganic materials (see Section 2.3.3).

2.3.1.2 Collective Effects

On the upper end of the length scale structural dimension reside different
groups of hierarchical structures made of large ensembles of Au NPs,
including clusters, films, and devices (Figure 2.4g-i) where collective effects
cannot be omitted.

In the short range (i.e., interparticle spacing <0.1 particle size), coupling
between localized surface plasmon on neighboring NPs occurs and gives
rise to new modes of resonance, typically known as the cavity mode or
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charge-transfer mode.”® The new modes will result in new broad peaks in
the extinction response at longer wavelengths. If properly designed and
engineered, the new LSPR modes can enhance absorption in the NIR range.
For uncontrolled aggregation, however, the extinction response will be
severely broadened, accompanied by precipitation of NPs out of solution
which is a commonly encountered scenario.

In the long range, collective photothermal effects can take place via the
coupling of the temperature diffusion profile of neighboring NPs. Interest-
ingly, this cumulative effect can occur for a sparse nanoparticle distribution
depending on the area of the illuminated region and will result in a strong
overall temperature increase of several orders of magnitude higher than the
prediction based on a single NP. In addition, it will lead to a highly uniform
temperature distribution in the media. This phenomenon can potentially be
applied to focusing heat within the interior of an Au NP cluster (Figure 2.4g).

2.3.2 Anisotropy
2.3.2.1 Shape Anisotropy

Shape anisotropy is considered the second key dimension in the engineering
of photothermal Au NPs. It can be quantitatively described in terms of the
aspect ratio of a nanostructure, which is equal to the ratio between their
major and their shortest minor axes. For instance, the aspect ratio of a
sphere is equal to 1 (i.e., no shape anisotropy), while that of an ellipsoid or
rod is equal to its length divided by its cross-sectional diameter (Figure 2.2),
while that of a triangular plate is equal to its length divided by its thickness.

Elongation of a spherical NP into a nanorod is accompanied by an increase
in aspect ratio and appearance of new LSPR modes, namely the transverse
mode (ie., resonance across the nanorod) and the longitudinal mode
(i.e., resonance along the nanorod). The increase in length of the NP relaxes
the confinement of the surface plasmon and increases the polarizability o
along the major axis (see eqn (2.5) for the general form of the polarizabilities
a; along the principal axes of an ellipsoid). As a result, the longitudinal mode
gives rise to a new absorption band that is significantly red-shifted with
respect to that of the transverse mode, allowing modulation of the LSPR
wavelength via aspect ratio optimization (see Figure 2.2b for the simulated
absorption cross-section of ellipsoidal NPs of various aspect ratios).
This approach of tuning the LSPR wavelength is considered more robust and
reliable than that via aggregation of NPs which is prone to the formation of
aggregates with undesired shape and rapid degradation over time.

Red-shifting of the LSPR to the NIR spectral region shows benefits in
biomedical applications and in additive manufacturing where Au NPs can be
used as transparent photothermal agents.*" Furthermore, by employing NPs
of different aspect ratios within the same system, it becomes possible to
selectively generate heat in a specific photothermal agent by matching the
wavelength of illumination with that of the NP.
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In addition to impacting the LSPR wavelength, the aspect ratio of a NP also
affects its heat power. Since the total heat power (Q) depends on the volume
(V) of the NP (eqn (2.8)), it is important to first normalize the heat power of a
NP against its volume before extracting the effect of anisotropy. The nor-
malized heat power at the LSPR of an ellipsoidal NP with different aspect
ratios can be described by a dimensionless term known as the Joule number
(Jo) (eqn (2.14) and Figure 2.3b). The wavelength dependence of J, mainly
reflects the trend in the imaginary part of the dielectric function (Im(e))
across different photothermal materials, where J, generally shows a mono-
tonic increase upon an increase in LSPR wavelength which corresponds to
an increase in aspect ratio.

2.3.2.2 Material Anisotropy

Material anisotropy of a NP refers to the asymmetric distribution of ma-
terials and/or molecules within its construct and/or on its surface. A classic
example of materials anisotropy involves the formation of a nano-shell of
one material (e.g. Au, Co, Fe, or a semiconductor) on the surface of one
hemisphere of a nanoparticle made of a different material (e.g. Au or SiO,) to
yield a Janus NP (Figure 2.4e), which is named after the two-faced ancient
Roman God.**™*® The break of mirror symmetry allows photothermal heat-
ing to be concentrated on only the gold-coated face of the Janus NP which
subsequently generates a thermal gradient across the Janus NP. If the Janus
NP is in contact with liquid media, the resultant thermal gradient can then
produce a phoretic force under illumination, which can then be harnessed
for fuel-free self-propulsion of the Janus NP if it is suspended in the
liquid,*”*® or for light-powered microfluidic pumping if there is an array of
Janus NPs aligned and fixed on the wall of a microfluidic channel.*

Materials anisotropy can also be utilized to guide the flow of photothermal
energy. For instance, in thermophotovoltaics, solar irradiation can be effi-
ciently down-converted into IR irradiation (heat) and then to electricity by
coupling a cascade of thermal emitters and a narrow-bandgap photovoltaic
cell (0.8-1.1 eV) at the back of an Au NP array (Figure 2.4i).%°

2.3.3 Material Complexity

Complexity refers to the number of types of materials and molecules within a
given nanostructure and the degree of order among individual components.
Simple systems typically consist of homogeneous Au NPs stabilized by a
single type of ligand, whereas complex systems can involve more than
200 molecularly precise components as found in DNA-origami templated Au
NP assemblies.”"

In the context of thermoplasmonics, the purpose of incorporating other ma-
terials and molecular components in a gold nanostructure is to address the basic
design requirements of a given photothermal application, as well as to introduce
multiple functionalities within a single nanostructure. For applications that
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involve working temperatures from a few 100 to 1000 °C, such as thermo-
photovoltaics and catalysis, thermal stability of Au NPs becomes a primary
consideration, as non-spherical Au NPs are known to reshape into nanospheres
above 150 °C, impacting their optical properties. This design requirement can be
addressed by coating the Au NPs with thermally robust materials, such as
Al,03°* and HfO,,” to form core@shell NPs (Figure 2.4d). The oxide coatings
can also increase the chemical and colloidal stability of core@shell NPs for
solution-based applications. It is noted that coating an Au NP with another
material will modify the refractive index around the Au NP and thereby shift the
LSPR wavelength, usually to a larger value (see eqn (2.4)). Nevertheless, the shift
is typically insignificant compared to that resulting from modulating the aspect
ratio (Figure 2.1c and 2.2b).

The dielectric function of gold can be directly engineered via doping or al-
loying with another material, which provides a handle for optimizing the LSPR
wavelength and the Joule number. In particular, when a plasmonic metal
(e.g- Au, Ag, and Cu) is alloyed with a non-plasmonic metal (e.g. Ti and Fe), the
LSPR typically becomes damped due to increased lattice scattering, which re-
sults in the alloyed material being more “lossy” and potentially exhibiting a
larger Joule number. Despite being applied in photonics,’* this approach of
dispersion engineering has not been implemented in thermoplasmonics and
careful evaluation is needed to assess its applicability. In particular, the
damped LSPR could be significantly broadened which could lead to a notable
decrease in absorption cross-section at the LSPR wavelength.

Furthermore, entirely new properties and functions can arise by carefully
combining functional materials. For instance, in a seminal work on plasmonic
hot-carrier chemistry, silver nanocubes are coupled to NPs of a wide-bandgap
semiconductor (TiO,) which are proposed to be capable of extracting the hot
electrons from the LSPR of silver nanocubes to enhance photocatalytic water
splitting reactions.”” This is not possible with either material alone.

Designing hybrid Au NPs with multiple functionalities is of particular
interest in biomedical fields, where service life cycle design is crucial for
in vivo applications. In particular, non-negotiable requirements have to be
fulfilled, including high solubility in aqueous media and high biocompati-
bility. On top of that, the NPs have to perform the predefined function
specifically and efficiently. Since biological systems are highly complex in
nature, the ideal NPs will be able to cope with the complex environment
while being transported to the target region and triggering a specific task on-
demand. This can only be achieved by incorporating and optimizing mul-
tiple functionalities from various functional molecular, polymeric, and
material components on the NP platform, e.g. targeting cells, evading im-
mune response, generating heat, and delivering drugs."

2.3.4 Classification of Hybrid Gold Nanoparticles

Gold nanostructures can be generally classified into three main categories,
namely (1) homogeneous Au NPs, (2) heterogeneous Au NPs, and (3) Au NP
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assemblies. While categories (1) and (2) mainly concern individual NPs, cat-
egory (3) includes assemblies of Au NPs exhibiting collective properties that are
not found in their disassembled counterparts. From (1) to (3), there is a general
increase in length scale and material complexity owing to the increase in the
number of components made of different materials across the categories. The
dimension of anisotropy varies rather independently both across and within
the categories, with the exception of NPs of very low symmetry, which can only
be found in the larger length scale regime (Figure 2.4c, f and i). This is due to
the relatively low stability of NPs of low symmetry in the small length scale
regime owing to surface and lattice effects. It is noted that a similar classifi-
cation framework for Au NPs in biomedical applications has been proposed in
ref. 1. By comparing and contrasting the two frameworks, we can identify
structural features that are generally critical to most applications, as well as
those that are specific to thermoplasmonics.

2.3.4.1 Homogeneous Au NPs

Homogeneous Au NPs refer to NPs that contain only gold within the con-
struct. This is the simplest class of Au NPs, which are chemically stable, highly
biocompatible, and easy to functionalize using thiol and amine chemistry.
The Au NPs are typically stabilized by a self-assembled monolayer of ligand
molecules, which prevents them from aggregation and sintering. With the
actual wavelength depending on their size and shape, they exhibit well-
defined LSPR owing to the absence of other LSPR-damping materials.
Spherical Au NPs (Figure 2.4a) are commercially available with d = 2-200 nm
and a wide range of ligands. They remain the most popular choice for ther-
moplasmonics and many other applications. Moving up along the anisotropy
dimension, there exists a wide variety of Au nanocrystals with different shapes
(Figure 2.4b-c), ranging from classical spheres® to cubes,>” rods,’® plates,”
cages,’® and stars.®" As discussed in Section 2.3.2.1, engineering the shape
anisotropy is an effective means to modulate the LSPR wavelength, particularly
shifting it to the NIR range, which is beneficial to in vivo applications.

2.3.4.2 Heterogeneous Au NPs

Heterogeneous Au NPs are NPs consisting of gold and at least one other
material. As a classical example in this category, core@shell NPs
(Figure 2.4d) are NPs with a core of typically gold encapsulated inside a shell
of various materials.®>®® The shell layer can be made of polymers® or in-
organic materials®® and can be used to enhance the thermal, chemical, and
colloidal stability, biocompatibility, and anti-fouling properties of the NPs.
Furthermore, it can be used to load and release drugs on-demand upon
chemical stimuli, as well as to anchor cell targeting moieties for hyper-
thermia therapy.

Moving up along the anisotropy dimension, Janus NPs (JNPs, Figure 2.4e)
emerge as the next representative subclass that exhibits material anisotropy.
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A JNP consists of a core that is only partially coated on one side or coated by
a different material on each of the two faces, which results in a break of
mirror symmetry on the NP. As discussed in Section 2.3.2.2, photothermal
effects can be concentrated on only the gold-coated face of an Au-SiO, JNP
and thus give rise to thermophoretic effects for fuel-free self-propulsion*’*®
and microscale pumping applications.® As a basic asymmetric NP, JNPs can
also serve as key intermediates toward more complex asymmetric NPs; such
as Au NP@Si0, nanocups®® and other advanced nanomachinery.®”

At the higher end of the complexity dimension, heterogeneous Au NPs
consist of multiple materials (including metals, alloys, ceramics, magnetics,
and polymers) with different material composition and distribution, which
are broadly classified as hybrid Au NP systems, as illustrated by the self-
assembled aluminum porous structure decorated with Au NPs for broad-
band absorption in solar steam generation and desalination (Figure 2.4f).%®

2.3.4.3 Au NP Assemblies

Au NP assemblies are ensembles of Au NPs exhibiting collective properties
and behaviors that are different from the individual building blocks. Add-
itional structural parameters are often required to describe the arrangement
of NPs within the assemblies, including interparticle spacing, number of
NPs per assembly, and degree of ordering.

Clusters of Au NPs (Figure 2.4g) represent ensembles of Au NPs that are
aggregated to form a well-defined secondary nanostructure, which can span
a wide range of morphologies from spherical clusters®® to three-dimensional
open networks,”””" two-dimensional nano-films’* (Figure 2.4h), and even
one-dimensional nano-chains. Hybrid clusters can be formed by self-
assembly or co-aggregation of Au NPs and other nanomaterials. As dis-
cussed in Section 2.3.1.2, aggregation of NPs can give rise to plasmonic
coupling effects and collective photothermal effects, impacting the photo-
thermal properties and performance of the system.

Devices made of multiple components of different materials arranged in a
hierarchical, highly ordered, pre-designed fashion reside at the higher ends
of all three fundamental structural dimensions. In the context of thermo-
plasmonics, Au or other plasmonic nanostructures will be employed as the
active photothermal component, as illustrated by an array of Au nanopads
on an Au-Al,O; substrate for thermophotovoltaics (Figure 2.4i).>°

2.4 Applications

The ability to rapidly generate localized heat is very useful and, as a result,
there are a wide range of potential applications for photothermal Au nano-
structures. Some of these applications are well established and have been
researched extensively, such as cancer treatment and drug delivery, while
others are only just starting to be explored. This section attempts to give an
overview of the key applications and to highlight how the characteristics of
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the classification framework influence the performance of Au nanostruc-
tures in the areas of biomedicine, nanofabrication, solar steam generation,
catalysis, thermophoresis, and functional materials.

2.4.1 Biomedical Applications

Biomedical applications have been the primary area of research for photo-
thermal Au nanostructures thus far. Consequently, it is also the field in which the
widest range of different Au nanostructures has been studied. Here we sum-
marize the use of Au NPs for hyperthermia, drug delivery, photoacoustic im-
aging, cancer therapy, cell fusion, and some of the new emerging applications.

2.4.1.1 Hyperthermia

It was first reported that heat could be a potential cancer treatment in 1866,
when Wilhelm Busch discovered that a high fever in one of his patients had
resulted in the disappearance of a sarcoma.'® Current cancer treatment
methods include chemotherapy, radiotherapy, immunotherapy, and sur-
gery. These methods can have inadvertent side effects, and risk damaging
healthy cells. Hyperthermic cancer therapy can be used to cause apoptosis of
cancer cells, in conjunction with radiation or chemotherapy. However, there
are side effects of hyperthermia if the heat generation is not specific.*'
Therefore it is beneficial to deliver localized hyperthermia using photo-
thermal NPs, particularly plasmonic NPs which can be engineered so that
their resonant wavelength is within the “biological window” (650-1100 nm),
where the least blood and tissue attenuation occurs.”'

There are two methods by which Au NPs can be delivered to a tumor site
for photothermal therapy: local injection and delivery by the enhanced
permeability and retention (EPR) effect.'®”®>””> The EPR effect is the process
by which Au NPs accumulate at tumor locations due to leaky immature
vasculature (Figure 2.5a and b). They are then brought into the tumor cells
via non-specific receptor-mediated endocytosis. To enhance this passive
cellular uptake, Au NPs can have surface modifications (i.e. increase in
complexity, 3rd structural dimension (SD3)). For example, binding thiol or
amine groups to the surface of Au NPs can enhance cellular uptake due to
their affinity for cellular membranes. When looking at the tumor penetrating
abilities, Au NPs with sizes ranging from 20 to 100 nm have been tested
(i.e. length scale, SD1).”®”” The smaller Au NPs (<20 nm) are cleared from
the extracellular fluid environment too quickly, and the larger Au NPs
(>100 nm) have a limit on the distance they can travel from the blood vessels
to the tumors, therefore an optimal size needs to be determined.”®”’

When the Au NPs are positioned at the target site and illuminated, the
absorbed light energy is converted into heat, which induces necrosis or
apoptosis of cancer cells. Due to their ease of synthesis and ligand conju-
gation, spherical Au NPs were among the first classification to be studied for
photothermal therapy.” The surface of Au NPs can be modified, for example
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Figure 2.5 (A-B) Illustration of nanoparticle delivery by the enhanced permeability and retention (EPR) effect. Tumor vessel walls (B) are
more permeable than normal vessel walls (A) due to gaps between the endothelial cells. This allows nanoparticles to
accumulate at tumor sites. Reproduced from ref. 75 with permission from Dove Medical Press, Copyright 2015. (C) Absorbance
spectra of an Au nanorod solution. The inset shows a schematic of the transverse and longitudinal surface plasmon resonance
(SPR) modes, which correspond to the two absorption peaks, respectively. (D) Comparison of the absorbance spectra of Au
nanospheres and rods. The LSPR increases as the aspect ratio of the nanorod increases (blue <orange < pink). Reproduced
from ref. 80 with permission from Chinese Laser Press, Copyright 2013.
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with single-stranded DNA and cytochrome c, for pH-responsive Au NPs.”®
However, the absorbance peak of Au NPs is in the visible region, which
cannot penetrate deep tumors, making them less ideal for in vivo studies.”®
Since near-infrared (NIR) light has good transparency through the body, it is
beneficial for the LSPR of the Au NPs to be within the NIR window. Con-
sequently, increasing the anisotropy (SD2) should be considered to achieve
the maximal absorption at the desired wavelength regime (Figure 2.5c¢ and d).*
The temperature needed for full destruction of cancer cells in vitro can
vary depending on the type of cell but is generally in the region of 70-80 °C.
This can be readily achieved via plasmonic heating.

The increase in length scale (SD1) and/or anisotropy (SD2) (in part) per-
mits more absorption of light and hence results in stronger plasmonic
heating. In particular, Au nanorods (NRs), with higher anisotropy than
spherical Au NPs, have been investigated in a range of studies, due to the fact
that they can extend the resonant wavelength into the NIR region.>' Au NRs
have been modified with porphyrin and conjugated with trastuzumab to
increase the targeting selectivity and amplify the detecting effectiveness to
selectively destroy breast cancer cells under NIR laser.®" Alternative methods
for the targeted photothermal therapy treatment of cancer include conju-
gating the Au NR surface with polymeric networks,** carbonic anhydrase
1X,** sialic acid,®* and a cyclic peptide.®” It has also been demonstrated that
Au NRs can inhibit cancer cell migration by altering the actin filaments and
cell junction proteins. Gold nanoplates®® and nanocages®” have also been
shown to be successful candidates for photothermal therapy.

Conversely, increasing the length and/or anisotropy of the NPs affects the rate
of clearance from the body.*® So, as an alternative, Au nanoshells which are
either hollow or have different core materials such as silica or Au-sulfide can be
synthesized to increase the absorption cross-section in the NIR region.**'%
Alternative ways in which the length scale (SD1) has been increased are by
forming gold nanoparticle clusters'®™'% and gold nanoraspberries.'*®™""°
Research has found that Au nanoraspberries have a high heating efficiency in
both NIR regions, compared to Au nanospheres and NRs.'® To obtain further
tip-enhanced plasmonic properties, branched Au NPs, especially Au nanostars,
have been used for photothermal therapy, including photothermal immuno-
therapy for brain tumor treatment,"'! in uveal (eye) melanoma cells,'*> and
hippocampal cells,""* among many others."**"** Additionally, when compared
to gold nanorods and nanocages, gold nanohexapods demonstrated the lowest
cytotoxicity and highest cellular uptake, possibly due to their pure Au com-
position and the absence of toxic surface-capping ligands, making them
promising nanostructures for photothermal cancer therapy (Figure 2.6)."**

2.4.1.2 Drug Delivery

There has been significant interest in using plasmonic heating for light-
triggered drug delivery. Au NPs can enable targeted drug delivery using two
main methods (Figure 2.7). The first approach is to fabricate a capsule, often a
lipid vesicle, which contains gold nanoparticles and the therapeutic
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Figure 2.6 Comparison of the performance of different Au NPs for photothermal cancer treatment. (A-C) TEM images of Au nanohexapods
(A), Au nanorods (B) and Au nanocages (C). The 50 nm scale bar applied to all images. (D) 18F-flourodeoxyglucose positron
emission tomography/computed tomography (18F-FDG PET/CT) co-registered images of mice injected with aqueous suspensions
of PEGylated nanohexapods, nanorods, nanocages, or saline. Tumors were treated either with (left, circled and arrow) or without
(right, circled) laser irradiation. (E) Plot showing 18F-FDG PET/CT standardized uptake values (SUVs) in laser-treated and
nontreated tumors. (F) Plot showing the ratios of laser-treated tumors to nontreated tumors 18F-FDG SUVs.

Adapted from ref. 124 with permission from American Chemical Society, Copyright 2013.
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Figure 2.7 Tllustration of the two main methods of plasmonic nanostructure triggered drug delivery. (A) Therapeutic molecules are
encapsulated in a vesicle modified with Au nanostructures. Laser light is used to generate heat which ruptures the capsule and
releases the drugs. Adapted from ref. 133 with permission from Elsevier, Copyright 2017. (B) Plasmonic heating is used to alter
the permeability of the cell membrane and enable the transport of therapeutic molecules into the cell.

Reproduced from ref. 139, https://doi.org/10.1038/srep22686, under the terms of the CC BY 4.0 license, https://
creativecommons.org/licenses/by/4.0/.
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molecule.’* "% This could be a nucleic acid, protein, gene, or drug, such as
doxorubicin, dipyridamole, curcumin, or insulin.'”® Heat generated from
irradiating the Au NP can then be used to rupture the wall of the capsule and
release the therapeutic molecule at the target location. The temperature at
which the capsule starts to rupture depends on the structure but it can be as
low at 33 °C for lipid membranes.'*® The second approach is to use plasmonic
heating to alter the permeability of cell membranes to allow the injection of
molecules that are normally unable to pass into cells."*"'*”""* This method
has recently been used to selectively inject fluorescently tagged siRNAs
and isothiocyanate-dextran dye into rat retinal ganglion cells in vivo."*” The
process did not result in any cell death and opens up new opportunities for
the treatment of retinal degenerative diseases. Thus far, research in this area
has focused on small, simple nanostructures such as spherical nanoparticles
and nanorods. However, there has been an attempt to encapsulate gold
nanoclusters within reconstituted phospholipid bilayers to facilitate cellular
uptake, which induce larger temperature rises within cells."*® Furthermore,
increasing the complexity (SD3) of the nanostructures could lead to additional
functionalities such as hyperthermia, imaging, or self-propulsion.'*'

2.4.1.3 Photoacoustic Imaging

Photoacoustic imaging (PAI) is a biomedical imaging technique which
combines optical irradiation and ultrasound detection (Figure 2.8a).®'**"1**
In PAI, light-absorbing materials (either endogenous chromophores or
exogenous contrast agents) are irradiated with a short-pulse laser which
induces a rapid thermoelastic expansion of the surrounding tissue.'®"** This
thermoelastic expansion generates wide-band ultrasound waves which can be
detected with a transducer and processed to form an image. Au nanostructures
are popular photoacoustic contrast agents because of their strong and tunable
optical absorption and efficient heat generation. A wide range of different Au
nanostructures have been investigated with the aim of increasing the
absorption efficiency and tuning the resonant frequency to the wavelength
range of the biological window.'®'**1%71%2 A discussed previously, increasing
the anisotropy allows maximal absorption in the desired wavelength regime
(SD2).'*'° For this reason and due to their facile synthesis, Au NRs have been
used extensively in PAI research,'>'**'* while Au nanostars have been high-
lighted as superior photoacoustic contrast agents due to their geometry, which
offers long-term stability as well as high absorption efficiency in the NIR
spectral range.'*® The surface of Au nanostructures can also be modified to
enhance their affinity for particular cells (Figure 2.8b).">*

2.4.1.4 Multimodal Cancer Therapy

To make photothermal cancer therapy more effective, hyperthermia can be
combined with other features such as drug delivery and imaging via the for-
mation of multifunctional nanostructures (i.e. increase in complexity, SD3).">*
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(A) Illustration of photoacoustic (PA) signal generation. A short-pulse
laser is used to irradiate an optical absorber (Au NR here), which causes
an increase in the local temperature. An ultrasonic pressure wave is then
generated by the thermal expansion of the absorber. Reproduced from
ref. 143, https://doi.org/10.1186/s12929-019-0594-x, under the terms of
the CC BY 4.0 license, https://creativecommons.org/licenses/by/4.0/.
(B) In vivo non-invasive PA time-course coronal maximum amplitude
projection images of B16 melanomas using Au nanocages (NCs) bio-
conjugated with a [Nle4, p-Phe7]-a-melanocyte-stimulating hormone.
(a and e) Photographs of nude mice transplanted with B16 melanomas
before injection of (a) [Nle4, p-Phe7]-0-MSH- and (e) PEG-Au NCs. Time-
course PA images of the B16 melanomas after intravenous injection with
(b—d) [Nle4, p-Phe7]-o-MSH- (f-h) PEG-Au NCs. Reproduced from ref. 153
with permission from American Chemical Society, Copyright 2010.

For example, successful drug delivery has been achieved by coating triangular
Au nanoplates with thiolated, hairpin-forming oligonucleotides and/or thio-
lated AS1411, which are then loaded with doxorubicin (DOX), a chemother-

apeutic agent.

5% The triangular Au nanoplates are heated upon NIR
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illumination, which causes the hairpin sequences to denature, releasing the
DOX."®

More complex nanostructures can be synthesized to enable simultaneous
hyperthermia and drug release.'>® For example, Janus nanoparticles have
been used by combining Au NPs with a hydrophobic polydivinylbenzene
(PDVB) matrix,"”” and silica."”®'*® This enables hyperthermia to be
achieved through the photothermal effect of the Au NPs and drug release
from the additional material. The complexity can be further increased by
using multishell NPs. For instance, Au NRs coated with mesoporous silica
and then a thermosensitive polymer have been shown to release DOX upon
NIR exposure.

Photothermal therapy can also be combined with imaging, to allow visual
guidance of the treatment. Peptide-conjugated PEGylated Au nanotriangles
have been used for hyperthermia combined with computed tomography (CT)
and photoacoustic imaging (Figure 2.9).>° Triangular Au nanoplates have
also been used to enhance optical coherence tomography imaging while
thermally damaging Hela cancer cells.’®® Additionally, Au nanocubes have
been used as fluorescence probes for cell imaging.”’

Gold nanostars can be used for photothermal therapy combined with mag-
netic resonance imaging (MRI) when decorated on MnO, nanosheets,'®" for
photoacoustic imaging,'®® and CT imaging."® MRI, multispectral photo-
acoustic tomography (MSOT), and CT can also be combined with photothermal
therapy by using Au-Fe,C Janus NPs.'®* Additionally, polydopamine-coated
and perfluorohexane-filled Au core/hollow mesoporous silica shell particles can
combine photothermal therapy with a range of different imaging techni-
ques."®® These different nanostructures all show great promise for multimode
photothermal therapy for the treatment of cancer.

TGN <

3
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PEG ! 4
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Figure 2.9 Schematic illustration of peptide-conjugated PEGylated triangular gold
nanoplates (TGN) and potential use as a targeting photothermal therapy
agent to treat non-small cell lung cancer under the guidance of com-
puted tomography (CT) and photoacoustic imaging.

Reproduced from ref. 59 with permission from American Chemical
Society, Copyright 2018.
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2.4.1.5 Cell Fusion

Plasmonic heating can be used to fuse single cells or vesicles.
Fusion enables the transfer of genetic material between cells and the
transfer of molecular content between vesicles.'® This has a wide variety of
applications from fundamental research into membrane biophysics'”” to the
formation of novel hybrid cells.'®*'®” To fuse cells or vesicles, they first need
to be positioned next to each other. This can be achieved using an optical
trap or by coating nanoparticles in antibodies which have a high affinity to
the target cells and using these NPs to bind the cells together.'”'®® Once the
cells or vesicles are in place, an Au nanostructure positioned in the contact
area is irritated, generating heat which results in fusion of the cells or ves-
icles (Figure 2.10). In 2016, two living cells were successfully fused using
optical trapping and laser irradiation of a 150 nm Au NP located between the
cells.'”® After fusion, the syncytium created contained two nuclei and a
cytoplasm that consisted of a mixture of the cytoplasms of the two original
cells. The syncytium remained viable with a healthy metabolism for at least
4 hours after fusion. This field of research has received particular attention
in recent years because of its potential to enable reprogramming of somatic
cells by fusion to stem cells."®

10,166-171

2.4.1.6 Other Biomedical Applications

A diverse range of other biomedical applications for photothermal Au nano-
structures have also been proposed.’**°*'7*18% Thege include modulating
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Figure 2.10 Vesicle fusion mediated by plasmonic Au NPs. (A) Illustration showing
how two adjacent vesicles are fused by laser-induced heating of an Au
NP trapped between the vesicles. Fusion causes complete mixing of the
lipids and cargos. (B) Confocal images showing the same stages as
depicted in A. The scale bar is 10 uM.
Reproduced from ref. 168 with permission from American Chemical
Society, Copyright 2015.



60 Chapter 2

neural activity,'”>'”® accelerating wound healing,'”” preventing biofilm for-

mation on medical devices,"””'®" and treating acne.'’”* Most of these tech-
nologies are still at the early stages of development. However, there has been a
successful in-man trial of plasmonic photothermal therapy for the treatment
of coronary atherosclerosis.'” Silica core-Au shell NPs were delivered to the
target coronary artery via a bioengineered on-artery patch, and the site was
illuminated with NIR light after 7 days. The patients who had been treated
with the photothermal therapy displayed significant regression in coronary
atherosclerosis after 12 months and a lower risk of cardiovascular death
compared to patients who did not receive the treatment.

2.4.2 Nanofabrication

The ability of photothermal Au nanostructures to rapidly generate localized
heat has opened up a number of promising developments in the field of
nanofabrication. These include plasmon-assisted chemical vapor de-
position, nanopatterning, and additive manufacture.

2.4.2.1 Plasmon-assisted Chemical Vapor Deposition (PACVD)

Chemical vapor deposition (CVD) is a widely used thin-film deposition
technique in which a substrate is placed in a vacuum at high temperature
and exposed to one or more volatile precursors that react and adsorb onto
the surface. In traditional CVD, the entire substrate is kept at high tem-
peratures (400-1000 °C) for the whole process. In PACVD, Au NPs are ar-
ranged on the substrate before it is exposed to the CVD precursor and a low
power visible-wavelength laser is used to initiate plasmonic heating
(Figure 2.11a)."®> This enables controlled, localized deposition of the ma-
terial. This technique has been used to fabricate PbO'®* and Si nanowires,*
TiO, microstructures,*®* and carbon nanotubes.>>*%

2.4.2.2 Nanopatterning

Plasmonic heating can also be employed to create nanoscale patterns in
materials.”>**'%* When a tightly focused laser beam is applied to a nano-
particle, optical forces are exerted onto the particle which can cause it to
move.”>'® Combining this effect with plasmonic heating can result in
controlled, localized phase changes. This idea has been used to mill precise
grooves in a PVA film via localized thermal decomposition of the polymer
layer, which occurs at 520 °C.'** The melting point of glass is too high
(1400-1600 °C) to use this technique to produce nanopatterned glass sub-
strates. However, an alternative method has been developed which combines
plasmonic heating and chemical etching. In this method, an Au NP is placed
on a glass surface and surrounded by aqueous tetrabutylammonium hy-
droxide.”> When the Au NP is illuminated by a laser, the heat generated
causes structural modifications in the glass that result in localized etching
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Figure 2.11 (A) Schematic of the plasmon-assisted chemical vapor deposition
process (PACVD). A template of nanoscale Au structures laid down on
a substrate (top). The substrate is exposed to a gaseous environment
containing the CVD precursor in a carrier gas, and a laser is focused on
the surface heating the NPs (middle). Growth is initiated only on the
heated NPs (bottom). Reproduced from ref. 182 with permission from
American Chemical Society, Copyright 2006. (B) Fabrication of PDMS
nanowires using plasmonic Au NPs. (a, d, and g) Schematic illustrations
of the nanowire formation with linear (a), left circularly (d), and right
circularly (g) polarized light. (b, e, and h) SEM images of the PDMS
wires. The NPs that were used to form the wires are visible as bright
spots at the end of the structures. Reproduced from ref. 24 with
permission from American Chemical Society, Copyright 2013.

and the formation of nanocavities. The shape of the nanocavity depends on
the nanoparticle. In this work, spherical nanoparticles and nanotriangles
were used but more intricate patterns could be produced by increasing the
complexity of the NPs. This idea can also be used in the opposite way to
create patterns via the formation of solid or crystalline sections in poly-
mers.”*'®> For example, Au NPs have been used to form nanoscale poly-
dimethylsiloxane (PDMS) particles and wires through localized thermal
curing. The 82 nm Au NPs were heated up to 340 °C upon irradiation with a
2 mW laser. Optical forces were used to move the particle through the fluid
polymer precursor, and it was possible to form PDMS rings by applying
circularly polarized light (Figure 2.11b).

2.4.2.3 Additive Manufacturing

Further to nanofabrication and patterning, plasmonic heating can be used
to enhance conventional manufacturing processes by reducing reaction
times or improving material quality.”>*""**'®” Carbon-based photothermal
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sensitizers are commonly used to enhance the sintering of polymer powders
in additive manufacturing. However, their broad absorption spectrum
means that they can only produce black or gray objects. In 2018, Au nanorods
were coated with silica and mixed with polyamide powders to create stable
powders which were used to produce white and brightly colored 3D printed
objects.”’ The shape of the NRs was engineered to maximize the photothermal
efficiency (maximum efficiency of 0.86 4+ 0.6) and the composite powder dis-
played significantly improved light-to-heat conversion compared to con-
ventional carbon-black sensitizers.

2.4.3 Solar Steam Generation

Plasmonic heating with Au NPs can be used for solar steam generation,
which has a range of applications. One of the most promising of these ap-
plications is the production of clean water. 97% of the world’s water is salt
water, therefore desalination of salt water is an effective way to provide
people with fresh water.”® The current methods of steam generation rely on
either burning coal or other biological material to heat bulk water, which
causes pollution, or the use of optical devices to concentrate sunlight to boil
water, which is inefficient and expensive."®® Therefore, a clean and efficient
method is needed. Another application of solar steam generation is energy
production. Solar steam generation provides the possibility of a renewable
and accessible energy source, with potential for large-scale power supply.>®
Other possible uses include purification of wastewater, steam sterilization,
and for photo-heat-catalysts.>’

There are two systems which can be used for solar steam generation: the
suspending system where plasmonic NPs are dispersed in the water, and the
floating system in which the nanoparticles float on the surface of the water
(Figure 2.12)."® In both set-ups the plasmonic NPs absorb sunlight and heat
up the water due to the photothermal effect, producing steam.

2.4.3.1 Suspending System

The effect of increasing the size of Au NPs on the photothermal conversion
efficiency for solar steam generation has been investigated. Au NPs from
3 nm to 40 nm have been synthesized, and it was found that the photo-
thermal conversion efficiency was the highest for the largest Au NPs, which
agrees with the theoretical relationship between the Au NP size and the
photothermal power.”®

SiO, core-Au shell nanoshells have also been used in suspending photo-
thermal solar steam generation systems.”® Compared to a solution con-
taining carbon NPs, the solution containing SiO, core-Au shell nanoshells
started increasing in temperature much sooner (5 s vs 20 s) and reached a
higher temperature (steam temperatures of up to 140 °C after 10 minutes).>®
Au NPs within the size range of 10-30 nm have also been shown to have a
higher photothermal conversion efficiency for solar steam generation than
spherical graphite particles, and carbon nanotubes."®’
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Figure 2.12 Schematic illustration of the two main methods of solar steam generation. (A) The suspending system where plasmonic NPs
are dispersed in the water. (B) The floating system where the NPs float on the surface of the water.
Reproduced from ref. 188 with permission from the Royal Society of Chemistry.
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2.4.3.2 Floating System

To reduce loss of heat to the bulk of the water and improve the water vapor
conversion efficiency, the development of floating Au NP films began. In-
spired by skin and plant leaves, a self-assembling Au NP film at the air-water
interface was developed.'®® In this system the thermal energy from the Au
NPs is directly applied to the evaporative surface, resulting in a large evap-
oration rate while the bulk liquid temperature remains relatively un-
disturbed.™ A reusable film has been fabricated by depositing an Au NP
film onto air-laid paper which can be recycled many times while maintaining
a high (78%) evaporation efficiency.'”’

2.4.4 Catalysis

Catalysis is an area in which photothermal gold nanostructures could
make a significant impact. The rate of a chemical reaction typically de-
pends exponentially on temperature, as described by the Arrhenius

. Ea . . o
equation | k o< exp =7)) where £ is the rate constant, E, is the activation

energy, R is the gas constant, and T is the temperature. Consequently,
plasmonic heating can quickly and efficiently speed up thermally acti-
vated chemical reactions.'®*'°> However, in recent years there has been
significant debate over the underlying mechanism of photothermal
catalysis.'”>"*°? The discussion has focused on whether heat generation or
hot charge-carriers play a more significant role in the catalysis. Hot
carrier catalysis was first proposed in 2004.>°* Hot carriers are formed
when a metal nanoparticle absorbs a photon and promotes one electron
from below the Fermi level to a state high above the Fermi level.'®'%
The energy gained by the electron is equal to that of the incident photon
(a few electron volts in the visible-NIR range). The electron-hole pair
formed in this process only exists for tens of femtoseconds due to col-
lisions with other unexcited electrons in the particle. However, in that
time they can be transferred to molecules adsorbed on the surface of the
NP and activate chemical reactions.'*®?°° Plasmonic hot-carrier chemistry
has been an area of substantial interest over the last few years with re-
searchers suggesting it has applications in nanochemistry,?*>?%* water
splitting®>?9>?%® and artificial photosynthesis.”®’°° Regardless of the
exact mechanism, photothermal Au nanostructures are an exciting pro-
spect for the field of catalysis for a number of key reasons. Firstly, Au NPs
are already used as heterogeneous catalysts and incorporating plasmonic
heating would enhance their performance.?'’ Secondly, they can absorb
light with a broad range of wavelengths unlike traditional semiconducting
photocatalytic materials, such as TiO,, where the absorption is deter-
mined by the bandgap of the material."®® Lastly, the localized nature of
photothermal catalysis offers a very high level of spatial control over the
reaction that occurs.
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2.4.5 Thermophoresis

Thermophoresis is the migration of solutes in fluids in response to a tem-
perature gradient.”'" Photothermal Au nanostructures can be employed to
induce thermophoresis due to their ability to rapidly generate localized
heat.>'**'* Thus far this idea has been exploited in two main ways. It can be
used to move and position plasmonic NPs themselves which enables the
formation of hot spots for optical sensing.>***" Alternatively, by arranging Au
nanostructures on a surface, thermophoresis can be used to transport and
manipulate objects across the surface.*'®>*° In 2016, this idea was utilized to
enhance the performance of a microfluidic sensing chip.”*® An Au nanorod
array was used to generate convective flow within the microchannel which
increased the transport velocity of a test analyte, immunoglobulin G, through
the chip. The current interest in microfluidics and lab-on-a-chip devices is
likely to result in significant research into plasmonic thermophoresis.

2.4.6 Functional materials

Research into photothermal gold nanostructures has led to the development
of some novel materials. These fit into three main categories: shape memory,
self-healing, and sterilizing.

2.4.6.1 Shape Memory Polymers

Shape memory polymers (SMPs) are a class of polymers that can be de-
formed into a temporary shape and recovered to their original shape upon
external stimulus, most often a temperature change. Normally, the shape
change is initiated by direct heating of the material. However, researchers
have now started to incorporate Au nanostructures inside SMPs and exploit
plasmonic heating to trigger the shape change.”?’**® Both spherical
NPs***7**> and NRs**""***?*” have been successfully incorporated into SMPs.
However, Au NRs have been shown to achieve faster responses in
polyurethane-based SMPs than Au nanospheres.?”* This is due to their su-
perior photothermal efficiency which is a result of their increased anisotropy
(SD2). The additional benefit of using plasmonic heating to trigger a shape
change rather than general heating is that the temperature rise can be
localized. This enables spatially selective shape recovery which can generate
a number of intermediate shapes. This has been demonstrated using a
composite material consisting of poly(3-caprolactone)-surface functionalized
Au NPs loaded in a matrix of branched oligo(3-caprolactone) cross-linked
with hexamethylene diisocyanate (Figure 2.13a and b).>**

2.4.6.2 Self-healing Materials

Self-healing materials which contain photothermal Au nanostructures aim
to repair cracks or fractures in a way that mimics human skin.>***?%2%°
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Figure 2.13

(A-B) Spatially selective shape memory polymer. (A) Schematic illustration of spatially selective shape recovery and the
process of achieving intermediate shapes on demand. (B) Photographs showing a spatially selective shape recovery process at
room temperature by separate laser exposures on four sections of an Au NP-loaded polymer film stretched to 100%
deformation, with the film stepwise lifting a load 350 times its weight. Reproduced from ref. 224 with permission from the
Royal Society of Chemistry. (C-F) Tri-layered, light-triggered healable, conductive membranes made from reduced graphene
oxide and silver nanowires deposited on an electrospun fibrous composite of Au nanoparticle-incorporated polycaprolactone
(Au@PCLx/rGO/Ag FM). SEM images of Au@PCLx/rGO/Ag FM with a typical crack (C) and two cracks after local heating (D-F).
Reproduced from ref. 229 with permission from the Royal Society of Chemistry.
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The Au NPs are embedded in a thermoplastic polymer and when damage
occurs, laser light is shone on the affected area to initiate plasmonic heating.
This softens or melts the surrounding polymer and allows it to heal the
crack. In 2016, a flexible, conductive membrane was fabricated by depositing
reduced graphene oxide and silver nanowires onto an electrospun fibrous
composite of Au nanoparticle-incorporated polycaprolactone (Figure 2.13c-f).>*°
After being cut with a scalpel, the membrane was irradiated with 532 nm light
and was able to regain its structural and electrical properties without any loss
in surface conductivity. This type of self-healing behavior has also been in-
corporated into shape memory polymers to create multi-functional materials.**’
So far, only spherical NPs have been used for plasmonic heating-controlled
self-healing but increasing the length scale, anisotropy, or complexity of the
particles could result in improved performance or enhanced functionality.
However, cost and ease of synthesis are also important considerations when
developing novel materials.

2.4.6.3 Sterilizing Materials

Bacterial biofilm formation on surgical equipment and implants is an
increasing problem as antibiotic resistance grows. As discussed in
Section 2.4.1.1, plasmonic Au nanostructures can cause hyperthermia and
thus Kkill bacteria. Therefore, there has recently been interest in adding Au
NPs to the surface of surgical materials to prevent biofilm formation.?*' %
In 2019, a proof-of-principle study was published in which polypropylene
surgical meshes were coated with Au NRs and then exposed to a biofilm of
Staphylococcus aureus bacteria.>** After applying a train of light pulses to the
Au-modified mesh, the number of viable bacteria decreased by 99.5%.

2.5 Conclusions and Outlook

Remarkable recent advances in nanoparticle synthesis and nanofabrication,
underpinned by progress in characterization techniques and fundamental
theories, have resulted in novel gold nanoparticles (Au NPs) that possess
unprecedented physicochemical properties and multi-functionality. In par-
ticular, their ability to convert light to heat, a.k.a. plasmonic heating,
promises great potential for diverse applications including biomedicine,
nanofabrication, solar steam generation, catalysis, thermophoresis, and
functional materials.

The development trend of thermoplasmonics in academia can be reflected
in the number of publications containing Au NPs and other closely related
keywords (Figure 2.14a). Overall, this area of research is booming with the
number of publications reaching 10° per year (over 20% possession rate
among all types of thermophotonics). It is interesting to note that one-third
of publications (i.e. 30% possession rate) were thermoplasmonics in the
field of thermophotonics by 2015. Recently the possession rate decreased
down to 20%, but the number of publications remains ca. 10 per year.
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Figure 2.14 Growing popularity of thermophotonics and thermoplasmonics.
(a) Number of academic articles published containing the terms
“nanoparticles” (NPs, black), “gold nanoparticles” (Au NPs, red),
“thermophotonics” (blue), and “thermoplasmonics” (green) since
1995. (b) Possession rate of Au NPs vs NPs (red) and thermoplasmonics
vs. thermophotonics (blue).

Source: Web of Science, as assessed on 23rd February 2021.

This can be attributed to the growing diversity of material systems and
energy conversion mechanisms in the research field of thermophotonics,
while thermoplasmonics has been positioned as a steady seller. Further-
more, the trend of diversification is also reflected in nanoparticle research.
In particular, the possession rate of Au NPs within the NP literature has
declined slightly over the past decade, but the number of publications has
remained around 10" per year. This is accompanied by the raise in the share
of hybrid Au NPs as well as alternative plasmonic materials (e.g. Cu, Ag, Al,
and Mg) and dielectric resonators (e.g. Si and TiO,) in the NP literature
(Figure 2.14b). This observation indicates that the focus of the field is
shifting toward the development of diverse photothermal NPs, but the
plasmonic heating with Au NPs still holds great interest in academia.

The rapid evolution of thermophotonic nanomaterials, especially ther-
moplasmonic nanoparticles, motivated us to shape a new classification
framework for primary nanomaterials, i.e. Au NPs based on their funda-
mental dimensions (length scale, anisotropy, and complexity, Figure 2.4).
Categorization systems such as this demystify the wide range of geometries
available and provide a systematic tool for designing new shape engineered
Au NPs. In the practical aspects, the framework can facilitate convenient
comparison and benchmarking of novel Au NPs against well-established Au
NP systems. Moreover, it could also aid reflection on the future direction of
Au NPs for research in thermophotonics with regard to the balance between
exploring complex new materials and exploiting well understood existing
materials in both fundamental and practical contexts.

In the latter part of this chapter, we discussed how plasmonic heating can
be utilized for various applications based on the axis of the classification
framework. In particular, we have extensively discussed the role of plasmonic
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heating for biomedical applications, illustrated by the proof-of-concept ex-
periments of cell therapy (including hyperthermia, drug delivery), photo-
acoustic imaging, and cell fusion. However, we point out that, despite the
huge volume of research on this topic, the number of Au NP systems finding
their way into general use remains insignificant.**® Especially, in vivo use of
Au NPs in humans has not been approved by the Food and Drug Adminis-
tration (FDA).>*”

Moreover, photothermal Au NPs find a multitude of uses in other new
emerging applications, such as nanofabrication, solar steam generation, ther-
mophoresis, catalysis, and functional materials, although there are still several
challenges that need to be addressed. For instance, the ongoing ‘hot’ discussion
in photocatalysis needs to be clarified experimentally and theoretically. Another
interesting, and perhaps useful, study is hybrid nanomaterial systems com-
prising two or more functional materials. For instance, Au-Fe nanoparticles can
be plasmonically as well as magnetically active, where both functions can be
used for heating. In addition to utilizing them as nano-rheology probes,*** it
might be interesting to explore orthogonal or dual heating activation.

The field of thermoplasmonics has witnessed an impressive growth from
its humble beginning, where heating effects were considered an undesirable
phenomenon, to a promising diverse branch of study under light-matter
interactions, where control over ubiquitous photothermal effects becomes a
unique handle to trigger and modulate physiochemical events at the nano-
scale. Throughout the course of development, gold nanoparticles have
played an indispensable role in both fundamental studies and proof-of-
concept applications.

Advancement of the field will benefit from versatile nanofabrication
technologies that can materialize design of complex hybrid NPs. For in-
stance, recent development in nanoscale glancing angle deposition (nano-
GLAD) enables rapid prototyping of three-dimensional hybrid NPs with
programmable shape and composition.>**”**' Meanwhile, research in ther-
moplasmonics will also be facilitated by state-of-the-art nanoscale thermo-
metry. For instance, temperature-gradient control and mapping at the
subcellular level can be achieved by introducing Au NPs and N-doped dia-
mond nanocrystals into a single human embryonic fibroblast.?** The com-
bination of nanoscale plasmonic heating and thermometry unlocks huge
potential applications in life science and beyond.
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3.1 Introduction

Metal nanostructures have distinctive and captivating properties which enable
them to be used in an extensive range of applications across multiple research
disciplines. The size and shape of such materials are crucial parameters that
affect their properties and specific functions for different applications. In many
cases, shape offers much better flexibility in tuning the properties of metal
nanostructures as different nanocrystal shapes exhibit different physical and
chemical properties. For example, the surface plasmon resonance (SPR)
characteristics of gold nanoparticles can change dramatically due to their
different shapes, resulting in a change in color.' This can give rise to various
applications like sensing, imaging, surface-enhanced Raman scattering, and
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photothermal therapy.>™ The type of facets exposed on the surface also affects
the catalytic activity and selectivity of Pt and Pd nanoparticles.”® This has
gained great interest and been used in major catalytic reactions, such as the
oxygen reduction reaction and formic acid oxidation.? Different bactericidal
properties of silver nanostructures against E. coli due to shape variation have
also been reported.” Synthesis of metal nanostructures with controllable
shapes had become an extensive area of research, as the demand for specific
metal nanostructures with a particular morphology grows.

Nanostructured metals with controlled morphologies can be easily prepared
as colloids through wet-chemical synthetic methods. For the past century,
synthetic protocols have been developed for preparations of colloidal metal
nanostructures with various shapes, dating back to 1857, when spherical Au
nanoparticles were synthesized and documented.® But it was not until the last
two decades that fabrication of highly complex geometrical metal nanostruc-
tures was achieved. Of all synthetic methods, the solution-based approach to
synthesize nanocrystals emerged, as it is able to produce nanostructures with a
wide variety of shapes, from simple geometries like rods and cubes, to more
complicated morphologies like cages and highly branched architectures.’ ">

In this book chapter, we will be focusing on metallic nanostructures with
anisotropically branched morphologies. This is a special class of metal
nanostructures, which can be effectively modified to suit the various appli-
cations. We will discuss the various synthesis strategies of these anisotropic
branched metallic nanostructures in Section 3.2. We will investigate how the
morphologies affect the optical properties in Section 3.3, and the various
photothermal therapeutic applications in Section 3.4. Lastly, the conclusions
and a future perspective are appended in the final section.

3.2 Strategies for the Synthesis of Anisotropic
Branched Metallic Nanostructures

Through appropriate choice of the synthetic method and finetuning of the
experimental conditions, one can obtain nanostructured materials of the
targeted size and shape. For branched metallic nanostructures, the mech-
anism of branch formation depends greatly on the type of synthetic ap-
proach used. In this section, we focus on the different synthetic protocols
based on wet chemistry, which have been reported to successfully prepare
anisotropic branched metallic nanostructures. We classify the protocols into
5 main strategies, (1) seeded growth, (2) seedless growth, (3) templated
growth, (4) chemical etching, and (5) green methods.

3.2.1 Seeded Growth

The seeded growth methodology is one of the approaches used in traditional
crystal growing.” It utilizes pre-synthesized seeds as nucleation points for
growth of anisotropic branched metallic nanostructures. This method re-
quires an additional step of synthesis, as it distinctly separates the nucleation
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event from the growth. This separation might be considered as inconvenient,
but it allows precise control of the size of the nanocrystals.'* The morphology
of the targeted nanostructures can also be controlled with the change of size,
shape, and composition of the seeds, with this strategy.

One of the classical examples of the seeded growth methodology is by
reducing HAuCl, in the presence of cetyl-trimethylammoinium bromide
(CTAB) as a surfactant and silver salt, to form gold nanorods. A thin layer of
silver bromide (from silver salt with CTAB) is formed epitaxially on Au {111}
and promotes the growth of gold nanorods with {111} facets. Through
careful tuning of the concentration of the different reagents, Murphy’s group
was able to synthesize short Au nanorods, ranging from 20 to 100 nm (aspect
ratio from 2 to 4) in high yield.">"°

Xia and co-workers'” also reported the successful formation of Au nano-
hexapods from Au nanocrystal seeds. They synthesized the gold nanohexapods
by reducing HAuCl, using dimethylformamide (DMF) in water, in the presence
of octahedral-shaped Au seeds. The Au atoms nucleated and grew favorably
from the 6 vertices of the nano-octahedra, forming the Au nanohexapods. The
arm lengths of the nanohexapods can be controlled by varying certain experi-
mental parameters such as temperature and the amount of HAuCl, added.
Another group, Skrabalak et al.'®*° managed to produce an Au-Pd bimetallic
nanocrystal that has an Au-rich interior with Pd-rich exterior (Figure 3.1A). This
was done by co-reduction of HAuCl, and H,PdCl, using ascorbic acid, in the
presence of pre-synthesized Au nano-octahedra. As the reduction potential of
HAuCl, is higher than H,PdCl,, Au was deposited on the Au seeds first, followed
by the deposition of Pd at the tip of the branches. Interestingly, the branches
grow from the eight {111}c facets, rather than the 6 vertices, as mentioned
above. Through further investigation, the octahedral Au seeds undergo
restructuring to form a cubic structure before the formation of the arms. Hence,
the eight branches were grown from the eight vertices of the intermediate cubic
structure. Another noteworthy observation is that the morphology of the
bimetallic nanocrystal can be tuned by a simple change in the pH, resulting in
nano-octapods, concave nanostructures, and nano-octahedra.

Stabilizers like poly(vinylpyrrolidone) (PVP) are also sometimes used in the
synthesis of branched anisotropic nanostructures. The addition of PVP con-
trols the reduction kinetics of AuCl,  ions on the Au seed surfaces. Hence, the
rapid, kinetically controlled growth along the preferred crystal facets enables
the formation of branched Au nanostructures with pointed tips. For example,
gold nanostars can be obtained through this method, through careful control
of PVP and DMF ratio.>""** Khoury and co-worker>* reported the use of PVP
and DMF with HAuCl, to obtain high-yield gold nanostars. Figure 3.1B shows
the growth of the nanostars from the gold seeds. They suggested that the
growth mechanism involves two stages: first, a rapid growing phase after
nucleation of Au seeds. This rapid growth phase allows the formation of
shallow protrusions that originate from the surface and develop distinct
branches. Second, a gradual growth which mainly involves the deposition of
gold on the protrusions, forming the branches of the nanostars.
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Figure 3.1 Seeded growth of anisotropically branched metal nanocrystals. (A) Sche-
matic representation that illustrates the synthesis of Au-Pd nanocrystals
from Au seeds. Adapted from ref. 19 with permission from American
Chemical Society, Copyright 2014. (B) TEM images of nanostar formation
over time. Reproduced from ref. 22 with permission from American Chem-
ical Society, Copyright 2008.

3.2.2 Seedless Growth

Seedless growth is also another commonly used strategy for anisotropic
branching of metal nanostructures. It has gained its popularity due to its
facile one-pot approach, as well as its high versatility and capability. How-
ever, the size and morphology of the nanostructures may be affected by the
in situ formation of the metal core and subsequent branching, as the rates of
nucleation and growth compete with each other. Another critical challenge
is the need to break the highly symmetrical fcc structure of metals for the
formation of these anisotropically branched structures. In this subsection,
we will discuss how twin defects, ions, ligands, and polymorphs have been
used to facilitate the growth of such nanostructures via the seedless route.

3.2.2.1 Twin-determined Branching

A twinned crystal is formed when two or more separate crystals intergrow
together symmetrically. This could happen when there is erroneous at-
tachment of adatoms, resulting in crystals separated by the twin boundary.
Metals with low stacking fault energy are most vulnerable to twinning. For
example, fcc metals are more prone to forming thermodynamically favored
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nanocrystals with five-fold symmetry in very small sizes. However, the
twinned structure should not be sustained when the crystal grows bigger,
due to the dramatic increase of the strain energy, and single crystal struc-
tures like truncated octahedrons are formed. With careful manipulation and
control of the growth conditions, a wide array of shapes can also be obtained
at larger sizes.

Yang and co-workers>* explored the roles of twin defects in the formation
of platinum multipod nanostructures. They determined that the number of
twinned planes formed at the initial stage of crystal growth will affect the
final morphology of the Pt nanostructures. Without the twin plane, the
initial cuboctahedral nanocrystals evolve slowly into octapods under con-
ditions promoting growth along the (111) directions (Figure 3.2(i)). However,
the presence of twin planes in the initial nanocrystal leads to different end
morphologies. In Figure 3.2(ii)-(iv), the initial nanocrystals with single,
five-fold, and multiply twinned planes transform into planar tripods, mul-
tipod structures with a rod like center, and monopod/multipod structures
with a sphere-like core, respectively. Notably, the twining events and growth
kinetics along the given directions can be drastically altered by changing the
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Figure 3.2 Twin-determined branching. Schematic illustration that shows the evo-
lution of Pt nuclei to nanostructures with various branched morpholo-
gies. The number of twin planes in the initially formed nanocrystals is
the determinant of the final morphology of the nanocrystal.
Reproduced from ref. 23 with permission from American Chemical
Society, Copyright 2007.
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reaction conditions (e.g. reaction temperature). This can trigger formation of
various branched nanostructures.

Xia’s group®* showed that the five-fold twinned Rh decahedral structure
that was formed initially evolved into a starfish-like morphology under de-
sirable conditions. Using [{Rh(CF;COO),},] as the Rh precursor, ethylene
glycol as the reductant and PVP as stabilizers, the reaction mixture is heated
to 180 °C, and samples are collected at different intervals. At the initial stage,
the Rh nanocrystals formed are multiply-twinned five-fold structures, mostly
in a decahedron shape. The arms started to grow from the twin boundary
corners along the (110) direction, with further heating. Interestingly, this is
normally not observed in other noble metal systems, as the initial deca-
hedral nanocrystals typically grow axially along the five-fold twin junction,
forming elongated nanostructures, like nanorods and nanowires, with a
pentagonal cross-section.”'®**> The preferred elongation is due to prefer-
ential binding of capping agents on the {100} facets of the growing nano-
structures. However, in the Rh decahedral nanocrystals, the PVP is not able
to effectively bind on the {100} side faces, hence, leading to a different
growth behavior. It is also noteworthy that irregularly shaped nanocrystals
are obtained instead of starfish-shaped ones when [{Rh(CF;COO),},] is re-
placed with NazRhClg as the Rh precursor. The Cl ions in NazRhClg will be
released during the reaction and cause oxidative etching during the nucle-
ation and growth processes when oxygen is present. This oxidative etching
makes it difficult to obtain a twinned nanocrystal as twin defects are highly
susceptible to oxidation and dissolution.

3.2.2.2 Ion-assisted Branching

Ion-assisted branching occurs whereby specific ions, which can be either
cationic or anionic, are added to direct and mediate branching. Han et al.*®
used copper species as the reducing agent, instead of classical reducing
agents such as citric acid or hydrazine, in the colloidal preparation of Au
nanocrosses. The copper species also plays an important role during the
nucleation stage. They direct the gold branches to grow along the (110) and
(001) directions and secondary branching along (111), forming nanocrosses.
With the careful choice of the Cu species, the size of the cross-shaped Au
obtained can be controlled, due to the difference in the reduction rate.
Cheng’s group®’ revealed that spiky, urchin-like Au nanostructures can be
obtained with the use of Ag” to induce branching, shown in Figure 3.3A. The
Au nanostructures are produced from mixing HAuCl, and AgNO; with
moderate amounts of ascorbic acid in water. The ascorbic acid favorably
reduces [AuCl,]”, due to its higher reduction potential, to form Au nano-
crystals. Small amounts of Ag™ are then reduced and deposited on the
surface of the Au nanocrystals. These Ag® atoms function as active sites and
promote the growth of branches from the nanocrystals, resulting in the
formation of anisotropic Au nanostructures. Fewer and larger spikes on the
Au nanostructures can be observed when a decreasing amount of Ag" is
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Figure 3.3 Ion-assisted branching. (A) Schematic illustration of the Ag™-mediated

growth of branched Au nanocrystals. By varying the Ag™ concentration, the
size and shape can be controlled. The TEM images of the resulting
nanostructures are shown on the right. Reproduced from ref. 27 with
permission from the Royal Society of Chemistry. (B) NO; mediated growth
of branched Pt nanocrystals. The TEM image on the left shows the
spheroidal Pt nanocrystals that were obtained in the absence of NO;™.
The effect of increasing the NO; ™ concentration is seen on the right. The
HRTEM images (a and b) and the corresponding models (c and d) show
that the growth of Pt nanocrystals was substantially enhanced at the ridges
and corners to form multipods. Reproduced from ref. 28 with permission
from American Chemical Society, Copyright 2004.

used. Conversely, when the Ag” concentration is too low, no spikes are
obtained, resulting in popcorn-like nanostructures.

Other than cations, anions can also be used to assist in branching for
anisotropic nanocrystals. Xia’s group,®® for instance, reported that the for-
mation of such anisotropic Pt nanocrystals can be controlled by the addition
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of nitrate ions (NO; ) to the polyol system. The concentration of nitrate ions
present in the system has a shape-directing effect, as shown in Figure 3.3B.
When no nitrate ions are present, only irregular spheroidal Pt nanocrystals
were obtained. As the concentration increases, the facets get more defined
and eventually, with sufficiently high concentrations, multipods are formed.
It was suggested that the Pt** reduction pathway was altered by the NO; ™,
leading to the formation of anisotropic nanostructures. Absorption
spectroscopy data show that there is an in situ reduction of NO;~ to NO, ™,
which has a strong binding affinity with Pt ions, forming nitroplaninate
complexes. This substantially decelerates the reduction of Pt ions to Pt°,
which alters the reaction kinetics and growth rates associated with different
crystallographic facets of the Pt nanostructures, resulting in anisotropically
branched nanostructures.

3.2.2.3 Ligand Directed Branching

Ligands (e.g. PVP) are well-known to be added to control the shape and sizes
of nanostructured materials. They have functional groups that can be
chemically bound to the nanocrystal structures. This binding helps to
facilitate the formation of branches, as it lowers the energy and slows the
growth rate of the bound facet relative to others. Zheng et al.>® were able to
generate octapod-shaped Pt nanocrystals with exposed {411} high-index
facets by introducing a surface-controlling ligand, methylamine. Both PVP
and methylamine are used in the synthesis system as capping agents. When
only methylamine is present, highly aggregated Pt octapods are obtained,
showing that the main role of PVP is to prevent such aggregation of Pt
nanocrystals (Figure 3.4A). Meanwhile, when only PVP is used, mixed
morphologies of Pt nanocrystals are obtained, showing that methylamine
plays a crucial role in the octapod fabrication. Their results show that the
methylamine can bind selectively to the high-index {411} facets of Pt during
growth. The degree of concavity is also observed to be lowered significantly
when the amount of methylamine is reduced. Chen and co-workers®’
showed that synthesis of Pd tetrapods is possible by using the amino acid
arginine. Arginine is able to favorably chemisorb on Pd {111} facets and
modifies the reduction kinetics of the Pd precursor.

Tilley’s group®" was able to demonstrate that the final morphology of the
Pd nanocrystals can be modified through varying the nature of surface
capping ligands. The icosahedral Pd nanostructures were obtained when
oleylamine (OM) was used exclusively, suggesting that growth happens
thermodynamically. Yet when oleic acid (OA) is introduced with oleylamine
(1:1 ratio of OA:OM), anisotropically branched Pd nanostructures are
formed. As the carboxylic acid functionality of OA has weaker bonding to Pd
than the amine moiety of OM, the presence of OA destabilizes the system,
allowing kinetic growth of nanostructures, leading to branched morphology.
It is noted that the multipod arms grow in the direction where OA molecules
bind themselves weakly to the faces of the structure.
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Figure 3.4 Ligand-directed branching. (A) TEM images of Pt nanocrystals. The concav-
ity of the Pt nanocrystals increases with more methylamine (ligand) added.
Reproduced from ref. 29 with permission from American Chemical Society,
Copyright 2011. (B) Schematic depiction and TEM images showing
the ligand-controlled self-aggregation of Ir nanocrystals. Octadecylamine
(ODA), a ligand with weak binding affinity toward Ir, promotes the self-
aggregation of the weakly passivated Ir nanocrystals into nanodendrites. In
the presence of trioctylphosphine (TOP), the growth of well-passivated
quasi-spherical nanocrystals is favored. Reproduced from ref. 34 with
permission from the Royal Society of Chemistry.

The biological buffer molecule, HEPES (2-[4-(2-hydroxyethyl)-1-piper-
azinyl]ethanesulfonic acid), can be used as both a reducing and shape-
directing agent to synthesize high yielding anisotropic Au nanostructures,
as demonstrated by Lee et al.** The Au multipods fabricated have a selective
tip growth along (111) directions. From the results, it is deduced that the
piperazine group in HEPES is responsible for the adsorption of the molecule
to the Au facets, binding most weakly at the {111} planes. Another study
revealed that the HEPES molecules are able to self-assemble into long-range
ordered structures at high concentrations, aiding the formation of branched
Au nanostructures.’® Based on theoretical calculations from experimental
results, the HEPES molecule’s sulfonate group preferably binds to the Au
surface, and the free hydroxyl groups help with the self-assembly and bilayer
formation through hydrogen bonding.
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Choosing the appropriate ligands is also significant in the aggregation-
based assembly of small metal nanocrystals into anistropically branched
nanostructures. Ligands with weak to intermediate binding affinity to the
metal ion precursor or small metal nanocrystals generally work best in
forming highly branched nanostructures through this method. For
example, formation of dendritic Ir nanocrystals is demonstrated by Zou
and co-workers,** by using octadecylamine (ODA) as both the reductant
and capping agent (Figure 3.4B). The Ir dendrites are synthesized simply by
mixing IrCl; and ODA at 290 °C under a nitrogen flow for 15 minutes. Ir* " was
gradually reduced to Ir° at the initial stage of the reactions, enabling the
formation of small Ir nanocrystals. With further heating, the Ir nanocrystals
gradually self-aggregate and evolve into nanodendrites. The gradual reduction
is regulated by ODA due to their weak binding affinity. As the stabilization by
ODA is ineffective, Ir’ coalescences and self-aggregates themselves into Ir
nanocrystals. Only quasi-spherical Ir nanocrystals were obtained when a more
effective stabilizer, trioctylphosphine (TOP), was added with ODA. The strong
binding affinity of TOP enables the formation of a stable Ir** complex and
delays the nucleation process due to ODA impeding the reduction of Ir**.
Adding on, TOP enables the growth of nanocrystals to proceed through
atomic addition rather than self-assembly due to its ability to effectively cap
the surface of the initially formed nanocrystals. Such fabrication of aniso-
tropically branched nanostructures through ligand-controlled self-aggre-
gation is also reported in Pd nanodendrite synthesis.*”

3.2.2.4 Polymorphism-induced Branching

When the solid metal compound exists in more than one crystalline form,
polymorphism occurs. Hence, when the single crystal has more than one
polymorph, growth will occur in different directions and branching occurs.
Tilley’s group’® adopted the approach in synthesizing branched Ni nano-
structures, exploiting Ni metal’s inherent fcc-hcp polymorphism. Thermal
decomposition and reduction of nickel acetylacetonate in mesitylene, in
the presence of hexadecylamine (HDA) and trioctylphosphine (TOP) as
capping ligands, under a hydrogen atmosphere, yield Ni nanostructures
that consist of a fcc Ni core and alternating fcc and hep phase arms. It is
also noteworthy that the TOP ligand plays a crucial role in enhancing the
growth of the branched structure. From the study, truncated octahedral fcc
Ni nanocrystals are formed initially, which are bound by six {100} and eight
{111} facets. Out of the 2 types of facets, growth occurs only with {111}
facets due to the preferential binding of TOP molecules to the {100} facets,
leading to arms formation. The {111} fcc facets will grow to become {001}
hcp facets due to the presence of stacking faults along the [111] direction.
Kinetic growth conditions, phase stability, and surface energies are some
factors that are believed to contribute to the alternating fcc and hep phases
in the arms.
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3.2.3 Templated Growth

Anisotropic branching of nanostructures can also be synthesized through a
template-assisted growth approach. The template provides a structural
scaffold for the nanostructures to grow into the templates’ complementary
shape. Xia et al.’” successfully fabricated branched Au nanostructures by
using an array of magnetic Fe nanoparticles as templates. From their study,
it is shown that the Fe nanoparticles sis not only serves as a framework, but
also plays a part in the reaction and falls apart naturally to release the de-
sired product. The uniform quasi-spherical Fe nanoparticles self-assembled
on a magnetic stir bar to form a three-dimensional (3D) porous lattice
template. A galvanic replacement reaction between Fe and Au™ takes place
upon addition of AuCl, producing Au atoms. These Au atoms begin to
nucleate and grow into multipods within the void spaces of the porous
lattice. The magnetic attraction between the Fe nanoparticles is gradually
weakened due to the consumption of Fe and the volume expansion from Au
replacing Fe. This results in the eventual self-destruction of the template and
releases the Au multipods naturally. Any residual Fe nanoparticles can be
removed by acid washing of samples.

Liu and co-workers®® reported the use of graphene oxide (GO) nanosheets
as a scaffold to form highly branched Au nanostructures. GO is a two-
dimensional (2D) honeycomb lattice of carbon atoms with various oxygen-
containing moieties like carboxyl, hydroxyl, and epoxyl. In situ nucleation of
Au atoms happens at these functionality sites during ethanol-assisted
reduction. Subsequently, these oxygen-containing moieties also aid in
directing the growth of the nanostructures, leading to a well-defined struc-
ture being formed. Only irregular Au nanocrystals, without a well-defined
structure, were obtained when GO nanosheets were absent. Maroneze’s
group®”® also successfully obtained asymmetrical 2D gold nanostructures by
using GO nanosheets as a template (Figure 3.5). The GO was first treated
with cationic alkoxysilane to allow for adsorption of AuCl,” onto GO,
followed by in situ reduction of AuCl,” to form Au nanoparticles, which then
grow along the GO to form anisotropic 2D Au nanostructures. When the
reaction proceeds, the nanostructures get larger and start to coalesce
together to form a complete layer, resulting in anisotropic nanosheets.
One issue noted is that these Au nanosheets contain some defects, such as
holes and slits, as a result of a coalescence process.

Another template that has been used for this kind of synthesis in solution
is deep eutectic solvent (DES). DES is a type of ionic solvent that can form an
extended network through hydrogen bonding, allowing it to be used as a
template for nanostructure growth. For example, Sun’s group®® demon-
strated a method to synthesize branched Au nanostructures by reducing
HAuCl, with ascorbic acid in DES at 30 °C. It is noteworthy that the DES has
a triple role in the system, being a solvent, stabilizer, and liquid template.
The water content in DES can be carefully controlled to modify the
morphology of the Au nanocrystals, as it alters the structural features of the
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Figure 3.5 Templated growth of branched metal nanostructures. Schematic dia-
gram of (A) functionalization of graphene oxide (GO) and the formation
of the gold nanoseeds and (B) the evolution of the asymmetric 2D gold
nanostructure and (C-F) the respective TEM images.

Reproduced from ref. 39 with permission from the Royal Society of
Chemistry.

template. The morphology can transform from snowflake-like to star-shaped
to thorny when different water levels (no water, 5000 ppm, and >10 000 ppm
respectively) are present.

3.2.4 Chemical Etching

Branched nanostructures fabricated from a chemical etching approach are
created through selective dissolution of certain crystallographic facets using
etchants. Preparation of high yield and purity nanostructures with different
morphologies is possible with careful tuning of the etchant strength. As an
example, Yang et al.*' were able to fabricate a series of Ag nanocrystals
with different shapes using their highly selective etchant formulation. They
use a 9:1 NH,OH/H,0, solution that enables etching of {100} facets over
{111} facets of Ag nano-octahedra, with a high degree of selectivity. With
increasing concentration of the etchant, the preferential etching in the [100]
direction increases, converting the initial octahedral to octapod nanocrys-
tals, as shown in Figure 3.6A.

The amount of branching on Pt nanocrystals can be manipulated by precise
control of HCIl, by oxidative etching, as demonstrated by Xiong and
co-workers.*> A mixture of H,PtClg, PVP (as the stabilizer), KBr, ethylene glycol
(as the reducing agent), and water were heated in air for the Pt nanocrystals
preparations. With the addition of different HCI concentrations to the reaction
mixture, the crystallinity of the initial Pt nanocrystals and the modes of atomic
addition can be modified. The Pt nanocrystals formed initially are singly-
twinned triangular nanoplates which transform into nanotripods, when HCl is
not present. However, single-crystal cuboctahedral Pt nanocrystals are formed
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Figure 3.6 Chemical etching approach for branched metal nanostructures.
(A) Schematic depiction and SEM images showing the etching progress
of octahedral-shaped Ag nanocrystals using an etchant formulation
that preferentially etches in the [100] direction. Reproduced from
ref. 41 with permission from American Chemical Society, Copyright
2010. (B) Schematic depiction and TEM images that show the effect of
varying amounts of HCl on the extent of oxidative etching of Pt
nanocrystals. Reproduced from ref. 42 with permission from American
Chemical Society, Copyright 2012.

initially in the presence of HCL. These initial cuboctahedra then transform into
multiply branched structures, with an increasing number of branches when
increasing amounts of HCI are used (Figure 3.6B). This is explained as the
etching strength of O, and Cl™ are greatly enhanced by the acidity of HCI,
hence, more facets are etched oxidatively.

A unique etching process was observed by Tilley’s group,” during the
fabrication of branched Pt nanostructures in a hydrogenated atmosphere.
From the study, Pt nano-octapods were obtained with the usage of a high
concentration of Pt(acac), as the metal precursor. Synchrotron-based results
showed that the initial cuboctahedral nanocrystals underwent an etching
process, dissolving the {100} facets and simultaneously growing along the {111}
directions, to obtain the octapods. It was believed that the acetylacetonate
group acts as an etchant species, as its enol form is able to etch metal surfaces
via chelation, since traditional etchants like O, and halides are absent.
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3.2.5 Green Synthesis

In recent years, synthesis via greener methods has been growing, as research is
moving towards sustainability. Additionally, conventional wet-chemical syn-
thetic methods might also use chemicals that have adverse effects on human
health and the environment. Hence, prompting the research community to
explore the use of biogenic materials like plant extracts, microorganisms,
and biomolecules in the synthesis of branched metallic nanostructures.**>°
Biogenic substances have their own advantages. As they are obtained from
biological sources, they are considered to be environmentally benign and are
biocompatible. Hence, there are suitable substitute reagents to replace toxic
chemicals and ones that are considered safer to use for biomedical appli-
cations. These biogenic materials are also relatively inexpensive as compared
to the chemicals used in conventional colloidal syntheses. This section will be
divided into 3 subsections, which will describe how each biogenic substance is
used in the synthesis of anisotropically branched nanostructures: 1) plant
extracts; 2) microorganism; and 3) biomolecules.

3.2.5.1 Plant Extracts

In the past decade, researchers have been using a wide array of plant extracts
for metal nanostructures. The phytochemicals in the plant extracts allow
phytosynthesis and formation of metallic nanostructures.***°™*%3!>* phyto-
synthesis is normally carried out in an aqueous medium under ambient
conditions, which is a rapid and cheap approach that is easily scalable for
bulk production. However, the exact mechanism of metal nanostructure
formation via this kind of synthesis has not yet been fully established.
Particularly, ass plant extracts have a large number of compositions, making it
difficult to identify their role played in the synthesis. Nonetheless, it is gen-
erally agreeable that formation of metal nanostructures from plant extracts is
a result of the synergistic action of the phytochemicals in them. Spherical
nanoparticles are typically produced when phytochemicals are used.’’®'
However, in recent years, there has been an increasing number of reports
on anisotropic metallic nanostructures synthesized from plant extracts.®®>”*
One of the most commonly produced branched nanostructures through a
phytochemical-mediated approach is nano-flowers. For example, Thakur’s
group®® used Syzygium cumini fruit extract to synthesize 3D flower-like Au
nanostructures, with a proposed aggregation-based formation mechanism
as depicted in Figure 3.7A. The two-step reaction involves a first step of
phytochemical-mediated reduction of a Au precursor to obtain Au nano-
crystals that are capped with the phytochemicals with conjugatable hydroxyl
moieties. The nanocrystals then gradually aggregate together to form the
reported multi-branched nanoflowers. Ye and co-workers® also reported
obtaining Au nanocrystals with flower-like structures, using a similar
aggregation-induced mechanism (Figure 3.7B) with star fruit juice (Averrhoa
carambola). The fruit is rich in vitamin C and polyphenolic antioxidants,
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Figure 3.7 Phytochemical-mediated fabrication of nanoflowers using plant extracts. (A) Schematic illustration of the synthesis of multi-
branched Au nanoflowers using Syzygium cumini. Reproduced from ref. 68 with permission from American Chemical Society,
Copyright 2017. (B) Schematic depiction of the fabrication of Au flower-like nanostructures using Averrhoa carambola.
Reproduced from ref. 69 with permission from the Royal Society of Chemistry.
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which are good reducing and capping agents. Interestingly, Wang’s group®
was able to prepare a variety of 3D multi-branched Au nanocrystals (e.g.
flower, urchin, and confeito structures) through reduction of an Au pre-
cursor with gum arabic. The hydroxyproline-rich gum arabic acts as a cap-
ping agent, which is critical to the growth of nanostructures through a
successive aggregation model.

Bimetallic flower-like nanostructures are also reported by using plant ex-
tracts. For instance, Sun et al.®* reported the formation of such a material
with an Au core and Pd petals through a seeded growth approach that in-
volves successive reduction of the Au and Pd precursors and room tem-
perature. The Au precursor was first reduced using ascorbic acid to form Au
seeds. The Pd precursor was then added gradually, followed by the intro-
duction of Cacumen platyclade leaf extract. The Au seeds formed acted as
nucleation points for the aggregation and growth of Pd petals, obtaining the
Au-Pd core—petal nanoflowers. The gradual introduction of the Pd precursor
and usage of plant extract as a mild reductant and capping agent are
essential for controlling the nucleation rates of Pd. These ensured that the
Pd are deposited on the Au seeds and not forming separate Pd nanostruc-
tures. The low temperature used also prohibited interdiffusion of atoms
between the Au core and Pd petals. Intriguingly, alloyed AuPd nanoflowers
were obtained instead of a core-petal structure when reduction of Au and Pd
precursors occur simultaneously.®

3.2.5.2 Microorganisms

As microorganisms (bacteria and fungi) have the ability to detoxify heavy
metals, they have sparked substantial interest in applications in metal
nanostructure synthesis via a biomimetic approach.”””® They have metal-
binding proteins that are efficient in reducing metal ions through both
intracellular and extracellular reduction mechanisms. Additionally, metal
nanostructures can grow into intricate morphologies as the surface structure
of microorganisms can serve as an excellent templating medium.””””°

Li and co-workers®® reported using Escherichia coli bacteria to synthesize
dendritic and horn-like Au nanostructures. In the presence of cationic sur-
factant, the Au ions are first biosorbed and reduced by the microbial surface,
forming tiny Au nanoparticle nuclei. Ascorbic acid was added to enhance the
reduction process as the microbial reduction was slow even when the bio-
sorption happens readily. The Au nanoparticle nuclei linked themselves
together through linear fusion and grew progressively on the microbial
surface, forming dendritic Au nanostructures. The dendritic nanostructures
then eventually grow into nanofilms as the Au nanoparticles filled the gap in
between the branches. Ultimately, the two Au nanofilms formed between the
adjacent bacterial cells merge and form a unique horn-like morphology,
which is rarely seen via traditional wet-chemical synthesis. Au nanohorns
were also synthesized via a similar microorganisim-mediated mechanism,
using yeast Pichia pastoris.*
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Pd and Pt nanoflower fabrication with the use of fungal mycelia of Rhizopus
oryzae was reported without additional reducing agent.®" The cell surface pro-
teins of the mycelia have various functionalities which allow the fungi to serve
several roles (reducing, capping, and shape-directing agents) during the fabri-
cation. A similar Pd nanoflower structure was also obtained using Pichia pas-
toris, but with ascorbic acid present.®? Pichia pastoris is also capable of being
utilized for the fabrication of alloyed AuPd nanoflowers with H, as the reductant
(Figure 3.8).%% The Au ions reduce on the cell surface, followed by a reduction of
Pd ions, which aggregate on the Au surfaces. This sequence leads to a flower-like
nanostructure with an Au core and Pd petals initially. However, due to the
interdiffusion process, homogeneously alloyed AuPd nanoflowers are obtained.

3.2.5.3 Biomolecules

Biomolecules can be broadly termed as molecules that are present in or-
ganisms that are typically essential to biological processes. They can be of
large molecules such as proteins, carbohydrates, lipids, and nucleic acids, or
small molecules like vitamins and other metabolites.

The most commonly used biomolecule for synthesis of metallic nanocrystals
is vitamin C (or ascorbic acid). Vitamin C is not only a potent antioxidant
(reducing agent), but is also non-toxic and biocompatible, making it a superior
candidate for synthesis of nanostructures with biological applications.
Typically, ascorbic acid acts exclusively as the reducing agent and does not
participate in morphological control. For example, both Vo's® and Lv's®
teams used ascorbic acid as a reducing agent in a one-pot synthesis of bran-
ched Au nanoparticles. However, some studies suggest that ascorbic acid is
able to do morphological directing. For instance, Wang and co-workers®® re-
ported the synthesis of hyperbranched Pt nanostructures using only Pt pre-
cursors (K,PtCl,) and ascorbic acid. The resultant branched morphology of the
Pt nanocrystals was attributed to 2,3-diketo-1-gulonic acid (DGA), which is an
oxidation by-product of ascorbic acid. As shown in Figure 3.9A, ascorbic acid
undergoes an oxidation process and forms dehydroascorbic acid (DHA).
However, DHA is not stable and converts to DGA spontaneously through hy-
drolysis of the lactone ring. The DGA molecules can selectively bind to specific
facets of the growing Pt nanocrystals through their carboxyl functionality. The
theoretical calculations supported the proposed mechanism, which revealed
the preferential binding of DGA onto Pt (100) and (110) facets. As a result, the
growth in these two directions was restricted and only growth of Pt (111) was
observed, and anisotropically branched Pt nanostructures are formed. Yang’s
group®” also reported a similar method for their Au nanourchin growth, using
only Au precursor and ascorbic acid. The schematic diagram of the proposed
mechanism is shown in Figure 3.9B. Nanoflowers with an Au core and Pt petals
were also reported by addition of ascorbic acid and Pt precursor into a boiling
solution of pre-formed Au seeds.®®

Another class of biomolecules that are used frequently is deoxyribonucleic
acid (DNA). Due to its well-defined and sequence-specific structure, it is
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Figure 3.8 Microorganism-assisted formation. Schematic illustration of the fabrication of AuPd nanoflowers using Pichia pastoris.

Reproduced from ref. 83 with permission from the Royal Society of Chemistry.
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Figure 3.9 (A) Synthetic scheme of ascorbic acid (AA) to 2,3-diketo-1-gulonic acid
(DGA). Firstly oxidation of AA to dehydroascorbic acid (DHA), followed by
hydrolysis to DGA. Reproduced from ref. 86 with permission from
American Chemical Society, Copyright 2010. (B) Schematic represen-
tation of the DGA-mediated growth of Au nanourchins. Reproduced from
ref. 87 with permission from the Royal Society of Chemistry.

usually used to provide a skeletal framework for template directing synthesis
of metal nanostructures with unique morphology. For instance, Song et al.*°
reported synthesizing X- and Y-shaped Au nanocrystals using similarly
shaped DNA templates (Figure 3.10A). Single-stranded oligonucleotides, that
are half-block complementary to each other, were annealed together to form
the DNA templates. Either a four-armed DNA (X-DNA) or a Y-armed DNA
(Y-DNA) were obtained from the hybridization of four or three strands of
oligonucleotides, respectively. When Au precursor was added, complexation
of the Au ions with the DNA templates occurred. The bound Au ions were
then reduced and X- and Y-shaped Au nanostructures were formed.

Lu’s group” examined the effect of three types of single-stranded 30-mer
DNAs comprised of poly A, poly C, and poly T (A30, C30 and T30) on the growth
of Au nanocrystals from pre-synthesized nanospheres. A30 and C30 have a much
higher binding affinity to Au nanospheres which promotes inhomogeneous
growth and Au nanoflowers are obtained. On the other hand, T30 has a lower
binding affinity with the Au nanospheres, hence, is not able to induce growth of

o



100 Chapter 3

g
g
:

» == oo

HAuCI,
+

—
| SO
DNA strands NaBH,
[~

Adhere to DNA

Figure 3.10 Branched nanostructure synthesis using DNA as a template. (A) Schematic
depiction of the DNA-templated synthesis of four-armed (X-shaped) and
three-armed (Y-shaped) Au nanostructures. The TEM images of the
final branched structures are also shown (scale bar: 20 nm). Reproduced
from ref. 89 with permission from the Royal Society of Chemistry.
(B) Schematic depiction of the formation of branched Ag and Cu nano-
structures using a branched template based on DNA-protein assemblies.
Reproduced from ref. 92 with permission from American Chemical
Society, Copyright 2005.

anisotropic nanostructures, resulting in only bigger nanospheres. In a sub-
sequent study, they investigated the effect of different DNA sequences on the
growth of Au nanostructures using pre-synthesized Au nanoprisms.”" The Au
nanoprisms used were planar twinned crystals with {111} facets on both the top
and bottom surfaces, with stacking faults at the side faces. The resulting Au
nanocrystals have varying morphologies, including multi-tipped nanoflowers
and six-tipped nanostars, as the DNA sequences bind differently to the exposed
facets of the nanoprisms, leading to the growth of the seeds in different
directions. Branched Ag and Cu nanostructures were synthesized using DNA-
protein assemblies as templates (Figure 3.10B).°>?® The DNA-protein template
has a streptavidin protein core that is conjugated to a biotinylated DNA mol-
ecule. Metallization of the template results in branched metal nanostructures
forming, and the lengths of the branches can be controlled by the size of
DNA. Meanwhile, Huang and co-workers used the nucleotide guanosine
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Figure 3.11 Schematic illustration of the albumin-directed synthesis of multi-
tipped Au nanostars. The formation of a nanostar is promoted when
the solution pH is less than the isoelectric point (pI) of albumin, which
is 4.7 (for bovine serum albumin).

Reproduced from ref. 95 with permission from American Chemical
Society, Copyright 2017.

5’-monophosphate (5’-GMP) as the capping agent to control the synthesis and
Au nanoflowers with abundant tips are obtained.”*

Justlike DNA, protein is also a good candidate as a template for directing the
shape of metal nanostructures. For example, Srivastava et al.”” reported the use
of albumin as a template for the fabrication of multi-tipped Au nanostars, as
shown in Figure 3.11. To generate the star-shaped morphology, the pH of the
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reaction mixture plays a critical role. pH values lower than the isoelectric point
(p) of albumin are especially favored as the net positive charge will allow the
attachment of the Au precursor ions (AuCl, ) to it. Additionally, at such a low
pH value, the « helices in albumin are stretched in such a way that they
transform into B sheets, hence easing the access to attach the Au precursor to
the functional groups. The B sheet conformation also allows the reduced Au
nuclei to be readily evolved to the spiked nanostars. In a separate study, the
same group uses poly(r-arginine)-albumin core-shell nanoparticles as seeds to
prepare albumin-stabilized Au nanostars.”® And on a separate paper, albumin
is used primarily as a stabilizing agent.”” The as-synthesized Au nanostars
had inherit stability, functionality, and biocompatibility due to albumin’s
non-toxicity and binding capabilities. As a result, these albumin-stabilized Au
nanostars showed compatibility toward cells and human blood.

Anisotropically branched metal nanostructures can also be synthesized
through enzymatic synthesis pathways. Li’s group”® demonstrated the fabri-
cation of Au nanoflowers through such a pathway using trypsin, which is a
proteolytic enzyme that is present in the human digestive system. Similar to
albumin, the attachment of AuCl," to trypsin is favorable when the reaction
mixture has a lower pH than trypsin’s pl. These AuCl,™ ions that are bound
to trypsin were then reduced by ascorbic acid to form Au nanoparticles.
The cysteine residues in trypsin have thiol functional groups which readily
bind to the different crystallographical facets on the Au nanoparticles,
resulting in anisotropic growth into nanoflowers. Ma et al.’® reported the
synthesis of Ag nanoflowers with the use of only the amino acid r-cysteine and
AgNO;. L-cysteine is believed to have a triple role of reducing, capping, and
shape-directing capabilities.

Carbohydrates can also be employed in the synthesis of anisotropic metal
nanocrystals. For instance, Nhung and co-worker used chitosan to mediate the
synthesis of both Au'” and Ag'®' nanoflowers. A schematic of the chitosan-
mediated growth process is shown in Figure 3.12A. The process involves
mixing of the metal precursor with ascorbic acid (as a reductant) and 50 kDa
chitosan (as a template). Chitosan has amino and hydroxyl moieties that can
bind to specific facets of the nucleated metal nanocrystals, leading to selective
facet growth. Additionally, its flexible molecular conformation enables
adjacent chains to trigger aggregation of the nucleated metal nanocrystals and
support the growth into Au nanostructures with hierarchical flower-like
morphology. Carrageenan, a liner sulfated polysaccharide present in some
seaweeds, is utilized for the preparation of Pd nanoflowers with thorn-like
petals.’® As shown in Figure 3.12B, the Pd precursor was reduced using as-
corbic acid, in the presence of carrageenan (as a capping agent). Carrageenan
has hydroxyl and sulfate functional groups which can interact with specific
facets of the growing nuclei, directing them to form Pd nanoflowers.

Monosaccharides like fructose are also reported being utilized in a hydro-
thermal process to obtain dendritic Pt nanostructures.'® The hydrothermal
reaction was performed at 180 °C, in which a thermolytic reduction had oc-
curred. It has been hypothesized that fructose not only serves as a reductant,
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Figure 3.12 Formation of anisotropic metal nanostructures using carbohydrates as
shape-directing agents. (A) Schematic depiction of chitosan-directed
formation of hierarchical flower-like Ag architectures. Reproduced from
ref. 100 with permission from American Chemical Society, Copyright
2014. (B) Schematic illustration of the carrageenan-assisted formation
of thorny flower-like Pd structures. Reproduced from ref. 102 with
permission from American Chemical Society, Copyright 2018.

but also acts as a source of hydrothermal carbon (HTC). HTC can bind onto the
Pt surface and promote anisotropic growth into dendritic structures.

3.3 Optical and Photothermal Properties

Metallic nanostructures of varying morphologies have been vastly employed in
an array of applications today for their optical properties. When certain metals
are diminished to a size smaller than the wavelength of light, the light-metal
interactions occurring can lead to a phenomenon known as the localized
surface plasmon resonance (LSPR) effect. LSPR is commonly observed in
noble metals such as gold and silver, and to a smaller extent in other non-
noble metals such as aluminum and palladium. Notably, the LSPR absorption
bands of Au and Ag lie in the visible region. Alongside other favorable prop-
erties such as chemical stability, good biocompatibility, and ease of surface
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functionalization, they can be employed in various advanced applications
such as sensing,'®"'** alternative medical treatment, and photocatalysis.'%
For this reason, the bulk of this chapter will be based on Au nanostructures.

When these metallic nanoparticles (NP) are irradiated with light, the sur-
face electrons will be excited and cause a polarization of charges between the
metal surface and the nuclei. This is counteracted with a coulombic restoring
force that consequently affects the oscillation of these conduction band
electrons, commonly termed as surface plasmon.'®” However, when this
oscillation frequency coincides with the frequency of light that is irradiated,
the absorption of (resonant) incident light produces intense and localized
electric fields in its immediate surrounding, giving rise to the LSPR effect.

As LSPR activities are conducted at the surface, it is highly susceptible to
changes in the morphology of the metallic NPs and/or its contagious
medium."®” The LSPR absorption band (and therefore its optical properties)
of the metallic NPs can thus easily be tuned by altering its size or shape. The
variation in sizes of metallic NPs can be a very simple approach to modulate
its optical properties, but a variation in shape offers more versatility in many
situations due to the prospect of having different physiochemical properties
at different facets of the nanostructure. This has spurred material chemists
to innovate distinctive anisotropically branched nanocomposites with
unique and complex configurations:'*® nanocrosses,"” nanoflowers, and
nanohexapods, to name but a few. These nanostructures are designed and
verified to be excellent light absorbers and scatterers due to enhancements
that are brought about by their structural features.

After the absorption of light by the metallic nanostructures, the excited
electrons would tend to liberate the additional energy they come to possess
through a couple of relaxation pathways. One possible outcome of such
relaxation is localized heating of metallic nanostructures. Upon the photo-
excitation of conduction electrons, non-thermal hot carriers that are gener-
ated via Landau damping proceed to disseminate their energy through
electron-electron scattering, resulting in internal electron thermalization.""
Following this is the diffusion of thermal energy to its vicinity (i.e. the pho-
tothermal effect), while the metallic nanostructure cools down and stabilizes.

The inclusion of branched features in a metallic nanostructure’s morph-
ology can be remarkably beneficial as they can strengthen the photothermal
effect. With the existence of branches, plasmonic hot spots can be established
where the electromagnetic fields would be intensely magnified in small
pockets of space (i.e. the tips of the branches). These hot spots are quint-
essential in producing increased hot carriers from the disruption of linear
momentum of the electron in the hotspots'™* and hence an amplification in
the photothermal effect. When a considerable amount of heat can be gener-
ated in its locality, the photothermal effect can be effectively exploited for
practical applications,'® notably in minimal invasive cancer treatments such
as photothermal therapy and photothermal-induced chemotherapy. In the
following sub-sections, selected branched metallic nanostructures that make
excellent photothermal transducers are showcased and elaborated on.
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3.3.1 Nanoflowers, Nano-urchins, and Nanodendrites

Ideally, a good photothermal transducing agent should not only absorb light
proficiently in the NIR region but also maintain appropriate sizes for ther-
apeutic applications. This cannot be achieved with just Au NPs as their LSPR
absorbance lie in the visible region and they absorb poorly in the NIR region.
Hupp et al.'*? and Gao et al.'*® reported a red shift in SPR absorption bands
when branched features were introduced to Au NPs. Hence, branched variants
of the Au NPs, such as nanoflowers, nano-urchins and nanodendrites can be
attractive candidates in the making of a good photothermal transducer. In an
instance, the optical and photothermal properties of Au nanoflowers have
been explored by Ye and co-workers®® (Figure 3.13). By simply adding an Au
precursor (AuCl,) to star fruit juice, Au nanoflowers (GNFs) of average diam-
eters ~100 nm were synthesized (Figure 3.13B). Next, the absorption spectrum
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Figure 3.13 Characterization of GNFs for their optical and photothermal properties:
(A) Absorption spectrum of GNFs after the reaction of a gold precursor in
star fruit juice; (B) corresponding TEM image of the GNFs; (C) temperature
elevation of water by GNFs upon irradiation with an 808 nm laser with a
power density of 1 Wem™?; (D) Corresponding thermographic images
recorded at different time intervals.

Reproduced from ref. 69 with permission from the Royal Society of
Chemistry.



106 Chapter 3

of the GNFs was obtained and a broad absorption peak that spans from 500 nm
to 1100 nm is observed in Figure 3.13A, peaking at around 725 nm. This is in
contrast with typical Au nanospheres which have an absorption peak at
~570 nm and absorb poorly in the NIR region. With an establishment of its
absorption spectrum, the GNFs were further subjected to a simple setup where
they were shorn with an 808 nm NIR laser with a power density of 1 Wem ™ to
evaluate their suitability as photothermal agents for therapeutic purposes.
By measuring the temperature of the aqueous medium with an infrared
camera, it can be seen that there is a significant increase in temperature
(~14 °C) when compared to a control setup of pure water (Figure 3.13C and D).
This underscores the GNFs ability to act as a photothermal transducer upon
absorption of NIR light and release heat to its locality.

The photothermal stability of GNFs was additionally conducted by Wang
et al."* and Gao et al."'® In Wang and co-workers’ study, the irradiation of a
785 nm laser with 1.5 Wem ™ power for 10 min resulted in a 10 °C increase
in its aqueous medium (3 °C for pure water). After 5 cycles of recurred
heating, the GNFs did not experience any change in their morphology.
Conjugates of the GNF were also verified to be stable after 30 min of laser
irradiation. The results were mirrored in Gao and co-workers’ study where
their conjugated GNFs were able to achieve rapid thermalization under
2 min of 808 nm laser irradiation. After 30 min of laser irradiation, the
conjugated GNFs remained stable, as its spectral profile, hydrodynamic size,
and morphology remained almost unperturbed. Hence, from the mentioned
studies, GNFs exhibit desirable optical and photothermal properties for
photothermal transducing applications.

In the same vein, Au nano-urchins (GNU and Au nanodendrites
(GND) have multiple branches like GNFs that enable tuning of their LSPR
absorption bands for effective photothermal applicability (Figure 3.14 and
3.15). For example, Djaker et al.''® experimented with the irradiation of
808 nm laser on Au NPs and GNUs and reported an increase in temperature
elevation speed in water of about 80% when GNU was compared with Au NPs
(Figure 3.14C and D). They attributed this finding to the closer proximity of
GNU’s LSPR absorption peak to the laser irradiation and a greater absorption
cross-section (o4ps). Based on experimental results and the Mie theory, the
growth in g, was estimated to be in the range of 60-80%. Meanwhile,
Ong and co-workers demonstrated tunability in controlling the morphology
of their Au nanostructure between GNF and GNU via Ag" which acted as a
shape-directing agent."’” In this, they were able to fabricate GNUs were
“pointier spikes” that were accompanied with a red shift in LSPR absorption
from the visible to the NIR region. The GNUs were also robust when tested for
their photothermal effect and any changes in their structural integrity after
808 nm laser irradiation.

On the topic of GNDs, the studies of Wang et al."*® and Mao et al."** have
demonstrated the complexity in tuning the absorbance spectrum of GNDs
where it is influenced by various factors such as aspect ratio, inter-branching
gaps, dendritic length, and density, etc. Both studies reported a red shift of
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Figure 3.14 Characterization of Au nanourchins (GNU) for their optical and photo-
thermal properties: (A) TEM images of the GNUs; (B) absorption spectra
of Au nanospheres (GNS) and GNUs of different sizes; (C and D)
temperature elevation of water by GNS and GNU after 15 min of
irradiation with an 808 nm laser at different power densities.
Reproduced from ref. 116 with permission from American Chemical
Society, Copyright 2019.

LSPR absorption bands with increases in dendritic length. This is analogous
to the concept of red shifting the absorption band of a nanorod by extending
its length. However, a difference in results was observed with regard to
altering the dendritic density. In Wang and co-workers’ study, the increase in
dendritic density resulted in slight increases in the GND’s size and brought
about a red-shift in its absorption band to 1064 nm as compared to GNDs
of lower densities or Au NPs (Figure 3.15A and B). On the other hand, in
Mao and co-workers’ study, the increase in dendritic density resulted in a
blue shift in the absorption maxima to about 700 nm with poorer extinction
coefficients at longer wavelengths. It was elucidated that the increase in
dendritic density was compensated with shorter dendritic length, resulting
in the sparser GND having a red-shifted absorption peak compared with the
denser ones. Hence, the mentioned references showcase the utility of
branched elements in tuning the optical profile of Au nanostructures for
photothermal applications.
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Reproduced from ref. 119 with permission from American Chemical Society, Copyright 2021.
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3.3.2 Nanocrosses

Besides Au NPs, the nanorod is another morphology that is ubiquitously
utilized for photothermal applications."*'*** While nanorods can achieve
NIR absorption at large aspect ratios, the introduction of branched features
can conceivably give rise to augmented capabilities. The nanocross is one
such adaptation that possesses a cross-like morphology extending in
transverse and longitudinal directions, unlike nanorods which only extend
in one direction. The plasmonic properties of Au nanocrosses have been
investigated by Han et al.'® Figure 3.16A exhibits the TEM images of their
fabricated Au nanocrosses, and it can be discerned that the Au nanocrosses
are shaped by two longer branches along the (110) direction and two
shorter ones along the (001) direction. In its absorption spectrum
(Figure 3.16B), two distinct signals were observed - a gentler peak in the
visible region at around 550 nm and an intense but broad absorption band
enveloping over the NIR region (i.e. 800 nm to 1200 nm). The two signals
are ascribed to the transverse and longitudinal branches, respectively.
By altering the growth conditions of the Au nanocrosses, i.e. time for
growth of the crystal and use of different reducing agents, the absorption
peaks in the spectrum could be tuned accordingly.>*'** For instance, a
shift in absorption peak toward shorter wavelengths was seen when smaller
Au nanocrosses were fabricated.

Further investigations on the influence of shape on the optical properties
of nanocrosses were performed using monochromated electron energy-loss
spectroscopy (EELS)."*® Figure 3.16C illustrates the scanning TEM (STEM)
dark field image of a sample Au nanocross, overlaid with monochromated
energy filtered TEM (EFTEM) maps of the plasmonic modes in the nano-
cross. In addition, a 1 mm electron probe was placed at the five locations of
the right image in Figure 3.16D to give the corresponding monochromated
EELS spectra in Figure 3.16D. It was revealed that there exist three main
plasmonic modes in the nanocross, represented in Figure 3.16C, and that
radiation damping is prevalent at NIR energy ranges below 1.6 eV where the
aspect ratios are large. The enumerated spectra of the plasmonic modes in
Figure 3.16D reiterate the pronounced NIR absorption of the nanocross.
Discrete dipole approximation studies were also conducted to probe the
synergistic coupling of the four branches in the Au nanocross.'*® It was
discerned that any of the branches could act as reception points for the
excitation of the entire nanocross. The proficient absorption of NIR light
and ability to activate the entire nanocross at any ‘receptor” branches
allow the nanocrosses to serve as bi-directional nanoantennas that can
efficaciously harvest incident light for succeeding purposes, i.e. photo-
thermal transduction.

3.3.3 Nanohexapods

The general favorability toward multiple branched configurations can be
understood due to plasmonic modes occurring at the tips of the branches."®’
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However, many of these nanostructures possess an arbitrary number of arms
with a span of differing arm lengths. Specificity in shape design could be
desirable in enabling us to control the optical properties of the nanostruc-
ture at will. In this aspect, Xia et al. fabricated Au nanostructures with six
designated arms - Au nano-hexapods (GNH)."”'” The arm length and
correspondingly the spectral profile of these GNHs can be tuned by adjusting
the concentration of Au precursor (HAuCl,) and reaction temperature.
When the GNH is pitted against Au nanorods and nanocages of similar
spectral profiles (Figure 3.17), a relatively similar photothermal effect was
observed among the three nanostructures. However, the GNHs and nano-
cages had better photothermal stability than the nanorods, where exposure
to an 805 nm laser at a power density of 15 mW cm ™ for 15 min melted the
nanorods but not the GNHs and nanocages. In addition, DDA studies
identified several plasmonic peaks between 700 and 900 nm which corres-
pond to GNH in various orientations.

3.3.4 Other Branched Metallic Nanostructures with Strong
NIR Absorption

Besides the above nanostructures, there exist a diverse range of anisotropically
branched nanostructures with strong NIR absorption that could potentially
be used for photothermal applications. For example, Au bellflowers (GBF)
were synthesized by Chen et al. using a liquid-liquid—gas triphase interface
system."*® The GBFs have a unique morphology which consist of a V shape
dome for intensification of acoustic signals while there are also numerous
branched petals for strong NIR absorption and photothermal effect (photo-
thermal efficiency, n ~74%). Au nanostars'***> have also been prevalently
studied for photothermal transducing purposes, attributed to their strong
LSPR absorbance band in the NIR region (Figure 3.18B).

Figure 3.16 Characterization of Au nanocrosses. (A) TEM images showing the Au
nanocrosses existing as (top) double twin and (bottom) single twin.
Reproduced from ref. 109 with permission from American Chemical
Society, Copyright 2011. (B) Vis-NIR absorption spectra of the Au
nanocrosses, where there is a strong absorption peak in the NIR region.
Reproduced from ref. 125 with permission from John Wiley and Sons,
Copyright © 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
(C) Visualization of plasmonic modes using monochromated EELS
maps where (left) maps the modes at 1.1 eV and 1.6 eV and (right)
maps the modes at 1.9 eV and 2.1 eV; (C) monochromated EELS taken
in STEM mode, by placing a 1 nm electron probe at locations 1-5
indicated in the panel (C, right). All five spectra were normalized at the
‘zero-loss peak’ maximum, after which a pre-measured background was
subtracted. The spectral peaks represent the plasmon modes, around
which the color-coded, gray 0.2 eV energy windows were placed for the
EFTEM experiments, giving the maps in (C). Reproduced from ref. 26
with permission from the Royal Society of Chemistry.
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Reproduced from ref. 127 with permission from American Chemical Society, Copyright 2013.
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Figure 3.18 (A) Schematic illustration of the preparation of Au nanostars. Gold
seeds serve as the nucleation site for the anisotropic growth of Au
nanostars through the reduction of AuCl,  in the presence of PVP and
DMF. (B) Absorption spectra for the gold seed and Au nanostars
with various concentrations of gold seeds and their corresponding
HAADF-STEM images (C-H). Insets in (D-H) show STEM images of
Au nanostars at a higher magnification.

Reproduced from ref. 133 with permission from American Chemical
Society, Copyright 2018.

3.4 Applications of Branched Metallic Nanocrystals
in Photothermal Therapy (PTT)

With the advancement of nanotechnology, the idea of using heat as a treat-
ment option has been re-evaluated and modified to progress into next gen-
eration therapeutics. In this development, inorganic nanostructures have
attracted special interest due to their high thermal conversion efficiency, ap-
plication in bio-imaging, ease of synthesis and surface modification. Among
these, plasmonic noble metallic nanostructures distinguish themselves from
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other nanostructures such as semiconductor quantum dots, and magnetic
and polymeric nanoparticles by their unique surface plasmon resonance
(SPR). This SPR, resulting from photon confinement to a small particle size,
enhances all the radiative and nonradiative properties of the nanoparticles.
The conventional cancer treatment regimens include surgical resection,
radiation therapy, and chemotherapy, where the latter two tend to have side-
effects and damage normal tissues. On the other hand, multidrug-resistant
organisms (MDROSs) are on the rise at an alarming rate around the world.
Infections due to MDROs are extremely hard to treat as MDROs are resistant
to many antibiotics in the frontline, making treatments ineffective. These
problems call for attention and alternative treatment options. To reduce
risks/side effects and avoid drug resistance, new medical strategies such as
photothermal sensitization and photothermal ablation therapy have been
explored for cancer management and infection treatment. Nanotechnology
brings excitement for cancer diagnosis and therapy as well as MDRO
infection treatment through heat generated from light to destroy cancer or
MDRO cells, without affecting the surrounding healthy normal tissues.
For the success of photothermal treatment, strong optical absorption of
metallic nanostructures and their high efficiency of photothermal
conversion, as well as their active accumulation at the sites are critical.
Plasmonic photothermal therapy involving gold-based nanoparticle con-
trast agents was first reported by Pitsillides and group in 2003."** They used
anti-CD8 immunogold nanospheres in combination with a nanosecond
visible pulsed laser. These nanoparticles specifically bound to T lymphocyte
cells and subsequent laser irradiation resulted in destruction of over 90%.
Later, Zharov et al.™*® reported that cancer cell death could be induced by a
single nanosecond pulse at an energy of 2-3 Jem™ > with 10-15 gold nano-
particles per cell. However, visible light does not penetrate tissue optimally
in clinical applications. Thus, NIR light is required for its deep penetration
due to minimal absorption of the hemoglobin and water molecules in
tissues in this spectral region. Along with it, NIR-absorbing metal nano-
particles are required. Extensive studies have addressed the issue through
various perspectives including but not limited to tuning shape, size, and
composition to develop metal nanostructures to achieve optimal structural
and photothermal properties, as discussed in previous sections. Great efforts
have been made to develop photothermal therapy strategies as alternative
or combinational treatment options for diseases including cancer and
infections caused by multi-drug-resistant bacteria and bacterial biofilm."*®
Due to unique strong surface plasmon resonance (SPR) absorption, noble
metals such as gold and silver nanostructures can significantly enhance pho-
tothermal conversion and are promising for photothermal therapy applications.
Ideally, metal nanostructures should have strong and tunable SPR, be easy to
deliver, have low toxicity, and be convenient for bioconjugation for actively
targeting specific cells."*” Here, we would highlight the importance of shape in
achieving photothermal properties with the focus on gold branched nano-
structures for photothermal applications in cancer and infection management.
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3.4.1 Cancer Management

Most chemotherapeutic drugs are not specific to tumor cells, but are also
able to cause harm to other cells and consequently are associated with side
effects such as compromised immunity, hair loss, nausea, etc. In the pursuit
of therapies capable of reducing undesired side effects and enhancing
efficacy, there has been growing interest in utilizing hyperthermia (heat) to
achieve these goals.'*® The history of using hyperthermic cancer therapy
originated in 1893 by Coley; cancer patients infected by erysipelas had high
fevers and resulted in either reduced cancer symptoms or complete
regression of tumors."*® Since then, studies have been performed applying
hyperthermia to cancerous tumors to maintain tissue temperatures of 42 to
45 °C for treatment."*® As whole body hyperthermia would cause cardio-
vascular and gastrointestinal side effects, a favorable modality for cancer
treatment would require a targeted, nanoparticle-mediated localized
hyperthermia.

One of the unconventional approaches is the use of NIR irradiation and
heat-absorbing metal nanostructures to selectively and effectively eradicate
cancer cells.®”'® Such treatment using NIR light absorption to incite
thermal damage is an established means of destroying cancer tissues since
tissues heated beyond a certain thermal threshold undergo various
mechanisms of cellular damage such as protein structural changes or car-
bonization of tissues.'*' Metal nanostructures perform as nanoscale heaters
for photothermal therapy. Under specific light irradiation, photothermal
therapy can be applied to localize heat focused on the target site to kill
cancer cells at a specific part of the body in a non-invasive manner.

Gold nanostructures have found numerous medical applications in recent
years because of their facile synthesis and surface modification, strongly
enhanced and tunable optical properties, and most importantly their
excellent biocompatibility making it feasible for clinical settings. Besides
these attractive properties, synthesis methods of gold nanostructures have
also been modified to be more favorable. High quality, high yield, and size
controllable colloidal branched gold nanostructures can be quickly prepared
by greener synthesis methods."*?

The successful fabrication of structurally more complex metal nano-
structures such as semi-shells, multi-shells, split rings, helixes, and gam-
madions has created greatly enriched surface plasmonic properties."*’
Metallic nanostructures with their geometry-dependent optical resonances
are of great interest due to their ability to manipulate light in ways not
possible with conventional optical materials."** The morphology and size of
the nanostructures strongly affect their surface plasmon resonance (SPR)
properties and subsequently influence their applications."*®> For instance,
gold nanorods or nanostars are more suitable for photothermal therapy
than spherical gold nanoparticles, owing to their shape. As they comprise
branches, they can absorb incident NIR light more efficiently and thus
achieve higher light-to-heat conversion, giving rise to better heat generation.
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The branched gold nanostructures have inspired wide research interests
due to their good biocompatibility and excellent photothermal property.
Taking these factors into consideration in the design and development of
photothermal tools, Ye and colleagues'® devised free-standing multiple-
branched gold nanocrosses which exhibit a pronounced near- and mid-IR
localized surface plasmon resonance (LSPR). Structural analysis showed
singly and doubly twinned gold nanocrosses (see Figure 3.16). These highly
multiple-branched gold nanocrosses, as seen in Figure 3.19A, produced a
rich surface plasmon spectrum, demonstrating that the effective conversion
of NIR light into heat mainly relied on their branched features. Notably, gold
nanocrosses act as an octopus antenna in efficiently capturing the incident
light along any branches and convert it into heat which is then rapidly
transmitted to the localized area and destroys cancer cells effectively.

A comprehensive study revealed the effect of laser intensity and exposure
time on the destruction of cells via irradiation of human lung cancer cells
(A549 cells) associated with gold nanocrosses using a 900 nm laser at in-
tensities of 1.3, 2.6, and 4.2 W em ™ > (see Figure 3.19C). Remarkably, all the
cancer cells were killed under laser irradiation within 30 s at 4.2 Wem ™
while ~95% of the cells were killed after laser irradiation for 150 s at
2.6 Wcem ™ 2. However, cell death was not observed in control experiments in
the absence of gold nanocrosses, where the cancer cells remained alive even
after 10 min of irradiation. For qualitative study of the photothermal treat-
ment, cells were also observed under a confocal microscope. At a lower laser
intensity of ~1.3 W em ™2, gold nanocrosses associated primarily on the A549
cells and were observed to have minimal changes in shape after 5 min of
irradiation. But at a higher laser intensity of 4.2 Wem ™2, the cells started
to shrink immediately upon laser exposure. These observations are well
correlated to the quantitative study (see Figure 3.19D). After 30 s irradiation
at 4.2 Wem™ 2, the cells had drastically been changed in both shape and size.
The resulting collapsed cell membranes affected the gold nanocrosses and
agglomerates were observed. Furthermore, the time-dependent damage
process under irradiation at a middle laser intensity of 2.6 Wem ™ > (see
Figure 3.19E) illustrated a slower destruction rate, as predicted.

Figure 3.19 Photothermal damage, Arrhenius model, and two-photon lumines-
cence imaging of A549 cancer cells associated with gold nanocrosses.
(A) TEM image of gold nanocrosses. (B) A schematic of the destruction
of cancer cells by gold nanocrosses under NIR laser irradiation. Gold
nanocrosses accumulate on the surface of cancer cells, then convert the
incident light into heat and destroy cancer cells upon NIR irradiation.
(C) Photothermal damage of A549 cancer cells associated with gold
nanocrosses as a function of time at 900 nm laser intensities of 1.3, 2.6,
and 4.2 Wem ™2 (D) Confocal images showing the time-dependent
damage process at 2.6 Wem™ > after 900 nm irradiation for 0, 30, and
60 s. (E) Two-photon luminescence images of gold nanocrosses associ-
ated with cells under 900 nm laser excitation at 1.3 and 4.2 Wem ™ 2.
Reproduced from ref. 109 with permission from American Chemical
Society, Copyright 2011.
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The study indicates that the shape of nanostructures significantly influ-
ences their absorption efficiency and photothermal profile. Similarly, laser
intensity and irradiation time greatly affect the success of photothermal
treatment. The synergistic coupling between the branches facilitates the
highly branched gold nanocrosses to efficiently capture IR light for effective
photothermal destruction of cancer cells. The enhanced hyperthermia prop-
erties of the gold nanocrosses proved to be a very promising tool for cancer
therapy. An effective targeted-therapy method, combined with laser-induced
hyperthermia therapy, could be an alternative way to treat solid tumors."**™*®

As the temperature elevation is directly related to the absorption of light by
plasmonic nanostructures, the absorption cross-section of nanostructures of
different shapes is important criteria in the design of plasmonic nanostruc-
tures. Gold nanostructures with controlled assembly could bring in tunable
optical and photothermal properties. Gold nanoflowers (GNF) using ‘green’
L-ascorbic acid has caught attention as they have abundant petals giving a large
absorption cross-section and these nanoflower petals play an important role in
Raman signal enhancement allowing signal improvement in the order of 10°.
This enhancement was explained in terms of the electromagnetic enhance-
ment mechanism of the metal nanomaterials."*® These gold nanoflowers
demonstrated high biocompatibility and improved signals when using a
confocal microscope, indicating its applicability as a multimodal in vitro SERS-
based sensor and imaging tag. In another study, GNF produced using starfruit
juice showed interesting NIR photothermal properties.®® This suggests that the
GNFs produced can be used as a photothermal therapy agent as the biomo-
lecules in the starfruit juice cap the GNFs and make them more biocompatible.
Next, irradiation time effect on the photothermal destruction of the MCF-7
cancer cells was investigated by confocal microscopy throughout the laser ir-
radiation. Obviously, the cells started to bleb after a few seconds of irradiation
and were destroyed after 30 s (see Figure 3.20A). Dead cells with a blebbing
membrane indicate that the destruction of the cancer cells might be due to
localized heat at their membrane which was in direct contact with GNFs. The
highly efficient in vitro photothermal therapy led to further investigation of the
in vivo photothermal therapy using MCF-7 tumor-induced BALB/c mice and
808 nm NIR laser irradiation at a power density of 0.5 Wem ™2 for 6 min.
Tumors shrank and eventually disappeared in the mice with GNF injection and
laser irradiation while tumors grew rapidly in the mice with either NIR
irradiation without GNF injection, or GNF injection without NIR irradiation
(see Figure 3.20B-D). The results indicate that either NIR irradiation or GNF
injection alone did not provide any therapeutic effect on the tumor, demon-
strating an excellent in vivo photothermal therapeutic efficacy of GNFs. Gold
nanoflowers present great potential in photothermal cancer therapy.

The shape-dependency of photothermal properties is well pronounced.
The highly branched gold nanostructures with sharp tips — nano-snowflakes
hold the highest photothermal conversion efficiency, and gold nanostruc-
tures with blunt tips - nanoflowers hold the lowest."”° Gold nano-snowflakes
could absorb light with a wide range of wavelengths from 500 nm to more
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laser only, GNFs only, and GNFs under NIR laser irradiation after 6 days.

Reproduced from ref. 69 with permission from the Royal Society of Chemistry.
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than 1000 nm which covered the visible light to near infrared region due to
their highly branched structure. The highest photothermal conversion effi-
ciency of gold nano-snowflakes may be attributed to: the wider SPR ab-
sorption peak with high absorption around 808 nm and highly branched
nanostructure for enhancing the local electromagnetic field of petals on the
surface. The red-shift and much wider SPR absorption peak is consistent
with the shape evolution from gold nanoflowers to nanostars and finally to
nano-snowflakes. Gold nanostars have two localized SPR (LSPR) peaks in the
visible and infrared regions; their Raman signal enhancement and SERS
ability greatly depend on the infrared absorption from the plasmon reson-
ance along the aligned branches. The lightning rod effect and creation of hot
spots could be enhanced with the length and number of gold branches.""

Besides the shape, the size of nanostructures strongly influences their
photothermal effects on cells.”*****> Nanostructures with sizes from 10 to
30 nm have the strongest effect.'>® Although theoretical calculations may
indicate that the photothermal effect of larger nanostructures is more sig-
nificant, the lower cellular uptake might have reduced overall efficiency.
Also, the size of 10-30 nm is very well correlated to microbubble formation, a
cause of cell damage, induced by the nanostructures.

With high interest in developing innovative smart nanomedicines, there
could be a whole range of different shapes and sizes of plasmonic branched
nanostructures exhibiting strong photothermal efficacy, to emerge for
evaluation in clinical settings. There are also hybrid photothermal nano-
structures, incorporating different materials for improved stability, syn-
ergistic effects, enhanced efficacy, etc. For instance, by incorporating silver
into gold, Ag-Au nanostructures exhibit a high SERS activity while in-
corporating an aptamer into Ag-Au nanostructures enables targeting the
surface of human breast cancer cells (MCF-7 cells) with high affinity and
specificity."” Collectively, the aptamer-Ag-Au nanostructures have a high
adsorption of NIR irradiation and capability to execute photothermal ther-
apy of MCF-7 cells at a very low irradiation power density (0.25 Wem ™ ?)
without destroying the healthy cells and the surrounding normal tissue.
These nanostructures may offer a protocol to specifically recognize and
sensitively detect the cancer cells, and great potential for application in the
photothermal therapy of the cancers.

As bimetallic nanostructures draw attention as exciting materials for ef-
fective photothermal therapy, Joseph et al.'>* reported gold-silver (AuAg)
spiky branched nanostars with gold (90%) being the major component,
possessing two distinct intense localized surface plasmon resonances in the
NIR and short-wavelength infrared ranges. AuAg nanostars with evenly
spaced spikes and low branching expressed great potential for photothermal
therapy, active in both the visible and NIR regions. McGrath and co-
workers'> developed palladium-gold (Pd-Au) nanostructures containing
multiple gold nanocrystals on highly branched palladium seeds. Pd-Au
heterostructures caused destruction of HeLa cancer cells in vitro, as well
as complete destruction of tumor xenographs in mouse models in vivo under
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808 nm laser irradiation at an intensity of 3 Wem ™2 for 30 min, demon-
strating effective photothermal therapy (see Figure 3.21A-C). In contrast,
there was no significant effect on cell viability or tumor site in the absence of
the nanostructures or exposure to laser light.

To achieve biocompatibility, Xia’s group'?” coated gold nanohexapods with
polyethylene glycol and demonstrated application in photothermal therapy
and diagnosis. The PEGylated Au nanohexapods achieved high cellular uptake
and low cytotoxicity in vitro as well as significant blood circulation and tumor
accumulation after intravenous injection in vivo. The PEGylated Au nanohex-
apods exhibited the highest photothermal conversion efficiency in vivo when
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Figure 3.21 In vivo photothermal treatment using branched nanostructures.
(A) Schematic of in vivo photothermal treatment. (B) In vivo photother-
mal hyperthermia efficacy of Pd-Au, as compared to laser treatment
with Pd seeds and with PBS only. A quantity of 100 pL of either PBS, Pd,
or Pd-Au (at 50 pgmL~" Pd concentration) in PBS was injected into
HeLa xenographs in mice (7 = 3 for each group; *p <0.05). (C) Represen-
tative images taken of the mice immediately before and 8 days after
laser irradiation of the tumor site for 30 min at 3 Wem ™ 2. The dashed
white circles indicate the tumor regions. Reproduced from ref. 155 with
permission from American Chemical Society, Copyright 2015. (D) '*F-FDG
PET/CT co-registered images of mice intravenously administrated with an
aqueous suspension of Au nanohexapods and saline solution. Tumor
locations are marked with white circles. Irradiated tumors are highlighted
with white arrows. Reproduced from ref. 127 with permission from
American Chemical Society, Copyright 2013.
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compared with PEGylated Au nanocages and Au nanorods, possibly due to
branched features. When the photothermal treatment effect on tumor meta-
bolic activity was assessed using '®F-flourodeoxyglucose positron emission
tomography combined with computed tomography (**F-FDG PET/CT),
significantly reduced '*F-FDG uptake was found in the irradiated tumors in
contrast to the contralateral non-irradiated tumors (see Figure 3.21D). Photo-
thermal treatment presented 90% reduction of tumor metabolism in mice
treated with Au nanohexapods. This indicates branched Au nanostructures as
promising photothermal materials achieving almost complete destruction of
tumor glycolic activity.

For high stability in an isotonic solution, Lin et al.**® linked branched-gold
nanoparticles with thiol-modified mannoside (Man@BAu NPs). Man@BAu
NPs showed low cytotoxicity, broad NIR absorption in the biological window,
and good photothermal conversion killing ~36-55% of the MDA-MB-231 cells
under 808 nm laser irradiation (1.08 W) for 10 min.

3.4.2 Bacterial and Biofilm Treatment

The widespread use of antibiotics has resulted in the ongoing and ever-
increasing occurrences of antibiotic-resistant bacteria. Antibiotic resistance
is a continually evolving process and has become a serious problem of global
public health. Relying on existing drugs to treat the bacterial diseases will
not be able to circumvent the development of resistance by bacteria."®” Also,
bacteria may be developed into biofilm which can physically block the access
of drugs to the bacterial cells, making treatment even more difficult."”®
Therefore, treatment of the emerging antibiotic-resistant bacteria requires a
totally new strategy that is conceptually different from the traditional small-
molecule drugs.'*® There is a strong interest in the use of plasmonic metal
nanoparticles for bacterial infection treatments through photothermal
therapy. As NIR light is reported to penetrate the subcutaneous cell layer up
to a depth of 10 mm to a few centimeters, the structural dimensions of metal
nanostructures are specifically designed to ensure that they maximally
absorb NIR light for subsequent effective conversion into heat.’®® These
significant properties have drawn attention to develop gold nanostructures
as novel and competent nano-photothermal vectors to destroy bacteria at the
molecular level, circumventing drug-resistant issues.

Plasmonic gold nanostructures are promising nanomedicines for combat-
ing drug resistant bacterial infections as they can absorb light efficiently in the
NIR region where light penetration in tissues is optimal and convert it to local
heat by photo-exciting the conduction electrons to induce surface plasmon
oscillations followed by non-radiative relaxation."®" A significant photothermal
effect can be obtained using gold nanostructures at fluences below the medical
laser safety threshold'®* which is of the order of 20 to 100 mJ cm™* depending
on the method of application. While NIR wavelengths harmlessly pass through
the human body, they heat plasmonic materials such as gold nanoshells to a
high temperature of more than 70 °C and will thermally ablate any cell
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(bacteria or eukaryotic) in close proximity to these plasmonic materials. The
advantage of this treatment method is selective killing of the cells in direct
contact with gold nanostructures but leaving surrounding healthy cells un-
affected, owing to the rapid dissipation of thermal energy over short distances.

Heat radiation is very promising to effectively address the issue of anti-
biotic resistance because it can be easily delivered to the infected sites for
physically destroying bacteria instead of inhibiting their growth like drugs.
The temperature at the targeted region has to reach between 40 and 50 °C in
order to kill cancer cells while for bacteria and biofilm the temperature has
to reach between 50 and 80 °C as bacteria have double cell walls which need
higher energy for their destruction.'®® Various types of gold nanostructures
were explored for ablation of multidrug-resistant bacteria and biofilms at the
infected area.'>>'®* %7

Thermal ablation of bacteria using plasmonic gold nanostructures de-
pends largely on the efficiency of NIR light absorption, distribution of
nanostructures at the target site, and temperature profile upon laser ir-
radiation.’®® To enhance stability and targeting ability, gold nanostructures
can easily be modified with appropriate surface ligands via the surface
chemistry of gold. Teng and colleagues'*® conjugated NIR-absorbing gold
nanocrosses with biologically active moieties to achieve targeting to the
pathogenic bacteria P. aeruginosa PAO1 selectively for complete destruction
of the bacteria and their biofilm. When exposed to 800 nm light with a low
power density of 3.0 Wem ™2 for 5 min, the conjugated gold nanocrosses
were heated up promptly and destructed the superbug bacteria completely
(see Figure 3.22). The local hyperthermia is achieved via functionalized
plasmonic gold nanocrosses which efficiently convert optical energy into
thermal energy upon irradiation with light for photo-ablation of bacteria in a
short time, and all the cells deceased under 70 °C for 5 min or 80 °C for
2 min. Complete ablation was observed in the irradiated region of the bio-
film marked with a dashed line, while the surrounding cells beyond the
laser-exposed area remained alive. It shows that all the biofilm cells in the
area irradiated with the laser were killed while the biofilm cells beyond
the laser-exposed area have no noticeable effect, indicating the localized
photothermal effect. Even after 48 h post-irradiation, there was no live
bacteria present. This indicates that the hyperthermia is a promising tool for
ablating bacteria and inhibiting the development of biofilm.

The localized hyperthermia is shown to be highly shape- and composition-
dependent and can be tuned to achieve efficient photothermal activities in the
desired applications. The gold nanostars in colloidal solutions demonstrated
efficient photothermal properties of 3 and 100 times higher than gold
nanorods and iron oxide nanoparticles, respectively."® Borzenkov and
co-workers'”® embedded gold nanostars in thin PVA films to display improved
mechanical properties and an enhanced photothermal activity. The films
showed promising photothermal activities upon exposure to NIR light, offering
novel bactericidal films with a protective function. Similarly, monolayers of
gold nanostars were attached onto mercaptopropyltrimethoxysilane-modified
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Figure 3.22

Photothermal effect of the conjugated gold nanocrosses on the growth
of PAO1 bacteria and biofilm. (A) Schematic of photothermal treatment
of bacterial infection using conjugated gold nanocrosses and NIR laser
irradiation. Confocal images of PAO1 bacteria preincubated with the
conjugated gold nanocrosses (B) before irradiation and (C) after irradi-
ation for 5 min with a multiphoton laser at 800 nm at a power density of
~3.0 Wem . Bacteria destruction was indicated by red staining with
propidium iodide and no destruction (no adverse effect) was indicated by
green staining with syto 9. Confocal images of the biofilm treated with
gold nanocrosses (D) before irradiation and (E) after irradiation at its
central rectangular region for 5 min with a multiphoton laser at 800 nm
at a power density of ~3.0 Wem™ . Localized photothermal effect and
ablation of the biofilm were observed in the irradiated region. Confocal
imaging was performed at 100x magnification. Scale bar=10 um.
Reproduced from ref. 125 with permission from John Wiley and Sons,
Copyright © 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

glass substrates to provide a photothermal platform for generating local

hyperthermia and effectively destroying S. aureus biofilms.
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Gold nanoflowers with a strong NIR plasmon may serve as an efficient
photothermal agent in antibacterial applications. Gold nanoflowers with
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their surface protrusions offer a larger surface area for surface functio-
nalization. These would direct them to bacteria, resulting in cell death
and other cellular damage via the rupture of the cellular membrane of
bacteria. When comparing the bactericidal effects of gold nanoparticles,
nanostars, and nanoflowers toward S. aureus bacteria, it is evident that
antibacterial activity is dependent on the shape of the gold nanostruc-
tures. Gold nanoflowers exhibited the most promising performance in
various anti-infection applications accompanied with non-cytotoxic func-
tion to mammalian cells.'”?> Stable Dap-Au nanoflowers were prepared
with daptomycin (Dap) micelles as the template and reducing agents to
generate a photothermal conversion efficiency of ~40% from light to heat
and effectively inhibit the growth of bacteria in the assistance of 808 nm
light."”?

Although silver is known as a highly-effective and broad-spectrum anti-
bacterial agent, its severe cytotoxicity to mammalian cells and noticeable
reduction in antibacterial activity with time restrict their practical appli-
cations. For better application prospects, bimetallic gold-silver particles
were recently developed for improved application in photothermal and
antibiotic-based treatment as compared to pure gold or silver particles.
This enhanced bactericidal activity without increasing their cytotoxicity
guarantees the clinical applications of silver."”* Encouraged by this, the
development of many other hybridized photothermal nanostructures is in
the pipeline to serve in photothermal therapy applications.

3.5 Conclusion, Perspective, and Outlook

In recent years, there has been mounting interest in using branched metallic
nanocrystals for photothermal applications. As the shape, size, and morph-
ology of the nanocrystals have a vast impact on their properties and appli-
cations, interest in the synthetic routes that ensure careful control of such
nanostructures is also growing rapidly. In this chapter, four traditional
solution-based strategies (seeded growth, seedless growth, templated growth,
and chemical etching), with a recent growing green method are discussed.
Seeded growth, the oldest method of the lot, involves a two-step process that
first grows small metal nanocrystals. They are then used as seeds for further
formation of branches on the nanocrystals due to the different surfaces. This
strategy allows precise control in size due to the splitting of nucleation and
growth stages. Moreover, the final morphology of the anisotropic nano-
structures can also be controlled by the shape, size, and composition of the
seed. This approach also allows the formation of bimetallic nanostructures
easily. Seedless growth, on the other hand, does not use pre-synthesized
seeds to facilitate the subsequent branching, instead, foreign ions or capping
agents are added to mediate its growth. Crystal twinning and polymorphism
are also exploited for such growth, hence, seedless growth is a convenient
one-pot synthetic strategy. The templated growth strategy, as the name
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implies, uses a template to facilitate the nucleation and direct the growth of
branched nanostructures. Materials like deep eutectic solvents and nano-
particle arrays are some examples that are used as such templates. The
chemical etching route uses chemical etchants to selectively dissolve certain
crystallographic facets to achieve branched nanoarchitectures. Lastly, there
has been a tremendous development in using green methods for anisotropic
growth of branched nanostructures. Biogenic substances like plant extracts,
microorganisms, and biomolecules are used in the synthesis for reasons such
as being more environmentally friendly and biocompatible. This allows the
synthesized branched metallic nanocrystals to be a safer option for bio-
medical applications.

With the synthesized anisotropically branched nanostructures, the prop-
erties of the nanocrystals were studied for better fit for various applications.
For example, branched Au nanostructures provide pronounced absorption
in the NIR region, which could be further exploited for photothermal ab-
lation or photothermal-modulated drug release applications. While novel
metallic nanostructures with superseding capabilities are increasingly de-
veloped, it is important to appreciate how the introduction of branched
features could induce stronger NIR absorption and the corresponding
photothermal effect.

As discussed, the applications of photothermal therapy for cancer and
bacterial and biofilm treatments are almost limited to the use of Au and
Ag nanostructures. They both have superior plasmonic and photothermal
properties but can be costly as they are noble metals. However, Au is
mostly preferred due to its stability even though Ag is relatively cheaper
and has a stronger plasmonic response. It is postulated that Ag will make
a good alternative to Au by functionalizing the branched Ag nanostruc-
tures, making them more stable. Alloyed anisotropic nanocrystals con-
taining Au and Ag could also be further studied to capture the advantages
of both metals.

Prospectively, we envision that more versatile and facile methods will be
developed for the synthesis of anisotropic metal nanostructures. This allows
more cutting-edge nanostructures to be designed for explicit applications
with particular properties. However, growth mechanisms and structure-to-
property correlations need to be studied in depth to be accelerated for wider
applications of such materials. Additionally, the formation of nanostruc-
tures using different types of metals can also be explored. Currently, the
most commonly used metals include Au, Ag, Pt, and Pd. With more different
types of branched metallic nanocrystals, new properties and applications
may be viable. Furthermore, we foresee a huge growth in synthesis of an-
isotropic metallic nanocrystals via biogenic methods. Biogenic synthesis
ensures that the nanostructures are benign and safe for biomedical appli-
cation. Last but not least, challenges related to stability and scaling-up need
to be overcome to enable branched metallic nanocrystals to be com-
mercialized for such applications.
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4.1 Introduction

In previous decades, energy demand has gradually increased with economic
development. The depletion of non-renewable resources and environmental
issues have meant that people have started to pay more attention to the
development of renewable energy sources. These energies include carbon
neutral sources like sunlight, wind, rain, tides, waves, and geothermal heat.
Among these, solar energy has attracted a lot of attention due to its wide
application in green energy technologies such as solar heating, photo-
voltaics, solar thermal energy, solar architecture, and artificial photo-
synthesis. Previous studies using solar energy as a power source are mainly
focused on the utilization of UV light and a tiny portion of visible light. How
to extend the spectrum to respond to the whole visible light region, even to
the infrared (IR) region, is a meaningful challenge."?
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In many kinds of chemical reactions, catalysts are used to increase the
reaction rate. Indeed, around 95% of chemical products, especial everyday
goods, are manufactured through catalytic routes. In the meantime, many
of these processes require external energy supplied by non-renewable
sources.* Thermal catalysis is one of the most common forms of catalysis
in conventional industrial processes, such as ammonia synthesis and
reforming. The critical advantages of industrial dependence on thermally
driven catalysis are the high efficiency and applicability for large scale
processes. With growing concerns about the energy shortage problem, using
sustainable energy sources to drive energetically demanding catalytic
processes is urgently needed.

Photocatalysis has been widely investigated for the conversion of solar
energy to chemical energy. In photocatalysis processes, solar light can be
used “directly” to drive the reactions. The mechanism of photocatalysis
involves light absorption, charge carrier generation and separation, followed
by the migration of carriers to the active surface site for reactions. Photo-
catalysts are often heterostructures that involve a semiconductor material
with another semiconductor material or metal nanoparticle. In this kind of
material structure design, only photons with equal or higher energy than the
bandgap can be absorbed and used to generate electron-hole pairs. These
charge carriers then migrate to the material surface and initiate reduction
or oxidation processes. It is therefore only light with high energy, normally
UV and a tiny region of visible light that can be utilized for photocatalysis
reactions. Thus, the efficiency of most photocatalysis reactions is very low.

Recently, photothermal catalysis, which involves both photocatalysis and
thermal catalysis processes, has attracted significant attention. In 2014,
Meng et al. demonstrated the application of the photothermal effect for the
conversion of CO,.” Photothermal catalysis combines photocatalysis and
thermal catalysis. It uses both the light and heat components of solar energy.
The heat can be obtained directly from solar light and/or generated from the
light-to-heat effect. Thus, the utilization of sustainable energy - solar light
(as photocatalysis) and the attainment of thermally-driven catalysis reactions
are both achieved in photothermal enhanced processes.

4.2 Overview of Photothermally-enhanced Catalysis

To discuss the importance of photothermal catalysis, it is essential to explain
the relationship between photocatalysis and solar-powered thermal catalysis.
In photocatalysis, upon absorption of light, electron-hole pairs are generated
and subsequently undergo reduction and oxidation reactions. To ensure the
reactions take place successfully, the energy should be higher than the acti-
vation energy of the reactions. This is the key factor to achieving an efficient
photocatalysis reaction. Accordingly, the light that can be used to drive a
photocatalysis reaction should have relatively high energy, normally UV and
partially visible light. Most visible light, especially infrared light, cannot be
absorbed and used in photocatalysis processes.®” Different from this, in
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photothermal catalysis, the catalyst materials have been engineered to absorb
almost the whole solar spectrum. In brief, the high energy light can be used
directly to catalyze the reaction, while the rest of the light is used to generate
heat via the light-to-heat effect. The heat generated directly from the inside
reaction system contributes to raising the temperature at the active sites on the
material surface. Thus, photothermal catalysis is a combination process con-
sisting of photocatalysis and solar-driven thermal catalysis.

Based on the discussion of M. Ghoussoub et al., the photothermal effect
affects both the reaction kinetics and energy efficiency in catalytic reactions.®
But the effect is different on the endothermic reaction and exothermic
reaction. In endothermic catalytic reactions, the processes include the
adsorption of the reagents at active sites on the catalyst surface, activation of
chemical bonds, formation of intermediate species, conversion of intermedi-
ates to products, and the desorption of product molecules. These steps can be
described by a free energy profile, as shown in Figure 4.1. In this profile, the
initial, intermediate, and final thermodynamic states are presented along with
the reaction coordinate pathway. Each state is separated by an activation
barrier, which dictates the kinetics of the surface chemical reaction.

In the photothermal catalysis reaction, both photochemical and thermo-
chemical processes can contribute to the overall reaction rate. The photo-
catalysis process in the catalytic reaction contributes to increasing the rate of
reaction. There are two possibilities related to this effect. First, the photo-
catalysis effect directly occurs in the rate-limiting steps of the reaction and
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Figure 4.1 Effect of solar irradiation on the endothermic reaction profile of a photo-
thermal catalyst. Photochemistry has the effect of reducing the activation
energy barrier, while temperature enhances the probability of reactants
overcoming the barrier by providing additional thermal energy.
Reproduced from ref. 6 with permission from the Royal Society of
Chemistry.
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therefore lowers the measured activation energy barrier. This reduction in
energy barrier normally attributes to a charge transfer to the catalyst surface or
an energy transfer to the transition state.'®'*

Secondly, the photocatalysis effect does not affect the rate-limiting steps
but affects the earlier steps, which causes the reduction of the earlier en-
ergetic barrier and results in the formation of more intermediate products
for the coming rate-limiting step. In this possibility, the measured activation
barrier is not changed although the reaction speeded up obviously.

Besides, the selectivity of the reaction is also an important factor that
needs to be attended to. The intermediate steps that occur on the catalyst
surface are very complicated. The change of electronic or structural prop-
erties of the active sites on the catalyst surface can potentially vary the se-
lectivity of the reaction by altering the reaction mechanism. The changes in
surface properties can be achieved by electronic charge transfer or surface
reconstruction. As discussed above, the effects, such as charge transfer, may
also induce a change in activation energy. But there is no visual information
that indicates the direct relationship between activation energy and select-
ivity of the reaction. The reaction may simply proceed in the same mech-
anism, albeit at a faster rate.

In thermal catalysis, the increase in temperature effectively increases the
reaction rate. In terms of a reaction profile, this corresponds to an increase
in kgT and then increases the probability of overcoming the activation
energy by skewing the Boltzmann distribution toward higher energies.'?
Specifically, upon the thermal energy input into the system, the formation of
products is increased, and also the unwanted species (including unreacted
reagents and final products) are easy to be desorbed from the active sites.
The same effects can be found in the photothermal catalysis processes.
In particular, the heat energy is directly generated at the active sites via the
light-to-heat effect in the photothermal catalysis process. This could reduce
the heat loss and efficiently use the heat to enhance the catalytic effect.

Different from endothermic reactions, the situation about the photo-
thermal catalysis exothermic reactions is not so clear. The higher tempera-
ture generated by the photothermal catalytic effect cannot help to drive the
exothermic reactions. Still, there are also some advantages to exothermic
reactions via the photothermal catalytic effect. These include: (1) improving
selectivity of the reaction and (2) offering direct local heating of the active
site of the catalyst, and thereby circumventing unnecessary heating of re-
actor equipment.

Given the above, photothermal catalysis shows definitive advantages com-
pared to traditional photo- and/or thermal catalysis. First, photothermal
catalysis involves more highly efficient harvesting and utilization of the solar
spectrum, especial the low energy visible and infrared light that would be in-
sufficient to excite photocatalysis reactions. Secondly, there is no requirement
for external thermal energy supply while the heat is generated directly on the
surface of the catalyst via the light-to-heat effect. The temperature of the
catalytic active sites on the surface rises instantaneously while operating under
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mild conditions. This could speed up the reaction, refrain from the de-
activation of the catalyst, and increase the selectivity for products.

4.3 Semiconductor Nanomaterials as the
Photothermal Catalyst

Intensive efforts have been devoted to developing high-performance light-to-
heat converting materials in the past decades. One of the key factors that
determine the converting efficiency is the light harvest ability of the catalyst
materials. In a photothermal catalytic system, light absorbing materials
should show highly optical absorption efficiency and broad light absorption
across the solar spectrum (250 to 2500 nm). Thus, an overall high solar
absorption of the catalyst material is the crucial point to achieve high solar-
to-thermal conversion. Common materials that have been used as photo-
catalysts include metals, semiconductor materials, and hybrid combinations
of semiconductor-metal materials and organic-inorganic materials.

4.3.1 Material Selection

Nanoscale metallic or semiconducting materials show high optical ab-
sorption across much of the solar spectrum and high surface area. These
properties make them ideal photothermal catalyst materials. The broadband
optical absorption results from electronic transitions occurring in narrow
bandgap semiconductors. The semiconducting materials with such broad
optical absorption properties include non-stoichiometric metal oxides with
mid-gap defect states, mixed valence states, and/or conduction electrons;
semiconductor nanomaterials exhibiting the localized surface plasmon
resonance (LSPR) effect; and hybrid materials in which both metallic and
semiconducting systems are present.”'>™®

According to Ozin’s work, defects in nanoscale metal oxides create mid-
bandgap states that can enable materials to perform photothermal catalysis.
These states exist in non-stoichiometric materials containing oxygen and/or
metal vacancies and interstitials, mixed metal valences, and conduction
electrons that can enhance the optical absorption in the visible and near-
infrared spectra. In general, the nanoscale metal oxide materials should
contain at least one of these three defect types to perform photothermal
catalytic reactions. It is also possible that the three types of defects can exist
in one material.

Another key approach to enhancing the photothermal effect is to fabricate
a hybrid architecture to tailor the electronic, chemical, and thermal prop-
erties of the catalyst materials. A metal oxide decorated with metal nano-
particles (NPs) is a common structure that has been widely used as a
photothermal catalyst material. In many examples, one component in this
kind of hybrid structure is considered as the principal catalyst while another
component as a nanoheater.”'*'*?
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4.3.2 Bandgap Engineering

It has been demonstrated that the band structure of semiconductor materials
can be modified via adding impurities, self-doping, or introducing disorder to
the surface layers. As mentioned above, the smaller bandgap, mid-gap energy
states, mixed valence states, and/or conduction electrons are the dominant
control for optical excitation and relaxation, causing the widening of the light
absorption of metal oxide materials.*® For instance, Ye et al. observed broad
absorption in magnesium-reduced TiO, nanoparticles populated with oxygen
vacancies.”' The resulting TiO, exhibited light absorption from the UV to the
NIR range. Moreover, with more magnesium added to the reactions, the optical
absorption ability increased. This can be attributed to the decrease of the
oxygen content in TiO,. Wang et al. presented Ti,O; nanoparticles with 100%
internal and 92% external solar-thermal conversion efficiency. The narrow
bandgap structure of Ti,O3; nanoparticles enables light absorption across the
whole solar spectrum. Relevant studies have also been reported by Qi et al. They
fabricated 2D black In,O;_, nanosheets by photoinduced defect engineering
for photothermal catalytic CO production. The bifunctional oxygen vacancies in
these nanosheets enhanced light-harvesting and chemical adsorption of CO,
molecules and achieved a 103.21 mmol g.,, "h~" CO production efficiency.”*

4.3.3 Localized Surface Plasmon Resonance (LSPR) Effect

Surface plasmon resonance (SPR) is a resonant oscillation of conduction
electrons at the interface between negative and positive permittivity materials
excited by the electromagnetics of incident light. When this phenomenon is
generated at the nanoscale material surface, we call it the localized surface
plasmon resonance (LSPR) effect. LSPR has been known since 400 A.D. Metal
material, like gold and silver, was one of the earliest known objects that ex-
hibit LSPR properties. So far, our understanding of LSPR metal materials,
especially their optical properties, which lie in the visible spectral range and
have already been well established. Now, what is most interesting is the new
LSPR materials and their differences from the classical metals.

Semiconductor nanomaterials have been actively explored due to their
excellent optical and thermal properties. LSPR in semiconductor nanocrys-
tals results in resonant absorption, scattering, and near field enhancement
across a wide optical range from the visible to far-infrared spectral range.
This makes semiconductor NCs promising materials for therapy, imaging,
photochemical, photothermal, heat transfer, catalysis, and some other ap-
plications. The most familiar LSPR semiconductor NCs include metal oxi-
des, metal chalcogenides, metal nitride, and silicon.

In LSPR metals, natural resonance frequencies are normally in the visible
spectrum range which is caused by the high carrier concentration of metals
themselves. To shift their optical response to the infrared (IR) spectrum,
particle size or morphology modification is required. Unlike LSPR metals,
the LSPR response of semiconductor NCs can also be tuned and even the
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crystal structure has already been constructed. In semiconductor NCs, the
carrier concentration can be tuned by chemical doping, post-synthetic re-
actions or photochemical and electrochemical reactions. These strategies
allow tuning the optical response of LSPR NCs from the visible to far-
infrared spectrum. Furthermore, there are no strict limits on the size and
shape of those LSPR semiconductor materials.

The LSPR properties of semiconductor NCs depend on the shape, size,
dopant type, dopant concentration and distribution, and doping method of
NCs. Based on the summary by Agrawal et al., three guidelines can help when
designing LSPR semiconductor materials: (1) increase the free carrier concen-
tration by increasing the dopant concentration, which will cause a blue shift of
the LSPR response spectrum; (2) dopant choice and distribution structure
changes the electron scattering and the near field enhancement around NCs;
(3) refer the intrinsic dielectric properties of NCs with different shapes and
sizes, thereby determining the LSPR characteristics of the desired NCs.**

From the above information, other than designing new nanostructures,
doping becomes a very helpful process to tailor the LSPR properties of semi-
conductor NCs. Doping is an essential process to develop semiconductor
materials by introducing impurity atoms into the host crystals. It can efficiently
adjust the optical and electronic properties of semiconductor NCs. The dif-
ferent types of chemical doping include vacancy doping, and aliovalent sub-
stitutional doping, interstitial doping.>*"*° In vacancy doping, for example, O
doped WO;_,, the charge carrier density changes as the stoichiometry changes
in semiconductor NCs. This type of doping can introduce either free holes or
free electrons without introducing any extrinsic ions. For aliovalent doping,
impurity atoms are introduced via substitutional or interstitial doping. This
mechanism can donate free holes or electrons to the valence band or con-
duction band, respectively.>”*°? Aliovalent doping could occur during the
synthesis process to affect the crystal structure of NCs, it can also be utilized for
the modification of pre-synthesized NCs. In the synthesis of doped metal oxide
NCs, the presence of dopant ions can significantly affect the nucleation and
growth processes and then further affect the NCs’ size and shape. The control
of dopant concentration and spatial distribution has been proved to play a vital
role in the determination of the LSPR response of metal oxides. During the past
few years, various plasmonic metal oxide NCs have been developed, such as
tin-doped In,05,>*° indium-doped CdO,*>*”*° aluminum-doped ZnO,*>*!
copper-doped ZnO** NCs, and so on. Alternatively, chemical transformation of
pre-synthesized metal oxide NCs could control the chemical properties, con-
centration, and distribution of dopants via ‘‘conversion chemistry” strategies
like cation-exchange.***’

4.3.4 Size and Shape Effect

When designing a photothermal catalyst material, it is necessary to under-
stand the relation between the catalytic rate, selectivity, and not only the size
of particles but also their morphologies.

)



142 Chapter 4

The size of the nanoparticles plays an important role in the photo-
thermal catalytic reaction system. Basically, the smaller particles show a
relatively larger surface area in which more active sites on the surface are
provided. In the meantime, nanostructured morphologies also have a sig-
nificant influence on the electronic structures of the materials attributed to
the quantum confinement effect. For instance, charge carrier separation
is able to be enhanced in small, especially nanoscale, particles. Besides,
nanostructuring can also affect the thermal conductivity of materials. In
this case, the increase in the surface area has direct consequences for the
increase in surface roughness of the catalytic component. This offers an
effective strategy for reducing the thermal conductivity of a material and,
hence, promoting heat generation near the active sites on the surface. This
conclusion has been demonstrated by Ozin and co-workers in their review
article.®*”~*°

On the other hand, overall photothermal catalytic performance can be
weakened by using smaller size particles. Due to the spatial confinement
effect, reducing lattice dimensions could lead to poor charge carrier separ-
ation. And, as mentioned before, reducing size can also result in a blue shift
in the resonant frequency which narrows the light absorption range. Thus, a
holistic approach should be taken when designing photothermal catalysts,
especial the nanoheater component. For instance, one study based on the
Pd@Nb,O;5 catalyst investigated the effect of nanoheater size on photo-
thermal CO, catalysis. Pd nanoparticles with different sizes (from 5 to
20 nm) were used as nanoheaters in these hybrid catalyst materials. The
results revealed that different reactions show different selectivity on differ-
ent sized nanoheaters. In particular, the smaller Pd nanoparticles exhibited
a higher photothermal catalytic ability and selectivity upon a CO, to CO
conversion reaction. With a smaller Pd nanoheater, the CO production rate
could reach 18.8 molg., ' h™" with 99.5% selectivity.>°

The shape of nanomaterials directly affects their optical and thermal
properties. In a photothermal catalytic system, it is possible to improve the
catalytic performance by tailoring the morphologies of catalyst materials,
especially the particles with an LSPR effect. In plasmonic semiconductor
nanomaterials, symmetrical structures, such as nanorods, nanocubes,
nanowires, and nanostars, show efficient absorption in the near-IR region of
the solar spectrum. For example, Chen et al. reported a W;30,49 nanowire
material that exhibits enhanced absorption with wavelengths from 510 to
1100 nm.”" Hua et al.’s HCuPO nanosheets show high photothermal cata-
lysis at 808 nm.>? In addition, non-symmetrical and hollow geometries have
been demonstrated to show increased broadband absorption which makes
good use of the whole visible spectrum.>*>*

Theoretically, localized heating can be enhanced by sharp geometric
structures, such as tips, corners, and edges. This will result in a higher
heating efficiency in the photothermal catalytic system. Based on Baffou’s
results, this is due to increased electromagnetic field intensity at sharp
positions.>® Thus, the nanostructures with a high concentration of edges
and corners would be a better choice for maximizing the nanoheating effect.
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Another kind of catalyst structure that is also worth mentioning is porous
structures. A porous structure can reduce thermal transport properties, to be
more precise, the thermal conductivity of catalyst materials.’® As discussed
before, relatively lower thermal conductivity is a benefit for the enhance-
ment of localized heat generation within the catalyst at surface active sites.
Thus, the use of a porous structure can efficiently promote thermally driven
reactions in the photothermal catalytic reaction system.

4.3.5 Hybrid Structures

As mentioned earlier, most photothermal catalytic reaction systems com-
prise a metal oxide decorated with metal NPs. In this kind of structure, one
component, often the metal oxide, functions as the catalyst with active sites
on the material surface, while another component, metal NPs, functions as a
nanoheater to assist the reactions on the surface. Actually, the surface re-
actions often happen on both components. For instance, the C-O bond ac-
tivation and H, dissociation reactions in the CO, reduction system are
normally present on different active sites.

The physical properties of catalysts are directly related to their nanostruc-
tures. A hybrid nanostructure offers several advantages on the optical, elec-
tronic, and chemical properties compared to a single component
nanostructure.”” For example, the heat generated in a photothermal catalysis
system can be transferred from the source component to the active sites located
on another component, which could enhance the heat effect in hybrid nanos-
tructured catalysts. Besides, the charge carrier generation and transport can be
boosted in semiconductor-based hybrid nanocatalysts, for both photocatalysis
and photothermal catalysis systems, rather than single component semi-
conductor nanomaterials. Several examples of possible hybrid architectures are
presented in Scheme 4.1, which have been demonstrated in the literature. The
most common hybrid nanomaterials for photothermal catalysis reactions in-
clude metal oxide-metal NP heterostructures and core/shell nanostructures.

4.3.5.1 Metal/Semiconductor Heterostructures

Metal/semiconductor heterostructure materials are one of the most studied
systems. An ideal semiconductor material as a photothermal catalyst should
have important properties including high surface area, broadband optical ab-
sorption, and effective charge carrier separation structure. The strong broad-
band optical absorption can cause the generation of charge carriers and/or high
local temperature at active sites. These types of materials are generally non-
stoichiometric metal oxides with oxygen/metal vacancies, mixed metal valence
electrons, and/or conduction electrons.®**® Ozin and co-workers reported an
example of this kind of material using Pd NPs supported on Nb,Os for the
photocatalytic reduction of CO,.”° According to their results, Pd NPs acted as
nanoheaters that effectively enhance the local temperature of Nb,Os-based
catalysts for the CO, hydrogenation reaction. The deposited Pt NPs could assist
the trapping of excited electrons from the conduction band of semiconductor
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Scheme 4.1 Illustration of a library of photothermal nanoscale architectures where
the black objects refer to a broadband light absorber that can function
as a nanoheater/catalyst and the red objects are the catalyst.
Reproduced from ref. 6 with permission from the Royal Society of
Chemistry.

oxides (e.g. TiO,), thus preventing electron-hole recombination, and then en-
hancing the overall reaction rate.®" Another appealing material that has also
been studied widely is In,O3-based catalyst materials. Also by Ozin et al., a non-
stoichiometric black In,0; ,/In,0; material was used for the photothermal
hydrogenation of CO,. In their results, the In,O;_, component was generated in
stoichiometric In,O; crystals to form In,0;_,/In,03 heterostructures.®®> These
heterostructured materials displayed broad light absorption properties across
almost the entire solar spectrum and then provided excellent photothermal
catalytic performances. Firstly, the photogenerated charge carriers could in-
duce the photochemical reduction of CO, due to the photocatalytic effect.
Secondly, the absorption of irradiation light could cause strong local heating
which also promotes the catalytic performance attributed to the thermal-
catalytic effect in photothermal catalysis systems. The combined use of both
catalytic effects efficiently catalyzes the entire reaction and shows 100% se-
lectivity towards the CO production pathway. Therefore, the use of broadband
absorption semiconductors, alone or in combination with metallic active sites,
offers the possibility for an incredibly high photothermal catalytic activity and
relatively good product/pathway selectivity.

4.3.5.2 Core/Shell Structures

Core-shell structured hybrid materials present the advantages of tunable op-
tical, electronic, and thermal properties because of their bifunctional structure.
This could also be a very attractive strategy to develop new materials that exhibit
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good photo-thermal performances.”>®* On the one hand, it is possible to
achieve a high photothermal catalytic performance by creating a new core/shell
structured nanocatalyst. For instance, Kumar and co-workers designed a
Pt@TiO,-AuNPs core/shell structure for the photothermal catalysis CO, re-
duction. In their work, the introduction of the TiO, layer results in a higher
quantum yield compared with bare Au NPs. This is due to the combination of
positive effects like the enlargement of surface area, the red-shift and broad-
ening of the LSPR peak, and the enhancement of light absorption. On the other
hand, the tuning of metal shell thickness could control the local heating in the
thermal catalytic process and the hot-carrier injection in the photocatalytic
process. Xiong and co-workers demonstrated that the thickness of the metal
shell seems to be a crucial parameter to determine the surface plasmon decay
pathways for local heating and/or electron transfer processes in photothermal
catalytic systems.®

4.4 Photothermal Catalytic Applications

A photothermal catalytic reaction is the combined action of solar energy and
thermal energy. This enables some reactions to operate under relatively milder
conditions, like lower temperature and/or pressure. So far, the reactions or
processes that have already been improved by using photothermal catalysis
include CO, conversion, Fischer-Tropsch process, NH; synthesis, and so on.
Here we will give a brief review of the development of these reactions.

4.4.1 CO, Conversion

The utilization of CO, normally includes two kinds of synthesis processes.
The first one is called the non-reductive route since the chemical state of
carbon remains at +4 before and after the reaction. This process can pro-
duce products like urea, carboxylic acids, polymers, and so on. The other
synthesis process is often called the reductive route in which the chemical
state of carbon is lowered, as its name suggests. Methane (CH,), carbon
oxide (CO), and alcohols are the most common products in the CO, re-
duction processes. The reduction of CO, has attracted significant attention
in the past decades. It has been considered as a solution for the energy
shortage and environmental deterioration since it can produce green fuels.

H, and H,O are the primary reductants that have been used to assist the
reduction of CO,. By using H,, CH,, CO and ethanol, methanol are produced
via methane production, reverse water gas shift (RWGS), and alcohol syn-
thesis reactions, respectively. The reduction of CO, by H,O could produce
solar fuels, normally hydrocarbons, such as CH, and methanol. This syn-
thesis process is commonly called artificial photosynthesis.®®”® And this has
been recognized as the most promising technique to achieve carbon neu-
trality, especial in the chemical industry and energy production.

Generally, in the reduction of CO,, the number of electrons that participate
in the reactions is the crucial point to determine the final products. Thus, the
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use of photocatalysis or photothermal catalysis, which could promote the
generation of hot electrons, will speed up these reactions effectively.

4.4.1.1 Reverse Water Gas Shift (RWGS)

Reverse water gas shift (RWGS) is an endothermic reaction that can produce
CO through the hydrogenation of CO,.'*”" This reaction uses H, as a re-
ducing agent and is considered to be a sustainable strategy for CO, capture
and conversion (eqn (4.1)). The chemical state of carbon is reduced from +4
to +2 which indicates that this is a 2 electron reduction reaction. It is re-
markable that, by working together with a sustainable and renewable
hydrogen source, the produced CO can form syngas (CO/H,) and further
transform it into useful fuels, like alkanes, alcohols, gasoline, and so on.”>”?

Co, +H,— CO +H,0 (AHyo5 x =41.1 kK mol ) (4.1)

In previous research, RWGS reactions were catalyzed by the thermal-
catalytic effect. Common catalysts that have been well studied include noble
metals, transition metals, and metal oxide materials. In photothermal cata-
lysis RWGS reactions, the major concerns are focused on the light-harvesting
and solar-thermal conversion abilities of catalyst materials, which means the
catalysts with photocatalytic properties become promising alternatives.

The most traditional photothermal catalyst is TiO, support catalyst ma-
terials. By composing with metal particles, the catalytic activity increased quite
a lot. When Pd nanoparticles were loaded on TiO,, the CO production rate
increased more than 7 times compared to pristine TiO, nanomaterials (P25).”*
The induced Pd particles not only increase the number of photo-generated hot
carriers but also enlarge the specific area which enhances the CO, adsorption.
Au is another famous plasmonic particle that has been widely used as a
catalyst or co-catalyst.””””” The use of Au/TiO, resulted in a CO, reduction rate
of 2.7 mmol g.,. ' h™" under visible light irradiation. When Au works together
with ZnO, the light-to-thermal effect induces a high temperature reaching up
to 600 °C.”® Interesting results were obtained with Au/CeO,. The catalysis
activity is extremely high under the illumination, while less than 4% of CO,
was converted at the same temperature under thermal conditions.””

Another attractive material was developed by Ozin and co-workers—indium
oxides. The In,0;_,(OH)y materials they studied in 2014 show a CO production
rate of 153 pmol g.,. " h~ ' which was 4.3 times higher than in the dark.”® Very
recently, they reported a black indium oxide material In,O;_,/In,05.%° This
In,0;_,/In,0; material could drive the reaction at 23882.75 umol g.,, "h™ " for
CO production. This indium oxide material shows the best catalytic activities
of all reported indium oxide-based photothermal catalyst materials.

4.4.1.2 Methane Production

CO, methanation, also known as the Sabatier reaction, is one of the most
studied processes based on the hydrogenation of CO, (eqn (4.2)). Similar to
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RWGS reactions, with H, from renewable sources, CH, can be produced
from CO,. Considering the wide application of CH, as a fuel source, this CO,
methanation reaction has attracted substantial attention for use in energy
conversion and storage projects.”>*"%

CO, + 4H, — CH, + 2H,0 (AH,o5 x = —165.1 k] mol ) (4.2)

The kinetic barrier of this reduction reaction is extremely high. Thus, to
achieve a favorable CH, yield, appropriate energy input, catalysts, and re-
action conditions are required. This reaction was discovered in 1897, oc-
curring at high temperatures (300-400 °C) and pressures (around 30 bar) in
the presence of a nickel catalyst. Besides Ni-, Ru-, and Rh-based catalysts
also exhibit excellent catalytic abilities for the reduction of CO,.

Many examples can be found in the literature on the production of CH,
from CO,, like oxide/graphene, metal/oxide, or semiconductor hetero-
structures with/without extra metal loaded.**®” Since this methanation re-
action is also one process of CO, reduction by using H, as a reducing agent,
the product selectivity needs to be determined. Both methanation and
RWGS reactions occur over Rh-based catalysts, with CH, and CO as the main
products, respectively. Everitt and Liu’s groups discovered that product se-
lectivity can be tuned with Rh/Al,O; catalysts.®® Experimental results indi-
cated that production rates of CH, and CO were similar in the dark. After
introducing UV light, the rate of CH, production increased significantly,
whereas the rate of CO production was enhanced only very slightly
(see Figure 4.2). This is attributed to the better selectivity of CH, in this
Rh/AL,O; catalyzed photothermal catalytic CO, hydrogenation system.

4.4.1.3 Methanol and Ethanol Synthesis

Methanol (CH30H) is an important material that either can be used directly as
a solvent or fuel or be used as a raw material for the synthesis of hydrocarbons
and other compounds.® The traditional production strategy to produce
methanol is from syngas (CO/H,). As mentioned before, syngas can be formed
via an RWGS process, thus methanol also can be formed directly from a
thermal-catalytic CO, and H, reaction. From this, it seems possible to achieve a
photothermal catalytic methanol production strategy as an alternative.

CO, + 3H, - CH;0H + H,0 (AH,o4 x = —49.9 k] mol %) (4.3)

CO + 2H, - CH;0H (4.4)

In traditional methanol production (eqn (4.4)), CO reacts with two H, to
form methanol. Adding eqn (4.1) and (4.4) together, the overall reaction is
the same as the above eqn (4.3). Thus, replacing CO with CO, as the carbon
source in the methanol formation strategy could obtain methanol dir-
ectly.”*> This is another successful sample that can produce liquid fuel
directly from the reduction of CO,. And of course, the development of an
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Figure 4.2 Photo-thermo CO, hydrogenation over a Rh/Al,O; catalyst. Rates of CH,
(green) and CO (black) production at 350 °C in the dark and in the light.
Reproduced from ref. 88, https://doi.org/10.1038/ncomms14542, under
the terms of the CC BY 4.0 license, https://creativecommons.org/licenses/
by/4.0/.
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Scheme 4.2 Schematic of CO, hydrogenation over a Rh-based catalyst with or
without hydroxyl groups on TiO,. The hydroxyls play an important
role in accelerating the scission of CH,~O* and promote the formation

of ethanol.
Reproduced from ref. 93 with permission from the Royal Society of

Chemistry.

efficient catalyst is the true part that takes much effort. Additionally, ethanol
also can be produced by this hydrogenation of CO, over a proper catalyst.”

Only a few studies have been done on the synthesis of methanol and
ethanol from the reduction of CO,, especial the formation of ethanol.”
The difficulties lie in CO, activation, dissociation of the C-O bond and the
formation of C1 by-products.”® In 2019, Gong and co-workers reported
hydroxyl-mediated ethanol production from CO,. The RhFeLi alloy-loaded
TiO, nanorods were used as catalysts (see Scheme 4.2). The crucial point of
this system is the surface functionalization with hydroxyls which can pro-
tonate methanol and proceed to the formation of ethanol.”>**
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4.4.1.4 Artificial Photosynthesis

Artificial photosynthesis is the most direct approach to convert CO,. It was
replicated and developed from natural photosynthesis. This technique
provides a valuable solution for CO, reduction because fuels can be directly
synthesized using CO, and H,O which are both easy to acquire from nature.
Various kinds of carbon-based fuels or compounds, such as CO, CH;0H,
or CH,, can be produced via this technique by using sunlight as the
energy source.®®®”7°

Several semiconductor oxide-based catalyst materials have been studied for
use in artificial photosynthesis reactions, such as TiO,, ZnO, Cu,O, WOs;,
MoO;, or Fe,0,.'%77'% These oxides exhibit some common properties such as
high light-harvesting ability, low charge recombination rate, and stability at
high temperature, which make them adaptable to becoming photothermal
catalysts. In this particular case of CO, conversion, good CO, adsorption is also
desired. These catalysts have already been evaluated for working in different
reactions at different temperatures and/or different ranges of light.

4.4.2 Fischer-Tropsch Process

The Fischer-Tropsch process is a series of chemical reactions that convert
carbon monoxide into liquid hydrocarbons by working together with hydrogen
or water. This process was first developed in 1925 by Franz Fischer and Hans
Tropsch. These reactions typically occur at high temperature (150-300 °C) and
pressure (one to several tens bar) in the presence of catalysts. In 2015, Guo’s
group and Su’s group both published interesting results about the photo-
thermal catalyzed Fischer-Tropsch process. Theoretically, the use of photo-
thermal catalysts instead of traditional metal catalysts should not only lower
the cost but also, and most importantly, enhance the catalytic activity.
In Guo’s work, a ruthenium/graphene nano-heterostructure was used as the
photothermal catalyst for the formation of C,,- hydrocarbons from a mixture
of CO:H, (1:1)."°" Based on their results, the catalytic activity is around
7.8 mol mol.,, *h ™' while the reaction is carried out in a dark environment
and reaches up to 14.4 molmol., 'h~' while visible light (400-800 nm)
irradiation is supplied. And beyond that, the 150 °C reaction temperature with
10-20 bar gas pressure is also a relatively mild condition compared to the
traditional Fischer-Tropsch process. As shown in Figure 4.3, the reaction rate is
enhanced by increasing the irradiation intensity. While maintaining the re-
action temperature unchanged at 150 °C, the contribution of thermal effect
from direct heating should be consistent. Thus, the increase in reaction rate
should be attributed to the photocatalytic and solar-thermal effects.

Su and co-workers reported another catalytic system in 2018. In this design,
TiO, nanotube supported Co catalysts were used to catalyze the FT reactions
(CO:H,=1:2) under the irradiation of UV light.'®® The thermal only and ir-
radiation only experiments have also been investigated as comparison ex-
periments. From their results, there are a few points that are worth specifying.
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Figure 4.3 Dependence of the catalytic activity of Ru/graphene for PFTS on the light
intensity shows that the activity linearly decreases with decreasing light
intensity.

Reproduced from ref. 101 with permission from American Chemical
Society, Copyright 2015.

First, the UV irradiation alone does not have enough energy to overcome the
reaction energy barrier, the assistance from solar converting heat is required.
Secondly, the CO conversion value increased from 9.2% to 63.9% by inducing
UV irradiation. And thirdly, in situ Raman spectroscopy results proved
the adsorption of CO on metal particles and the weakening of the C-O bond.
The electrons that attended the dissociation of the C-O bond are generated
and transferred from the support materials, such as graphene in Guo’s work,
to TiO,, MnO, ZnO and so on.'%'%* This makes the support material a key
part in the development of photothermal catalytic systems.

In addition, to improve the CO conversion efficiency, product selectivity is
another parameter that needs to be investigated in the Fischer-Tropsch pro-
cess. In the Fischer-Tropsch process, the most used catalysts contain group
VIIIB transition metals, especial ruthenium, iron, nickel, and so on. These
catalysts show differences in CO hydrogenation product selectivity. They can
be used alone or together as an alloy to enhance selectivity.'®* According
to the published data, iron-based catalysts show good selectivity toward
light olefins,'®'° Co-based catalysts suitable for the production of higher
hydrocarbons,'®”” while Ni-based catalysts exhibit efficient methanation
production.'®® Although these typical experiences could apply to most of the
reactions, changing the composition of metal and oxide could promote the
reaction toward a quite different product. For instance, Ni-based catalysts are
commonly considered unsuitable for the synthesis of olefins. However, a very
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recent publication reviewed that, by cooperation with MnO material, Ni/MnO
catalyzed Fischer-Tropsch reactions present olefin selectivity up to 33.0%."%*

This Fischer-Tropsch process is a complicated reaction system. It can be
used for the production of olefins, hydrocarbons, alcohols, dimethyl ether,
and so on.'” ™" Thus, to develop the photothermal catalytic Fischer-
Tropsch process, both CO conversion efficiency and product selectivity
need to be considered.

4.4.3 NH; Synthesis

The Haber-Bosch process is an artificial nitrogen fixation process to produce
ammonia (eqn (4.5)).""* This process has already been applied for the in-
dustrial production of ammonia under extreme reaction conditions: high
temperatures (400 °C to 500 °C) and pressures (100 bar to 200 bar). How to
carry out this reaction under a mild condition became one of the most
challenging research aims of the 20th century.

N, + 3H, —2NH; (AH,o4 x = —91.8 kJ mol %) (4.5)

In 2018, Zhang’s group was successfully introducing sunlight into the
ammonia synthesis reaction as the only energy source.'** In their work, a
Ru-loaded TiO,_,H, catalyst material was constructed, and by using it, the
reaction could occur at atmospheric pressure without any external heating
supply. The temperature inside the reactor has been measured reaching
360 °C under irradiation. Their results directly indicate the existence of a
photothermal catalytic effect inside the reaction system. The ammonia
generation rate of this process is up to 112.6 pmol g., ' h™*, which is much
higher than the Ru-based catalyst supported thermal-catalytic process.
Another interesting work that is worth mentioning was carried out by Liu’s
group in 2019.'" They proposed the existence of thermal gradients in
photothermal catalytic systems. The thermal gradients could act as a ther-
modynamic pump to shift the global equilibrium to improve the catalytic
activities and product yield simultaneously. The short penetration depth of
light, especially UV light, considered a weakness in light-driven catalysis
previously, has now become an advantage to achieve thermal gradients. This
strategy explained another possibility about what happened after the pho-
tothermal heat energy was generated at a catalyst surface.

4.5 Outlook

The combination of photocatalytic and thermal-catalytic effects makes the
photothermal catalytic system an excellent strategy to promote reactions. With
the help of photothermal catalysts, the Fischer-Tropsch process and ammo-
nia synthesis can be carried out under relatively mild conditions. Solar energy
is sustainable energy, and by using this instead of heat energy, the environ-
mental problems can, and will, be greatly eased. From another perspective,
photothermal catalysis of CO, conversion to fuels could also relieve us from
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greenhouse gas. And the most important thing is, another raw material for
CO, treatment is H, or H,O, which are either easy to obtain or produce. The
successful construction of CO, conversion systems and artificial photo-
synthesis processes brings us one step closer to achieving the carbon cycle.

Of course, what we have done is just the beginning. There are still too
many problems that need to be solved and too many challenges that need to
be faced. First is the catalytic performance. The performance of catalysts
consists of three parts: activity, selectivity, and stability. (1) Although we
already developed many kinds of materials and structures, only a few catalyst
materials show higher catalytic activity. For most of the system, CO, con-
version is still lower than 10%. (2) According to the three photothermal
catalytic systems that have been reviewed in this chapter, product selectivity
is still a problem. The product selectivity is limited by the catalysts them-
selves. This means we still cannot control the direction of the reactions ex-
cept by changing the catalyst materials. The working mechanism of catalysts
is not clear yet. (3) The stability problem is what we care about. It is not only
related to how many times we can use a catalyst or to how long we can use it
but also how to recycle it completely. The leaking of these catalysts, especial
nanoscale catalysts will cause a more serious environmental problem.
Secondly, the construction of photothermal catalytic devices is in demand.
A proper device could make use of and recycle catalysts conveniently and
safely. Thirdly, the supporting theories of the whole photothermal catalytic
system are insufficient. The in situ study or characterization of photothermal
catalytic processes lags far behind. Insight into the catalysis mechanism will
help us know how the catalyst acts in a system, and make it possible to
design a really meaningful catalyst material/device.
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CHAPTER 5

Copper Sulfide-based
Nanomaterials for
Photothermal Applications
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City 1101, Philippines
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5.1 Introduction

Binary copper sulfides are an interesting class of metal chalcogenide semi-
conductors that have become a topic of intense research among nanoma-
terials scientists over the last decade. They are generally represented by
the chemical formula Cu,_,S, with x values ranging from 0 to 1." Notable
examples include CuS (covellite), Cuy1,S (or CuoSs, yarrowite), Cuy.sS
(or Cu,S,, anilite), Cu, ¢S (or CuoSs, digenite), Cuy g1S (or Cu,eSy6, roxbyite),
Cu;.04S (or Cus;Sy6, djurleite), and Cu,S (chalcocite).” The vast interest in
these compounds is rooted from the desire to find suitable alternatives to
cadmium and lead chalcogenides (i.e., CdE and PbE, where E =S, Se, Te),
which are technologically promising but are hounded by toxicity issues that
limit their use in practical settings. Because they are composed of nontoxic
and earth-abundant elements, copper sulfides are environmentally benign
and low-cost. With their various stoichiometries, they also have the advan-
tage of being compositionally and structurally diverse, which can be exploited
in the manipulation of their properties.’ Moreover, the binary Cu-S system
can be easily doped or alloyed to yield multinary compounds having
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composition-dependent properties that can be readily tuned to suit the
desired functions.’® When prepared in nanosized dimensions, the size and
morphology of these materials can also be engineered to tailor their prop-
erties and enhance their performance in a given application. This renders
them useful in a broad range of applications that span across multiple areas
of research, including optoelectronics, catalysis, photovoltaics, thermo-
electrics, energy storage, and biomedicine.”™

Research over the past decade has shown that Cu, ,S nanomaterials
are ideal photothermal transduction materials because they are capable of
intense photon absorption and can efficiently transform the absorbed light
into heat.'”"® Their ability to absorb light is attributed to their strong
localized surface plasmon resonance (LSPR) with frequencies within the
near-infrared (NIR) spectral window.* First reported in 2009, the LSPR in
Cu, ,S nanomaterials arises from the collective oscillation of free charge
carriers, particularly free holes, which are generated by copper vacancies in
the valence band." This is different from the case of nanosized noble metals
(e.g- Au, Ag), where the LSPR originates from the collective oscillation of free
electrons in the conduction band. As the LSPR frequency is determined by
the concentration of free charge carriers, Cu, ,S nanomaterials absorb light
of longer wavelengths compared to noble metal nanomaterials because they
have a lower density of free charge carriers (i.e., the number of free holes in
Cu,_,S is considerably lower than the number of free electrons in metals)."?
Thus, while the LSPR absorption band for Au and Ag nanospheres can be
found in the visible spectral range, the LSPR absorption band for similar-
sized Cu,_,S nanospheres lies in the NIR region. In spite of the difference
in LSPR origin, there are similarities in the plasmonic behavior of metals
and copper sulfides. For both types of materials, the LSPR frequency is
dependent on the size and shape of the plasmonic nanostructures.'®'”
In the case of shape (or morphology), nanostructures with anisotropic
morphologies exhibit spectral features that differ from those observed for
spherical-shaped nanocrystals.'®' The reduced shape symmetry in aniso-
tropic nanostructures gives rise to additional resonance on account of the
different ways in which light can be polarized.*® For example, nanorods
display longitudinal and transverse plasmon resonances that correspond to
the rod’s long and short axes, respectively. The local environment is another
factor that can influence the plasmon-induced optical response of both
metals and Cu,_,S. Red-shifting of the LSPR maximum is observed with
increasing refractive index of the surrounding media.'®*'

When comparing the different Cu,_,S phases, CuS (x =1) has the highest
density of free holes because it is the most copper-deficient, and so, it has the
strongest plasmonic absorption in the NIR region. The absorption peak
becomes less intense and shifts to longer wavelengths as x decreases (see
Figure 5.1a) due to the reduction in the concentration of free holes as the
Cu,_,S phase becomes less copper deficient.”” This demonstrates that the
stoichiometry-dependent free carrier concentration of Cu,_,S nanomaterials
could enable modulation of their absorption properties through composition
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Figure 5.1 (a) Evolution of the optical extinction spectra for Cu,_,S nanocrystals
with increasing copper content (or decreasing hole concentration).
Reproduced from ref. 22 with permission from American Chemical
Society, Copyright 2013. (b) Optical extinction spectra of Au-Cu, gS
nanocomposites and their corresponding components: Au and Cu, ¢S
nanoparticles. Reproduced from ref. 26 with permission from American
Chemical Society, Copyright 2014.

control. For Cu,S (x = 0), plasmonic absorption is not observed because the
number of free holes is not abundant enough to generate LSPR. However, it
has been noted that nanostructured Cu,$ is unstable in air.'” When exposed
to oxygen at ambient conditions, it can transform to other Cu, ,S phases
with sufficient free holes that can allow for LSPR-induced NIR absorption.
Aside from adjusting the Cu,_,S stoichiometry, the composition can also be
modified by doping or alloying since the copper-deficient Cu,_,S lattice can
readily accommodate additional metal cations.**> The incorporation of
extrinsic metal cations fills the copper vacancies, thereby reducing the
concentration of free holes. This leads to red-shifting of the LSPR absorption
band. For example, when In’" was increasingly integrated into Cu,_,S
nanocrystals, progressive red-shifting from 1341 to 1533 nm was observed as
the indium cation fraction increased from 0 to 47%.>* However, this is
accompanied by weakening of the LSPR response due to filling of the cation
vacancies by indium. The LSPR band eventually disappeared when the
indium cation fraction reached 60%, implying that the free hole concen-
tration had been greatly diminished.

In an effort to enhance the LSPR absorption cross-section of Cu, ,S
nanomaterials, the construction of nanocomposites that combine Cu, ,S
with another plasmonic material has been pursued. Particular attention has
been directed toward Au-Cu, _,S, a dual plasmonic hybrid that exhibits LSPR
in both the visible and the NIR region.>> As seen in Figure 5.1b, two well-
defined absorption peaks are present in the extinction spectrum of
Au-Cu, ¢S hybrid nanostructures.*® The peak in the visible region is attrib-
uted to the LSPR absorption of the Au domain, whereas the NIR absorption
band is from the LSPR of the Cu,_,S component. Interestingly, when
compared to Cu, gS nanoparticles synthesized under similar conditions, the
Au-Cu, gS hybrid nanostructures displayed a substantially stronger NIR
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absorption, indicating that the plasmonic absorption of Cu,_,S can be
improved through coupling with Au. Theoretical simulations showed that
this observed absorption enhancement is a result of the influence of the
surface-enhanced near-field at the Au surface on the collective oscillation of
holes in Cu,gS. This increased absorption ultimately translates to better
photothermal transduction efficiency of the nanocomposite.

Because copper sulfide-based nanomaterials are strong NIR-absorbers,
they are regarded as promising photothermal transduction agents in
biomedical applications, where the use of NIR light is desired to achieve
deeper penetration into tissues and better localized heating. In fact, their
potential use as photothermal materials in cancer therapy has already been
documented in numerous publications, which will be extensively reviewed
later in this chapter. Different compositions, morphologies, and hybrids
have been synthesized with the object of enhancing the NIR absorbance and
the photothermal transduction efficiency. In the following section, the syn-
thetic strategies by which these photothermally active copper sulfide-based
nanomaterials can be prepared are presented.

5.2 Synthesis of Copper Sulfide-based Nanomaterials

5.2.1 Cu,_,S Nanostructures

Nanostructured materials of binary copper sulfides can be prepared through
solution-phase (or wet chemical) synthesis. The most commonly used
methods are the colloidal chemical method, the solvothermal (or hydro-
thermal) approach, and the microwave-assisted technique. In fabricating
Cu,_,S nanostructures with the desired properties for photothermal appli-
cations, judicious selection of experimental parameters and conditions is
essential. This subsection discusses the different strategies that have been
employed in synthesizing photothermal Cu, ,S nanostructures of varying
compositions and morphologies.

5.2.1.1 Composition Control

As the crystal structure, band gap, and LSPR of Cu,_,S nanomaterials vary as
a function of x, composition control can be used to regulate their optical and
electronic properties. It is therefore crucial to establish synthetic method-
ologies that would enable the preparation of Cu,_,S nanostructures with
tunable composition. Using colloidally-prepared Cu, ;S nanocrystals as the
starting copper sulfide material, Xie et al. were able to synthesize a series of
samples with increasing Cu:S ratios (up to Cu,S) through incorporation of
increasing amounts of Cu(i) ions.”* The complex [Cu(CH;CN),]PF, was em-
ployed as the source of cuprous ions. It was noted that the reaction of the
starting nanocrystals with the Cu(i) complex is a reduction reaction, where
the sulfur sublattice is gradually reduced with rising amounts of Cu(i).
The increase in copper content equates to a decrease in the concentration of
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free holes, and this resulted in the red-shifting and damping of the LSPR
band (see Figure 5.1a). Meanwhile, Kriegel et al. started with pre-synthesized
Cu,S nanocrystals and transformed them into nonstoichiometric Cu, o,S by
exposing them to air for 6 days.”” The starting Cu,S is not plasmonic, but an
LSPR band developed and progressively intensified with continuous oxygen
exposure due to accelerated formation of copper vacancies. Considering
that the vacancy-induced LSPR bands of copper sulfides can change spon-
taneously with oxygen exposure, Georgieva et al. sought a way to stabilize the
copper vacancy concentration in these materials at ambient conditions.”®
They showed that surface passivation with tetrathiomolybdate (MoS,”>”) can
provide the necessary protection against oxidation in air because it can
strongly chelate to copper ions. As a result, the NIR absorption behavior is
stabilized. However, the MoS,”>~ concentration should not be too high as to
avoid the formation of ternary Cu,MoS,.

The reducing ability of the solvent has also been found to be a critical
factor in the composition-tunable synthesis of Cu,_,S nanocrystals.>**° The
observed trend is that the copper vacancy in the resultant Cu,_,S increases
with decreasing reducing ability of the solvent. For example, in their col-
loidal synthesis of Cu, ,S nanocrystals with different stoichiometries,
Freymeyer et al. made use of a mixture of oleic acid (OA) and dodecanethiol
(DDT) with variable ratios as the solvent system (see Figure 5.2).*° With its
thiol functionality, DDT can serve as a reducing agent. Thus, increasing the
OA:DDT ratio (i.e. decreasing the DDT content) lowers the reducing ability
of the solvent system, and this leads to increasing copper deficiency of the
product from the most copper-rich Cu,S to the most copper-deficient CusS.

5.2.1.2 Morphological Design

Shape or morphology is another important parameter that dictates the
plasmonic absorption profile of Cu, ,S nanomaterials. For example, Tao
and co-workers have shown that the plasmonic behavior of Cu, ,S nano-
crystals with disk-like (or platelet-like) morphology is markedly different
from that of spherical nanocrystals.>' As shown in Figure 5.3, only one NIR
absorption band is present in the extinction spectrum of Cu, ,S nano-
spheres, whereas there are two distinct bands for the nanodisks. These two
plasmon bands are ascribed to the excitation of shape-dependent dipolar
LSPR modes, where excitation occurs for incident radiation polarized in two
directions: parallel and perpendicular to the plane of the disk. The position
and relative intensities of these bands can be adjusted by controlling the
aspect ratio (i.e., diameter-to-height ratio) of the disk. Several protocols can
be used to prepare Cu,_,S nanodisks (or nanoplates), and the disks that are
formed are usually hexagonal in shape. Many of the reported methodologies
make use of single-source precursors that are able to decompose to Cu,_,S
when heated in suitable solvents. For instance, when CuSCN was heated in
oleylamine at 240 °C, hexagonal Cu, ¢,S nanodisks (Figure 5.4a) were gen-
erated.’> Another useful precursor is the copper dithiocarbamate complex,

)



Copper Sulfide-based Nanomaterials for Photothermal Applications 163

(a)
increasing copper-deficiency of product

gug

tetragonal pr—— :
chalcocite 9 covellite

cu;s-Cu s CUisS Cus

monoclinic chalcocite
CuS

increasing oleic acid/
dodecanethiol solvent ratio

(b)

oleic dcid covellite

A A

19:1 oleic acid:odee iol

Intensity (a. u.)

Figure 5.2 Influence of solvent reducing ability on the Cu,_,S phase and stoichi-
ometry. (a) The Cu,_,S crystal structures and (b) the corresponding X-ray
diffraction patterns of the Cu,_,S nanocrystals obtained by varying the
oleic acid/dodecanethiol ratio. The copper ions are color-coded in the
different phases, while the sulfur ions are depicted as yellow spheres.
Reproduced from ref. 30 with permission from American Chemical
Society, Copyright 2013.

Cu(S,CNEt,),, which can also produce hexagonal Cu, ¢,S nanodisks when
heated in a solvent mixture of hexadecanethiol and trioctylamine at 250 °C.**
On the other hand, Liu et al. showed that room-temperature synthesis is
possible as they were able to prepare CuS nanodisks at ambient conditions
by reacting (NH,),S with a Cu(n)-oleylamine complex in toluene.** Further-
more, through a multiple injection approach, they were able to vary the
lateral dimensions of the CuS nanodisks over a wide range while main-
taining the thickness at 4 nm, resulting in nanodisks with different aspect
ratios. As the LSPR wavelength is sensitive to the aspect ratio, tunable
plasmonic absorption was achieved.
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Figure 5.3 Shape-dependent LSPR of Cu, ,S nanocrystals. (a) Optical extinction
spectra, (b) TEM images, and (c) schematic illustrations of LSPR polar-
izations for spherical and disk-shaped nanocrystals. The black and red
solid lines in (a) are the best fits of the extinction peaks.

Reproduced from ref. 31 with permission from American Chemical
Society, Copyright 2011.

in-plane

A morphological characteristic that is desirable in photothermal applications
is porosity. The incorporation of porous features in nanomaterials affords
several advantages over nonporous counterparts of similar size, and these
benefits include lower density, larger surface area, and better surface permea-
bility.*> Moreover, since photothermal activity heavily relies on the light har-
nessing ability of the material, a porous architecture is advantageous because it
allows for stronger photon absorption. The pores can function as optical cavity
mirrors that can trap light and enable multiple light reflection and scattering.>*
This eventually leads to improved light-material interaction and high light
utilization efficiency. The formation of porous nanostructures usually follows
an aggregation-based mechanism, where smaller colloidal nanostructures
spontaneously aggregate in solution to form hierarchical superstructures.
Multiple cavities are generated as the initial nanostructures self-assemble, and
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Figure 5.4

TEM images and schematic illustrations (shown as insets) of different
Cu,_,S-based nanostructures. (a) Hexagonal Cu, ¢,4S nanodisks. Reproduced
from ref. 32 with permission from the Royal Society of Chemistry.
(b) Hollow-porous CuS nanospheres. Reproduced from ref. 39 with permis-
sion from Elsevier, Copyright 2016. (c) Au-CuS nanoheterodimers.
Reproduced from ref. 41 with permission from the Royal Society of Chem-
istry. (d) Core-shell Au-Cu, ,5S nanorods. Reproduced from ref. 44 with
permission from John Wiley and Sons, Copyright © 2018 WILEY-VCH
Verlag GmbH & Co. KGaA, Weinheim. (e) Yolk-shell Au-Cu, 55S nanostruc-
tures. Reproduced from ref. 46 with permission from the Royal Society of
Chemistry. (f) Core-satellite CuS/Cu,S-Au nanostructures. Reproduced
from ref. 51 with permission from John Wiley and Sons, Copyright
© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

this accounts for the porosity of the final superstructures. Mu et al. used the
microwave irradiation method to prepare porous CuS microspheres with a

hierarchical flower-like configuration.

37 The precursor solution was first
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prepared by mixing CuCl,, thiourea, NaOH, and EDTA, which served as both a
chelating agent and a surface-capping agent. This solution was then subjected
to microwave irradiation for several minutes under a N, atmosphere. From
transmission electron microscopy (TEM) images, it was found that the flower-
like spheres are made up of petal-like nanosheets as assembly units.

In certain cases, porous superstructures with a huge void at the center (i.e.,
hollow) are produced, such as in the case of the acanthosphere-like CuS
superstructures that were reported by Zhang and co-workers.*® Synthesis
was performed through solvothermal heating of a methanolic solution
containing Cu(CH3;COO),, thiourea, and CH;COOH at 100 °C for 8 h. TEM
analysis revealed that the hollow-porous structure consists of 10 nm nano-
flakes and nanorods as building blocks. This type of architecture is suitable
for loading and transport of drugs, and can thus be utilized in photothermal-
controlled drug delivery. The use of a template is another means of con-
structing hollow nanostructure morphologies. Hollow-porous nanospheres of
Cus (Figure 5.4b) and Cu, ;,S have been fabricated through this strategy using
pre-synthesized Cu,O nanospheres as the starting template material.*>*’
In this template-mediated approach, the sulfidation of the sacrificial Cu,O
template is achieved through addition of Na,S, which reacts with the template
surface to form a thin layer of copper sulfide shell. As sulfidation proceeds,
interior voids are generated due to the Kirkendall effect since the outward
diffusion of copper cations is faster than the inward diffusion of sulfur anions.

5.2.2 Copper Sulfide-based Nanocomposites

As the popularity of plasmonic Cu,_,S nanomaterials started to rise, scientists
have begun to delve deeper into the modification and enhancement of their
properties to allow for multimodal applications. Several studies have focused
on the creation of composites or hybrids (also called heterostructures), where
Cu,_,S is coupled with another material with equally interesting properties.
The synthetic protocols that have been used in constructing such hybrids are
reviewed in this subsection.

5.2.2.1 Au-Cu, S Hybrid

The combination of Cu,_,S with another plasmonic material can enable the
creation of a dual-plasmonic system with multiple optical resonance modes.
Au, being the most widely studied plasmonic metal, is the most commonly
paired plasmonic material with Cu, ,S. A wide range of Au-Cu,_,S hybrid
configurations have already been reported (e.g. heterodimer, core-shell,
yolk-shell), examples of which are shown in the TEM images in Figure 5.4c-f.
Sun et al. demonstrated the synthesis of Au-CuS nanocomposites with
a heterodimer (or Janus) configuration (Figure 5.4c).*' They employed a
seed-mediated growth technique, where colloidal Au nanocrystals are syn-
thesized first and then used as seeds for the subsequent growth of CusS.
The reaction between the pre-synthesized Au seeds and the CuS precursors

)



Copper Sulfide-based Nanomaterials for Photothermal Applications 167

(i.e., Cu(acac), and S) was carried out at 100 °C under N,, with combined
dichlorobenzene and oleylamine as the solvating medium. It was noted that
oleylamine is essential as the activating agent for the formation of CusS.
However, its concentration in the reaction mixture should be kept low to avoid
rapid nucleation of CusS as this can result in homogeneous nucleation of free
CuS nanocrystals. The resulting two-faced hybrid consists of quasi-spherical
Au on one side and plate-like CuS on the other side. A similar configuration
was achieved by Ding et al. in their synthesis of Au-Cu,; ¢S nanocomposites by
also using the seeded growth method.>® On the other hand, Wang et al. were
able to prepare Au-CuS nanoheterodimers through the galvanic exchange
route.*” In this case, CuS nanoplates were prepared first and were later mixed
with HAuCl, in water under magnetic stirring at ambient conditions. Galvanic
replacement of Cu by Au enabled the in-situ growth of Au nanocrystals on the
CuS nanoplates. Moreover, increasing the reaction time was found to increase
the size and the number of Au nanocrystals on each plate.

Sun and co-workers recently reported the synthesis of Au-Cu, ,S nano-
composites with a core-shell structure that consists of a quasi-spherical
Au core and a polycrystalline Cu,_,S shell.** They utilized a seeded growth
protocol, where pre-synthesized Au seeds are coated entirely with Cu, ,S
when heated in ethylene glycol (EG). Cu(NO3), and thiourea were used as the
Cu and S precursors, respectively, and the reaction with Au seeds was per-
formed at the boiling temperature of EG. By adjusting the precursor molar
ratios, the Cu, ,S shell was able to grow in a phase-selective and thickness-
controlled manner. Keeping the Cu:S precursor molar ratio at 1:3 enabled
the selective growth of CuS shells without forming other Cu,_,S phases.
On the other hand, a 3:1 Cu:S precursor molar ratio led to the exclusive
formation of Cu, ¢S shells. In both cases, the thickness of the shell can be
tuned by adjusting the amount of the Cu precursor relative to that of the Au
seeds. The TEM images and the extinction spectra of the core-shell Au-Cu$S
nanostructures with varying shell thickness are displayed in Figure 5.5.
The broad NIR absorption band peaking at around 1000 nm is attributed
to the plasmonic hole oscillations in the CuS shells. This peak becomes
more intense with increasing shell thickness because of the increasing CuS
content. Meanwhile, the distinct absorption peak at around 540-620 nm in
the visible region is due to the plasmonic electron oscillations in the Au
cores. As the LSPR of Au is highly sensitive to the surrounding environment,
a systematic red-shifting of the Au plasmon peak is observed with the
thickening of the CuS shells due to the high refractive index of CuS. Aside
from the two plasmon-induced absorption bands, there exists another band
at around 400 nm, which is ascribed to the interband electronic transitions
from the valence band to the conduction band of CuS. The intensity of this
band strengthens with increasing thickness of the CuS shell.

A core-shell hybrid arrangement was also created by Leng et al in
their synthesis of Au-Cu,,5S nanorods (Figure 5.4d).** Pre-synthesized Au
nanorods were used as the starting seeds, and the Cu; ;5S shell was grown
through hydrothermal reaction of the Au seeds with Cu(NOj3), and Ni(PhCOS),
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Figure 5.5 (a) TEM images and (b) optical extinction spectra of core-shell Au-CuS
nanostructures that are composed of 62 nm Au cores and CusS shells with
various thicknesses. The four samples were labeled as (i), (ii), (iii), and
(iv) in the order of increasing CuS shell thickness.

Reproduced from ref. 43 with permission from American Chemical
Society, Copyright 2020.

at 140 °C in the presence of the cationic surfactant, cetyltrimethylammonium
bromide (CTAB). Interestingly, when thinner Au nanorods were used as
seeds, site-selective growth of Cu, ;5S occurred, in which the nanorod ends
were preferentially capped. As a consequence, hybrid nanostructures with a
dumbbell-like morphology were primarily obtained. The inhomogeneous shell
growth in thinner nanorods is likely due to their more curved ends, which are
favorable sites for nucleation. In a recent study by Wang et al., it was found that
the growth of Cu, ,S on Au nanorods can be regulated by adjusting the
amount of CTAB and bovine serum albumin (BSA) in the reaction mixture.*’
The authors noted that when CTAB and BSA are surface-bound to the Au
nanorod seeds, Cu-coordination sites are created, which can facilitate the
formation of Cu,_,S. At low concentrations of these capping agents, Cu,_,S
nucleates and grows only on one side of the rod, resulting in a heterodimer
configuration. On the other hand, high concentrations of these reagents allow
for multiple nucleation of Cu,_,S islands, which eventually grow and merge
into a shell that covers the nanorod entirely.

An emerging hybrid configuration is the yolk-shell (or rattle-type) structure,
which is composed of a core that is encased within a hollow shell. The main
feature that distinguishes it from the core-shell structure is the interstitial
space between the inner core and the outer shell. Because of this interior
void, there can be multiple reflections of light between the core and the shell,
and this is beneficial for maximum utilization of light energy. Zhang et al.
carefully designed a yolk-shell structure that consists of an interior Au core and
a hollow-porous Cu,,5S (or Cu,S,) shell (Figure 5.4e).*® They employed a
template-mediated synthetic strategy using core-shell Au-Cu,O nanostructures
as the template material. When Na,S was added to the template, sulfidation of
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the Cu,O shell readily occurred due to the lower solubility product of Cu, 55S
(Ksp=1x10"**) as compared to Cu,O (Ksp =2x10"*).*” During the sulfidation
process, Kirkendall voids were created and this enabled the transformation
of the initial core-shell structure into a yolk-shell architecture. This type of
templating technique was also employed by Chang et al. in their synthesis of a
yolk-shell composite comprising a central Au core and a hollow-porous CuS
shell.”® A series of Au cores were utilized, from nanospheres to differently-sized
nanorods. As shown in Figure 5.6, the different Au cores resulted in LSPR
absorption peaks at 520, 700, 808, 860, and 980 nm. Meanwhile, Yu et al
prepared a yolk-shell hybrid that is composed of a rod-shaped Au core and an
octahedral-shaped hollow Cu, ;S shell.*” The template that was used was a
core-shell hybrid where the Au nanorod is entirely coated with a solid Cu,O
nanooctahedron. This template was converted into the yolk-shell product after
reacting with Na,S. The thickness of the Cu, ;5S shell was varied by adjusting
the Cu,O:Na,S molar ratios, where an increase in the amount of Na,S led to
thicker shells. With the increase in shell thickness, the LSPR absorption peaks
become less intense, indicating that the LSPR response of Au can be negatively
impacted by thick Cu, 55S shells.

In applications where the surface-enhanced Raman scattering (SERS) effect
of Au is essential, a hybrid configuration where Au is the exterior component
is more ideal. Lv et al. described the synthesis of a unique core-shell hybrid
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Figure 5.6 (a) TEM images with schematic illustrations and (b) optical extinction
spectra of yolk-shell Au-CuS nanostructures with varying sizes. The samples
were labeled according to the LSPR absorption peak of their Au core.
Reproduced from ref. 48 with permission from American Chemical Society,
Copyright 2018.
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Figure 5.7 (a) Schematic illustrations, (b) SEM images, (c) optical extinction spectra,
and (d) photothermal profiles of CuS-Au nanostructures, where cubic
Cus cores are coated with Au shells of various morphologies (i.e., dotted,
spiky, and islanded).
Reproduced from ref. 50 with permission from the Royal Society of
Chemistry.

consisting of a hollow CuS nanocube core that is enclosed by a spiky Au
shell.”° First, hollow CuS nanocubes were synthesized from Cu,O nanocubes
through the template-assisted method. Ascorbic acid (AA) and HAuCl, were
then added successively for the growth of the Au shell. It was noted that the
Au shell morphology can be varied by adjusting the molar ratio of HAuCl, to
AA. The shell morphology evolved from dotted to spiky to islanded with
increasing amount of HAuCl, (Figure 5.7). In the dotted configuration, the
hollow CuS cubic core is decorated with tiny spherical Au satellites. This type
of core-satellite arrangement has also been reported by Deng et al. but with a
hollow-porous two-layered CuS/Cu,$S spherical core (Figure 5.4f).”"

5.2.2.2 Other Cu, S Hybrids

Aside from Au, other plasmonic noble metals such as Ag and Pt have been
coupled with Cu,_,S for the enhancement of the photothermal conversion
efficiency.”>* In the case of Pt, its catalase-like activity can be utilized to aid
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in cancer therapy. Liang et al. recently reported a Pt-CuS hybrid with a
hollow-porous Janus architecture.®® In their synthesis, pre-synthesized
hollow-porous CuS nanospheres were spread evenly onto a clean silicon
wafer to form a monolayer, and then a catalytic Pt layer was deposited onto
the top surface of the nanospheres through a vacuum metal sputter
deposition method. The resultant Pt-CuS Janus nanostructures were
released from the substrate after ultrasonic treatment in water.

Other Cu,_,S hybrids that have been reported make use of materials with
properties that are not exhibited by Cu,_,S so as to integrate additional
functionalities that cannot be provided by Cu,_,S alone. For example, to
endow the hybrid with magnetic capability, Wu et al. developed a yolk-shell
composite where ferromagnetic Fe;O, nanoparticles are delocalized inside
hollow-porous Cu$S nanostructures.>* CTAB-coated Fe;O, nanoparticles were
prepared first, and these were coated with Cu,O by mixing with Cu(NO3),,
hydrazine, and PVP. It was noted that the electrostatic interactions between
positively-charged CTAB and negatively-charged PVP facilitated the for-
mation of the Fe;0,—Cu,O core-shell structure. Sulfidation of the Cu,O shell
by addition of (NH,),S yielded the final yolk-shell Fe;O,-CuS hybrid.
Meanwhile, Chen and co-workers demonstrated the pairing of CuS with
chromium-doped persistent luminescence nanoparticles (PLNPs) to create
an activatable photothermal nanoprobe with an ultralow background for
in vivo luminescence imaging.>® Peptide-functionalized PLNPs and citrate-
capped CuS nanoparticles were first prepared separately. They were then
mixed together in the dark with constant stirring for 3 h to form the
composite. The peptide-functionalized PLNPs have terminal -SH groups that
can conjugate to the CuS nanoparticles via Cu-S bonds and thus facilitate
the formation of a core-satellite hybrid structure, where a PLNP core is
surrounded with multiple CuS nanoparticles. Further surface modification
was performed to enable the nanoprobe for tumor-targeted luminescence
imaging-guided photothermal therapy.

5.3 Applications in Photothermal Therapy (PTT)

Photothermal therapy (PTT) is a minimally-invasive treatment approach that
relies on the ability of an optically active material to absorb light and convert
it into heat (i.e., the photothermal effect). The heat that is generated is then
used for therapeutic purposes. Cu, ,S nanomaterials are suitable photo-
thermal agents for biomedical applications because their photothermal
effect is stimulated by light in the NIR spectral window, which is often
referred to as the biological transparency window or the therapeutic window.
With wavelengths that range from 700 to 1400 nm, NIR light is less energetic
than visible light and is less absorbed by tissue components (e.g. water and
blood).’®*” Thus, it allows for deeper tissue penetration and improved
spatial/temporal tissue resolution. In addition, it enables better localization
of heat, which ensures that only the targeted cells are thermally damaged
during PTT.
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The photothermal behavior is typically assessed by monitoring the change
in temperature (AT) over time when an aqueous dispersion of the nano-
structures is exposed to NIR light. A positive AT is expected for photothermal
nanostructures because the light-to-heat conversion causes a rise in tem-
perature. In terms of magnitude, a larger AT is indicative of better photon
absorption capability, which translates to enhanced photothermal activity
because the more light that is absorbed, the greater the heat that will be
produced. The magnitude of AT is concentration-dependent as exemplified
in Figure 5.8a for 11 nm CuS nanoparticles.”® While there is no marked
change in temperature for pure water upon exposure to NIR light, an
increase in AT is observed with increasing amounts of CuS nanoparticles in
water. The nanostructure morphology also influences the magnitude of AT.
For example, Tian et al. compared the photothermal conversion capability of
CuS nanoplates and their hierarchical flower-like superstructures.>® As de-
picted in Figure 5.8b, the superstructures can serve as excellent laser-cavity
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Figure 5.8 (a) Concentration-dependent temperature elevation (AT) of aqueous disper-
sions of CuS nanoparticles induced by NIR laser irradiation at 808 nm with
a power density of 16 Wem 2. Reproduced from ref. 58 with permission
from American Chemical Society, Copyright 2010. (b) Morphology-
dependent photothermal profiles of CuS superstructures and their nano-
plate building blocks (sample concentration: 0.25 gL~ *; NIR laser: 980 nm
with a power density of 0.51 Wem ™ ?). The figure on the left shows a
schematic representation of a CuS superstructure serving as laser-cavity
mirrors and its photothermal conversion. Reproduced from ref. 59 with
permission from John Wiley and Sons, Copyright © 2011 WILEY-VCH
Verlag GmbH & Co. KGaA, Weinheim.
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mirrors that allow for enhanced light-material interaction, thereby promoting
stronger photon absorption. Thus, the superstructures induced a larger
temperature rise relative to their plate-like building blocks upon irradiation
with a 980 nm laser. Hybrid formation can also lead to a larger AT as dem-
onstrated in Figure 5.7d for the coupling of CuS with Au.?® This is due to the
hybrid’s ability to absorb more NIR photons than the uncoupled CusS.

5.3.1 Cancer Therapy

In utilizing the photothermal effect for cancer treatment, the heat that is
produced upon NIR-light stimulation is exploited in the destruction of cancer
cells through the hyperthermia effect. Table 5.1 provides a list of the various
copper sulfide-based nanostructures that have been examined as photo-
thermal therapeutic agents for the ablation of cancer cells. Prior to their use,
the nanostructures are typically subjected to surface functionalization with
amphiphilic macromolecules or polymers (e.g. polyethylene glycol (PEG) and
its derivatives) to improve their biocompatibility and water-dispersibility.****
For instance, Huang et al. modified the surface of their hydrophobic CuS
nanoparticles with a phospholipid-PEG coating to transfer them to the
aqueous phase.®> When intravenously injected into mice, no noticeable signs
of organ damage were observed (Figure 5.9a), implying that the PEGylated CusS
nanoparticles exhibit good biocompatibility. Moreover, infrared (IR) thermal
imaging showed that when the nanoparticle-injected tumor-bearing mice were
exposed to 808 nm light, the tumor surface temperature increased rapidly
within 5 min of irradiation (Figure 5.9b). This demonstrates the excellent
photothermal conversion capability of the CuS nanoparticles. Motivated by
these results, additional in vivo studies were conducted, where effective tumor
elimination was achieved after 6 days for photothermally-treated mice.

Guo and co-workers rationally engineered a CuS-based therapeutic agent
for combinatorial therapy that involves both PTT and immunotherapy.®* Their
design consists of chitosan-coated hollow-porous CuS nanospheres that are
conjugated to oligodeoxynucleotides containing cytosine-guanine (CpG)
motifs, which are known immunoadjuvants that can trigger specific anti-
tumor immunity. After NIR-light excitation, these structures break down, re-
leasing smaller CuS nanoparticles as well as chitosan-CpG complexes. While
the CuS component was able to treat local tumors at the primary site through
photothermal ablation, the chitosan-CpG complex was found effective in in-
ducing systemic immunity against both primary treated and distant untreated
tumors. Thus, a more potent anticancer effect was achieved. Furthermore, it
was shown that the disintegrated CuS nanostructures are biodegradable and
can be cleared from the body through both hepatobiliary and renal excretion.

Photothermally responsive Cu,_,S-based nanomaterials are also deemed
suitable for controlled drug delivery because they are able to regulate the
release of drugs through NIR light-induced heating. This makes it possible to
construct a bimodal therapeutic system based on Cu,_,S that combines PTT
and chemotherapy. For efficient loading and delivery of drugs, a hollow-porous

)



Table 5.1 Photothermally responsive copper sulfide-based nanostructures for cancer treatment.

Composition  Morphology and size Therapeutic modality Diagnostic modality Reference
CuS Spherical, 3.8 nm PTT 63
CuS Flower-like superstructures, 1-2 pm PTT 59
Cus Hollow-porous spherical superstructures, 85 nm PTT and Immunotherapy 64
Cus Hollow-porous acanthosphere-like superstructures, PTT and Chemotherapy PAL 38
160 nm, wall thickness of 35 nm
CuS Hollow-porous spheres, 100 nm, wall thickness of =~ PTT, PDT and Chemotherapy PAI 39
20 nm
Cuy.12S Hollow spheres, 18 nm, wall thickness of 3.5 nm PTT and CDT PAI 40
Cu, S Spherical, 20 nm PTT 60
Cu,S + Cu,.94S Spherical, 6.5 nm PTT and PDT 62
Cu,_,S Spherical, 2 nm PTT PAI 61
Cu,_,S Spherical, 5 nm PTT and CDT PAI 65
[**Cu]Cus Spherical, 5.6 nm PTT PET/CT imaging 70
[**Cu]Cus Spherical, 11 nm PTT and Radiotherapy PET/CT imaging 58, 69
CuS-Au Core-shell PTT SERS intracellular 50
Core: hollow-porous CuS cube, 78 nm imaging
Shell: spiky Au shell, varied thickness
CuS/Cu,S-Au  Core-satellite, 100 nm PTT and Chemotherapy PAI 51
Core: hollow-porous spherical CuS/Cu,S
Satellites: tiny Au dots
Au-CusS Yolk-shell, 101 nm PTT, PDT and Chemotherapy 48

Core: Au rod/sphere, size was varied
Shell: hollow-porous elliptical CuS, 15 nm thick

VLT
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Au-CuS

Au-Cu, 75S

Au-Cu4 S

Au-Cu,_,S

Ag—CuS
Pt-CuS
Fe;0,-CuS

PLNP-CuS

Heterodimer
Au quasi-sphere (size was varied) +
CusS hexagonal plate, ~70 nm
(a) Core-shell nanorods
Core: Au rods, 37 X 84 nm

Shell: CusS shell, thickness of 5-12 nm
(b) Dumbbell-like Cu, ;5S-tipped Au rods,

21 X 61 nm
Heterodimer, ~20 nm
Au quasi-sphere + Cu, ¢S plate
Heterodimer (Au rod + Cu,_,S sheet)
Au rod: 17 x 60 nm
Cu,_,S sheet: 28x64 nm, 12 nm thick
Heterodimer, spherical, 10-20 nm
Hollow-porous Janus spheres, 120 nm
Yolk-shell, 139 nm
Core: octahedral Fe;0,, 28 nm
Shell: hollow-porous spherical Cus,
27 nm thick
Core-satellite, 141 nm
Core: irregularly shaped PLNP, 79 nm
Satellites: CuS quasi-spheres, 12 nm

PTT CT imaging

PTT

PTT CT imaging

PTT and CDT

PTT

PTT and SDT PAI

PTT MRI

PTT Luminescence imaging

42

44

26

45

52
53
54

55
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Figure 5.9 (a) Histochemical study of the organs harvested from mice 24 h after
injection of PEGylated CuS nanoparticles (Scale bars: 100 mm).
(b) Infrared thermal imaging 24 h after intravenous injection of CuS
nanoparticles into mice (NIR laser: 808 nm with a power density of
1 Wem ™ ?). For both (a) and (b), results from the control group (i.e., no
Cus injected) are also shown.
Reproduced from ref. 63 with permission from John Wiley and Sons,
Copyright © 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

architecture is usually desired, such as the acanthosphere-like morphology of
the CuS superstructures that were developed by Zhang et al*® With their
mesoporous shell and hollow interior, these CuS superstructures were found
to exhibit high drug loading capacity for doxorubicin (DOX), a widely used
chemotherapeutic drug (Figure 5.10a). Moreover, it was demonstrated that the
release of the loaded DOX molecules is NIR- and pH-sensitive, allowing for
controlled drug release. Both in vitro (Figure 5.10b) and in vivo (Figure 5.10c)
experiments showed that when compared to either PTT or chemotherapy
alone, the combination of PTT and chemotherapy presented better anticancer
efficacy owing to synergistic effects. In addition, it was noted that the super-
structures can break apart into smaller particles that can be readily excreted by
the body after therapy is completed. Deng et al. also reported a synergistically
enhanced antitumor efficacy for their hollow-porous CuS/Cu,S-Au hybrid
nanostructures due to combined PTT and chemotherapy effects.”’ To
endow the hybrid with photoactivated targeting capability, the surface was
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Figure 5.10 (a) Schematic depiction of acanthosphere-like CuS superstuctures and
their use as a clearable multimodal theranostic agent for cancer
treatment. (b) Fluorescence images of HeLa cells subjected to different
treatment conditions (Scale bars: 100 um). The cells were co-stained
with calcein AM (green, living cells) and propidium iodide (red, dead
cells). (c) Photographs of tumor-bearing mice and tumors after 20 days
of treatments.

Reproduced from ref. 38 with permission from the Royal Society of
Chemistry.

functionalized with a thermosensitive copolymer and a photoswitchable tumor
targeting ligand. This promoted tumor cellular uptake and reduced off-target
toxicity as nonspecific binding to normal cells is prevented.

Very recently, the potential utility of Cu,_,S nanostructures for combined
PTT and chemodynamic therapy (CDT) has been explored.***>® CDT is an
emerging cancer treatment approach with minimal invasiveness, high tumor
specificity and selectivity, and low systemic toxicity and side effects.®® It op-
erates through Fenton chemistry, where endogenous H,O, that is over-
produced in the tumor microenvironment is converted to hydroxyl radicals
(*OH) in the presence of a suitable catalyst. The generated *OH, which is a
reactive oxygen species (ROS), causes oxidative stress that leads to the de-
struction of tumor cells. Cu,_,S-based nanomaterials can serve as CDT
agents because the copper ions can effectively catalyze the decomposition of
H,0, to produce *OH radicals. Moreover, when photothermally active Cu,_,S
nanostructures are irradiated with NIR light, the resulting temperature ele-
vation can promote tumor eradication in two ways: (i) by PTT-induced tumor
cell death and (ii) by accelerating the production of *OH radicals, which
enhances the CDT effect.®® Thus, the Cu,_,S-enabled coupling of PTT and
CDT can result in a superadditive therapeutic performance. As the catalytic
efficiency is largely dependent on the number of catalytic active sites, a
nanostructure morphology that has a large surface area can further enhance
the therapeutic effect. This has been demonstrated by Wang et al. through
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Figure 5.11 (a) Schematic diagram showing the combined PTT and CDT capabilities
of hollow Cuy 1,S (or CueSg) nanospheres. (b) In vivo photoacoustic
images of tumor-bearing mice (tumors are marked by white circles) at
different time points after intravenous injection of hollow Cu, ;,S
nanospheres. The corresponding photoacoustic signal intensities are
shown on the right.

Reproduced from ref. 40 with permission from Elsevier, Copyright
2020.

the use of hollow-porous Cu, ;,S nanospheres, as schematically illustrated in
Figure 5.11a.%° They observed that the hollow-porous Cu, ;,S nanospheres
displayed better CDT effect than their solid counterparts in both in vitro and
in vivo experiments, and this was attributed to the increased number of
catalytic active sites in the hollow-porous structure.

A bimodal therapeutic system can also be achieved through coupling of PTT
with photodynamic therapy (PDT). Similar to PTT, PDT is a low-invasive cancer
treatment method that requires light irradiation. However, it is more akin to
CDT in terms of the mechanism by which cancer cells are destroyed as it is also
ROS-mediated. In general, PDT utilizes a light-responsive agent (i.e., a photo-
sensitizer) and endogenous molecular oxygen (O,) to produce cytotoxic ROS
when exposed to light.” Many of the photosensitizers that have been initially
explored can be excited only by visible light. In the case of Cu,_,S nanocrystals,
Wang et al. found that activation by NIR light did not only result in heat
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generation but also led to elevated levels of ROS, which can cause a high degree
of irreversible damage to diseased cells.®> Thus, they ascribed the overall
antitumor efficacy of their Cu, ,S nanocrystals to combined hyperthermia
(PTT) and ROS-induced (PDT) effects. For Cu,_,S-based nanomaterials with a
hollow-porous architecture, a multimodal therapeutic platform that integrates
chemotherapy with PTT and PDT becomes possible as this type of morphology
enables encapsulation of chemotherapeutic drugs.***®

Sonodynamic therapy (SDT) is another promising ROS-mediated curative
modality that can be coupled with PTT to produce synergistic therapeutic
effects. Unlike PDT, which relies on light stimulation, SDT makes use of
ultrasound to trigger the generation of cytotoxic ROS. The main advantage
of SDT over PDT is that ultrasound can penetrate tissues more deeply than
light, and this is beneficial for treatment of deeply located tumors.®® The SDT
agent, which reacts with endogenous O, to produce ROS when activated by
ultrasound cavitation, is called a sonosensitizer. The role of nanomaterials in
SDT is broadly classified into two types: (1) as the actual sonosensitizer and
(2) as the sonosensitizer carrier. In the work of Liang et al., hollow-porous
Pt-CuS Janus nanostructures were used as carriers for the delivery of
sonosensitizers to diseased cells.”® The large inner cavity of the nanostruc-
tures is advantageous for loading the organic porphyrin-based sonosensitizer,
tetra-(4-aminophenyl)porphyrin. In vivo studies showed that the combination
of PTT and SDT can lead to complete tumor eradication without an obvious
recurrence. The presence of Pt was credited for the remarkable antitumor
efficacy as it can enhance the PTT effect by increasing hot electron generation,
which increases the photothermal conversion efficiency. In addition, Pt can
catalyze the decomposition of endogenous H,0, to produce O, that can
relieve tumor hypoxia and augment the SDT-induced production of ROS.

Ionizing radiation can also be utilized to induce tumor cell death in a
process called radiation therapy (or radiotherapy). To combine PTT with
radiotherapy, Zhou et al. incorporated ®*Cu, a beta-emitting radionuclide,
to produce [**Cu]CuS nanoparticles that are both photothermally active
and radioactive.”” They found that the use of PTT in conjunction with
radiotherapy can effectively suppress breast tumor metastasis through eradi-
cation of tumor-initiating cells (TICs). These TICs are self-renewing cells that
are involved in tumor initiation and maintenance; hence, their complete
elimination can prevent the dreaded tumor recurrence and metastasis.

5.3.2 Cancer Theranostics

Apart from exhibiting photothermal properties, many of the Cu, ,S-based
nanomaterials discussed in this chapter also possess imaging capabilities.
Because of this, they can be an ideal multimodal system for cancer
theranostics, where they function not only as therapeutic agents but also as
diagnostic agents. Photoacoustic imaging (PAI) is one of the imaging
modalities where Cu,_,S nanomaterials can be used as a photothermally
activatable contrast agent. In PAI, the biological tissues and contrast agent
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are irradiated with short laser pulses to generate thermoelastic expansion
and ultrasonic signals, which are then detected and analyzed to produce
images.'® The information that can be obtained from the photoacoustic
images can be used to guide PTT. For instance, Wang et al. used PAI to
monitor the time at which the maximum accumulation of hollow-porous
Cu, 1,S nanospheres occurred at the tumor site after intravenous adminis-
tration to a tumor-bearing mouse.*® As seen in Figure 5.11b, the photo-
acoustic signal intensity reached its highest value at 4 h, which indicates that
Cu, ;,S is maximally enriched in the tumor site 4 h post-injection.

Radiolabeled [**Cu]Cu$S nanoparticles can be employed as radiotracers for
positron emission tomography (PET), a highly sensitive diagnostic tool that
utilizes radioactive substances to serve as tracers that can detect changes in
metabolic processes in the body.”®*>”® A PET scan is typically combined
with a computed tomography (CT) scan to obtain superimposed images
that can help provide more detailed and accurate information. Zhou et al.
used PET/CT imaging to investigate how the size of CuS nanoparticles can
influence their pharmacokinetics and biodistribution.”® The PET/CT images
in Figure 5.12 revealed that the 5.6 nm particles had lower uptake in most
major organs at 24 h after intravenous injection as compared to the larger
19 nm particles. Moreover, it can be deduced from the images that the
smaller nanoparticles initially accumulated in the kidney and the bladder,
but renal clearance was nearly completed at 2 h post-injection. Meanwhile,
the 19 nm particles were largely taken up by the liver and most remained
even after 24 h. This indicates that small-sized CuS nanoparticles (<6 nm)
exhibit a shorter elimination half-life and faster systemic clearance, which
are desirable in minimizing long-term risk of adverse side effects.

In many cases, the imaging functionality is integrated by creating a hybrid
of Cu,_,S with a material with diagnostic properties. With its high atomic
number, Au has shown excellent X-ray attenuation ability, and this has
motivated the study of Au-Cu, ,S nanocomposites as a contrast enhancing

(a) 5.6-nm Cu$S nanoparticles (b) 19-nm Cu$S nanoparticles

20 %ID/g

0%ID/g

Figure 5.12 Representative micro-PET/CT maximum intensity projection images
after intravenous injection of (a) 5.6 nm and (b) 19 nm [**Cu]CuS
nanoparticles into tumor-free Swiss mice.

Reproduced from ref. 70 with permission from American Chemical
Society, Copyright 2015.
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agent for CT imaging. When comparing the CT images of a tumor-bearing
mouse that were taken before and after intratumoral injection of the
Au-Cu, gS nanocomposites, Ding et al. observed a significantly enhanced
contrast in the tumor region in the images taken after injection, indicating
that the Au-Cu, ¢S hybrid possesses a CT contrast enhancing effect.”®
Meanwhile, Lv and co-workers found that their composite, which consists
of a hollow-porous cubic CuS core enclosed in a spiky Au shell, exhibits
enhanced SERS sensitivity owing to the multiple Au tips that can act as
plasmonic hot spot regions.’® With the strong SERS activity of their hybrid,
they demonstrated its use for real-time monitoring of biochemical responses
during PTT of living cancer cells.

In constructing a hybrid with magnetic resonance imaging (MRI)
capability, Wu and co-workers synthesized a yolk-shell composite where CuS
is coupled to ferromagnetic Fe;0,.°* In vivo MR imaging of transplanted
tumors in mice showed substantial reduction in the MRI signal intensity of
the tumor region at 1 h post-injection. This implies that the Fe;O,-containing
hybrid is potentially useful as a T,-weighted (negative) MRI contrast agent.
Chen et al. explored the combination of CuS and PLNPs to create an
activatable nanoprobe that can be utilized for luminescence imaging.”® They
used a chromium-doped zinc germanogallate (Zn; ;Ga; sGey ;04:Cr’ ") as the
PLNP material, which exhibits strong NIR luminescence with a long-lasting
afterglow. The PLNPs and CuS nanoparticles were linked together by a
peptide substrate that is specific to matrix metalloproteinases (MMPs), which
are enzymes that are overexpressed in tumor microenvironments and are
associated with cancer progression. As CusS is a strong NIR-light absorber,
its coupling with NIR-light-emitting PLNPs resulted in considerable lumi-
nescence quenching due to the fluorescence resonance energy transfer
(FRET) effect. However, when incubated with MMP-positive cancer cells, the
MMP-specific peptide substrate that bridges the two components is cleaved,
and this restores the luminescence of the PLNPs. Thus, this MMP-activatable
hybrid does not only offer effective PTT by the CuS nanoparticles but also
provides the capability to image cancer cells by the activated PLNPs.

5.4 Summary and Outlook

In summary, plasmonic Cu, ,S nanomaterials are emerging as one of the
most promising classes of photothermal nanomaterials due to their strong
NIR-light absorption and remarkable light-to-heat conversion efficiency.
Because their photothermal activity operates in the therapeutic NIR optical
window, they are often studied as photothermal agents for biomedical ap-
plications, particularly in the treatment of cancer. A wide variety of com-
positions, morphologies, and hybrids have already been explored to enhance
their photothermal performance and/or to incorporate additional func-
tionalities. Through rational design, several Cu, ,S-based nanomaterials
were found to exhibit synergistic therapeutic effects and excellent imaging
capabilities, making them prime candidates as multimodal theranostic
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agents in imaging-guided cancer therapy. However, there are certain chal-
lenges that need to be overcome before they can be adopted for clinical use.
First, serious concerns regarding nanomaterial toxicity may hinder their
practical use if not addressed accordingly. Further in vivo studies are
therefore necessary to gain a better understanding of their pharmacokinetics
and to assess their potential long-term toxicological effects. Another major
challenge is the development of synthetic protocols that would allow for
large-scale manufacturing as the current synthetic procedures are limited to
laboratory-scale production. Aside from scalability, factors such as cost-
effectiveness, simplicity, and reliability must also be considered when de-
veloping methodologies for producing Cu,_,S-based nanomaterials that are
targeted for real-world applications.

With the rising popularity of Cu, ,S-based nanomaterials for photo-
thermal applications, it is foreseen that more related materials will be
examined for their photothermal properties in the coming years. In fact,
recent years have witnessed an increasing number of papers reporting the
photothermal behavior of doped (e.g. Gd-doped and Mn-doped CuS)”"”?> and
multinary (e.g. CuCo,S,, Cu;,Sb,S;3)">”* derivatives of Cu,_,S. Considering
the numerous compositional variations that can be realized when other
elements are incorporated into the binary Cu-S system, it is anticipated that
the library of photothermally active Cu,_,S-based nanomaterials will con-
tinue to expand. Their performance as photothermal conversion agents
should be evaluated not only in PTT but also in other important appli-
cations, such as in photothermal antibacterial treatment, solar-driven water
purification, and photoactuation.
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6.1 Introduction

With the wide exploration and fast development of nanoscience/nano-
technology, nanostructured materials with different dimensions have been
readily synthesized and utilized as ideal agents in various applications.™”
Among them, two-dimensional (2D) materials with ultrathin thickness (i.e.,
nanosheets) have been attracting extensive research attention because their
superb physical and chemical features provide some promising applications in
various fields such as energy conversion, electronics, and optoelectronics.>* As
a milestone for developing 2D materials, graphene was mechanically produced
in 2004 to exhibit a honeycomb lattice structure of carbon,” which possesses a
large specific surface area, high Young’s modulus, and intrinsic mobility.®®
The pioneering discovery and extensive investigation of graphene sub-
sequently inspired extensive exploration on 2D nanomaterials. As a typical
example, a single layer of transition metal dichalcogenide (TMD) like MoS,,
MoSe,, WS,, etc. is formed via sandwiching a transition metal layer between
two chalcogen layers.” In 2014, black phosphorus (BP) nanosheets were
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fabricated to demonstrate a puckered honeycomb morphology, in which sp*-
hybridized phosphorus atoms are arranged along two directions of armchair
and zig-zag via the formation of tetrahedral bonding."’

Through quantum confinement in the vertical direction, ultrathin 2D
materials with a large sheet size exhibit strong light-matter interactions. When
irradiated by incident light with an appropriate wavelength in the visible
region, some special 2D nanomaterials can generate lots of free electron-hole
pairs and possess an extraordinary catalytic activity for photocatalytic
degradation of organic pollutants, which was systematically demonstrated in
our recent review."'* As the wavelength of incident light is increased into the
near infrared (NIR) range, 2D nanomaterials with narrower bandgaps can be
employed as emerging photothermal agents for high-efficiency conversion of
light to heat."* In the past five years, photothermal conversion from NIR light
has been attracting significant interest owing to its promising applications in
selective ablation of tumor cells and bacteria."® Typically, electron-hole pairs
are generated in graphene after exposure to NIR light and result in a great
heating of electrons. Through slow scattering between electrons and phonons,
the hot electrons and the lattice reach the equilibrium of heat (i.e., temperature
increment).'® For MoS, nanosheets, the decrease in layer number to a single
layer makes its bandgap change from “indirect” to “direct”,"” so that the
photons are absorbed more rapidly by single-layer MoS, to radiate the heat
through the robust interactions of electrons with holes.>'® More recently, BP
nanosheets have been proved to have a direct bandgap that is larger than the
zero-bandgap of graphene but smaller than the one of TMDs."® The physical
features make 2D nanomaterials exceedingly desirable in photothermal
applications compared to some traditional materials, which not only exhibit
adjustable optical properties by controlling the thickness of sheets or the
introduction of plasmonic metals/other functional species but also provide
good surface-modifiable platforms and new opportunities for utilization in
broader fields."*

As shown in Figure 6.1, 2D nanomaterials have been obtained experimentally
via “‘top-down” and ‘“bottom-up” strategies and successfully hybridized with

Top-down Light
methods
b . 3 Photothermal
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w Bottom-up :‘f E‘:;E; &
methods 2D nanomaterials and hybrids

Figure 6.1 The “top-down” and “bottom-up” preparation strategies of 2D nanoma-
terials and their hybridization with special species and functional nano-
structures, which can achieve excellent conversion from light to heat.
Reproduced from ref. 20 with permission from John Wiley and Sons,
Copyright © 2020 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.
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188 Chapter 6

special species and functional nanostructures for photothermal conversion
with a higher efficiency.”® Herein, we first demonstrate the usual preparation
methods of 2D nanomaterials and then use graphene, TMD, and BP
nanosheets as typical examples to summarize the photothermal properties
of surface-modified and functional species-hybridized 2D nanomaterials.
Meanwhile, their novel photothermal applications are also involved, particu-
larly the photothermal therapies against cancer and bacterial infections.
Finally, the merits and disadvantages of several types of 2D nanomaterials are
further discussed, and some suggestions are given for guiding their further
developments in photothermal applications.

6.2 Preparation and Functionalization of 2D
Nanomaterials

To produce high-quality 2D nanomaterials in large yields, various fabrication
methods of 2D nanomaterials have been facilely developed in recent decades,
which can be divided into two different routes: top-down and bottom-up. The
top-down route is used to exfoliate ultrathin nanosheets from layered crystals
via breaking the weak van der Waals forces between the interlayers, including
mechanical cleavage, ion intercalation- and sonication-assisted liquid ex-
foliations.® While the bottom-up route is used to chemically produce ultrathin
nanosheets through physical/chemical deposition on substrates or controlled
reactions of specific precursors under special conditions, ie., physical/
chemical vapor deposition and chemical synthesis.>!

For layered crystals with weak bonding forces between adjacent layers, their
2D nanosheets can be readily produced via exfoliating the parent bulks by top-
down approaches (see Figure 6.2). Typically, Scotch tape is conveniently used
to provide a mechanical force to cleave bulky crystals into nanosheets and
then transfer them onto substrates (e.g:, SiO,/Si), which can obtain high-purity
sheets with varied thickness but that lack the ability to produce nanosheets on
a large scale.”” To this end, exfoliation methods in the liquid phase have been
developed to obtain large-scale nanosheets and provide easier approaches for
engineering the obtained nanosheets. Particularly, ion-intercalated exfoliation
is carried out by the (electro)chemical intercalation of ions in organic solvent

Mechanical cleavage lon intercalation method Liguid phase exfoliation
Sticky tape
2D materials
- \ - =
—
\‘\ % » Ultra-sonication
Substrate 20 materials "

Figure 6.2 The top-down approaches for producing 2D nanomaterials via exfoliation
of layered bulky crystals by utilizing different formats of forces.
Reproduced from ref. 21 with permission from Elsevier, Copyright 2019.
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and then exfoliation in water owing to the generation of hydrogen gas, which
is very appealing to produce single-layer nanosheets with structural and
electronic deformations.”® Alternatively, 2D nanomaterials are also obtained
by sonication-driven exfoliation of bulky crystal after adding surfactants,
polymers, or proteins in exfoliation solution.**

At the same time, 2D nanomaterials can also be fabricated by using chemical
synthetic processes under certain reaction conditions by bottom-up techni-
ques (see Figure 6.3). Among them, physical vapor deposition (PVD) is
an important method for producing large area and thickness uniform 2D
nanomaterials with low toxicity.*® However, it is difficult to form monolayer
nanosheets via PVD methods. Alternatively, chemical vapor deposition (CVD)
can fabricate sheets on preselected substrates in a high vacuum and with high-
temperature, in which the sheet size and thickness are tuned simply by con-
trolling the time of deposition and the rate of gas flow, and it is also convenient
to hybridize diverse 2D sheets at vertical and horizontal orientations.*®
In addition, chemical synthesis through hydrothermal and solvothermal
reactions has been employed to produce various nanosheets, in which the
sheet size and thickness can be controlled via changing the precursors used
and/or by adjusting the reaction conditions, and the nanosheets can be directly
functionalized or hybridized with other functional components.?’

To increase the dispersity of nanosheets and/or improve their biocompati-
bility, 2D nanomaterials are usually modified physically or chemically with
other special species, which not only increases their chemical/physical stability
but also improves their targeting ability and adjusts their optical properties
for better applications.”® As reported, polyethylene glycol (PEG), poly-
vinylpyrrolidone (PVP), and polydopamine (PDA) are some widely-used func-
tional molecules for improving the dispersity of 2D nanomaterials while some
biological molecules like bovine serum albumin (BSA) are frequently utilized
as both exfoliating and stabilizing agents to increase their biocompatibility.*°
Additionally, the hybrid of 2D nanosheets with other nanostructured materials
can exhibit more promising performances in broader applications via a great
synergistic effect.*” As indicated, this surface engineering on nanosheets is
especially important for utilizing the photothermal conversion of 2D nano-
materials in practical applications. To this end, we will demonstrate the
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Figure 6.3 The bottom-up approaches for synthesizing 2D nanomaterials from
various reactive precursors by using different reaction conditions.
Reproduced from ref. 21 with permission from Elsevier, Copyright 2019.
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photothermal conversion and applications of diversified 2D nanomaterials
after surface modification or/and hybridization.

6.3 Graphene

Besides the direct production of graphene via exfoliation of graphite or
chemical synthesis, another high-efficient preparation method is to first
oxidize graphite into graphene oxide (GO) and then produce reduced
graphene oxide (rGO) via further reduction reaction. As 2D photothermal
materials, graphene, GO and rGO have been attracting great attention due to
their strong absorbance of NIR radiation, which means that graphene-based
nanosheets can be successfully utilized in photothermal therapy (PTT) for
selectively ablating cancer cells and efficiently inhibiting tumor growth."®

6.3.1 Modified Graphene

Small Molecules: For bare graphene, there are no hydrophilic groups at its
surface, so the direct use of graphene faces a challenge of poor stability
in aqueous environments. To this end, surface modification is extremely
important for various applications of graphene. Typically, the introduction of
arginine onto a rGO surface not only improves its stability and cancer cell
uptake but also results in higher NIR absorbance by 3.2 times than GO.>° After
being conjugated with alanine via n—n interactions, the stability of GO sheets
was doubly improved and its photothermal conversion efficiency (PCE) under
808 nm irradiation was enhanced by 89% and 33% as compared to GO and
RGO.”" In Chen’s work, GO sheets were firstly oxidized by nitronium ion
(NO, ") solution under microwave heating to form smaller sheets and were
then reduced by glucose to obtain functionalized rGO sheets.>* For the re-
sultant rGO, the absorption of 808 nm light was increased by 10-fold, and the
loaded doxorubicin (DOX) could be released controllably by three different
stimuli: decreasing pH, yielding glutathione (GSH) and increasing tempera-
ture. Alternatively, Mei et al. synthesized amino-functionalized GO (GO-NH,)
via grafting ethylenediamine to obtain excellent photothermal efficiency (see
Figure 6.4A).>> As shown in Figure 6.4B and C, the GO-NH, nanosheets can
yield 80 °C after white light irradiation for 10 min. Through electrostatic at-
traction, GO-NH, sheets exhibited excellent antibacterial ability to prevent the
development of Gram-negative and positive bacteria, which was 32-times
higher than that of pure GO (see Figure 6.4D). Similarly, Wang’s group used
porphyrin to functionalize GO nanosheets through n-r interactions, which can
significantly absorb 808 nm light to result in PCE increases by 89% and 33%
compared to GO and rGO.** In addition, Wang’s group demonstrated a
dual-targeted antibacterial platform by using boronic acid- and quaternary
ammonium salt-functionalized graphene, which can reach ~50 °C under
irradiation with an 808 nm laser.*® Via electrostatic adhesion and covalent
coupling, the resultant graphene is specifically bound to the bacteria and their
biofilms to improve bactericidal efficacy owing to the synergy of hyperthermia.
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Figure 6.4 (A) Schematic figure for synthesizing GO-NH,. (B) Heating images at
different irradiation times by using 0.25 mg mL ™' GO-NH, and (C) heating
curves of different concentrations of GO-NH, sheets after irradiation by
white light (159 mW cm™?). (D) The capture of bacteria and subsequent
photothermal ablation by GO-NH, nanosheets.

Reproduced from ref. 33 with permission from American Chemical Society,
Copyright 2019.

Polymers: Compared with small molecules, more research studies have used
polymer materials to modify graphene for higher stability and better func-
tionalization. In recent years, there have still been lots of studies involving
the usage of PEG for developing graphene-based photothermal agents.
For instance, the simple mixing of GO and [NP(MPEG750)(GlyPheLeu)Et];
(CP750) can produce rGO/CP750 assembly with good water-dispersibility and
strong NIR absorbance.’® Under 808 nm laser irradiation, the rGO/CP750
nanosheets exhibited a large generation of heat and the temperature
changed from 34.1 to 78.0 °C. Ma et al. synthesized GO-amino(polyethyle-
neglycol) (GO-PEG-NH,) via the hydrophobic binding of heptadecyl
end groups in 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[amino-
(polyethyleneglycol)] onto the surface of GO sheets, which enabled the efficient
photothermal ablation of the captured bacteria under NIR irradiation.’”
Alternatively, folic acid (FA) functionalized PEGylated GO sheets of ~30 nm
in size were prepared by using non-equilibrium plasma to etch GO and sub-
sequently amidic coupling and azide-alkyne click cycloaddition were utilized
to functionalize the obtained GO sheets with FA-terminated PEG2000 chains.*®
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The GO-PEG-FA sheets loaded a large amount of DOX (>33%) and behaved
as an NIR-driven heater. Similarly, the rGO-PEG-FA nanosheets were
synthesized to deliver an indoleamine-2,3-dioxygenase inhibitor to trigger
PTT destruction of primary tumors and release tumor-associated antigens.>’
In addition, PEGylated GO sheets were also utilized as a gene delivery system
to combine NIR light thermotherapy and gene therapy for significant
anticancer efficacy.*’

Like PEG, PDA is another widely-used polymer for modifying graphene in
photothermal applications. Typically, PDA-modified rGO was used as a
substrate to immobilize antiarrhythmic peptide 10 (AAP10) to form PDA/rGO
nanocomposites, which facilitated cancer therapy via NIR-driven PTT
after its tremendous absorption for NIR light.*' Similarly, indocyanine
green-loaded PDA/rGO was fabricated to effectively enhance their optical
absorption at 780 nm to exhibit better PTT efficiency and higher photo-
acoustic contrast as compared to GO and rGO-PDA.**> More interestingly,
Fu’s group integrated DNA aptamers on PDA/rGO nanosheets to develop a
dual stimuli-responsive nanoplatform.”® As shown in Figure 6.5, an acidic
intracellular environment and NIR light can control the release of drug from
the rGO-PDA sheets, and the rGO-PDA sheets simultaneously serve as a
photothermal agent to yield heating for PTT under NIR irradiation.

Beyond PEG and PDA, other polymers were also reported to modify gra-
phene for photothermal applications. Typically, the functionalization of rGO
with a hyaluronic acid (HA)-based amphiphilic polymer improved their
stability and cytocompatibility in targeted cancer therapy.** Poly(allylamine
hydrochloride)-functionalized rGO was synthesized to show superb photo-
thermal conversion and pH-controlled drug release for chemo-photothermal
therapy at high efficiency.*” Zhang’s group first loaded methylene blue (MB)
on GO sheets and then coated PF127 to fabricate GO-MB/PF127 nano-
composites, which were successively achieved by self-assembly of molecules
and thin-film hydration techniques.*® When 808 nm and 660 nm light
were used individually, GO in GO-MB/PF127 nanocomposites led to the
photothermal destruction of cancer cells while MB yielded singlet oxygen to
inhibit the growth of cancer cells due to the generation of oxidative stress.
Recently, Geng’s group reported a grafting strategy for modifying poly-
thiophenes onto the surface of rGO nanosheets, which provided the water-
dispersible rGO nanosheets with a high PCE value at ~88%.*” As a result,
the increased temperature killed 100% of E. coli via combining the photo-
thermal effect together with an electrostatic targeted process.

Biological Macromolecules: In Fang’s work, Memecylon edule leaf extracts
were used to reduce GO and form oxidized polyphenol-coated rGO, which
exhibited exceptional NIR ablation of the lung cancer cells.*® Deng’s group
modified glycol chitosan on carboxyl graphene to exhibit an increment
amount of heat in the NIR irradiation and an interesting self-adaptive
targeting ability in the acidic tissues without destroying the healthy cells
(pH 7.4).*° Similarly, Chung’s group reported loading DOX onto BSA-coated
rGO sheets for NIR-controlled chemo-photothermal therapy.*’
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6.3.2 Nano-hybridized Graphene

For developing graphene-based photothermal agents toward combined
applications, some special nanostructures are usually introduced to fabri-
cate nano-hybridized graphene, such as fullerene, metal nanostructures,
metal oxides, and so on.

Fullerene: As reported, GO and Cg, are two types of good nanomaterials
for PTT and photodynamic therapy (PDT), respectively. For that, a hybrid of
GO-PEG and Cg, was synthesized by a step-wise conjugation method.”"
Experimentally, the grafting of Cg, onto GO sheets did not compromise the
photothermal ability of GO, while the presence of GO enhanced the activity
of Cgo to produce more singlet oxygen under NIR irradiation. In another
work, y-cyclodextrin (y-CD) was comprised on GO-FA sheets to further host
pure Cqo molecules for the production of GO-FA/y-CD/Cg, nanohybrids with
enhanced phototherapy effects, benefiting from the higher stability of Cgy,
greater light absorption, and better cellular uptake of nanohybrids.>>

Gold Nanostructures: With superb photothermal properties via plasmon
absorbance," gold nanostructures such as particles, stars, and rods have
been frequently reported to hybridize with graphene to achieve synergistic
photothermal conversion. Typically, gold nanoparticles (AuNPs) were
modified by a-synuclein and then introduced to GO nanosheets to sandwich
them between two AuNP monolayers, which strongly adhered onto the cell
surface and exhibited an excellent photothermal ability (see Figure 6.6).>>

a-Synuclein-

AuNP/GO sheet- ™} coated AuNP

attached MSCs
84 ~@- AuNP/GO sheet (30 nm + 20 nm)
—w— AuNP +GO
~¢— aS-AuNP
aS-AuNP e o
R
AuNP + GO 5 ,;;/PJ

AuNP/GO sheet (30nm only)

AuNP/GO sheet (30nm + 20nm)
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Figure 6.6 (A) Attaching an AuNPs/GO hybrid onto mesenchymal stem cells (MSCs)
for the fast photothermal treatment of cancer. (B) SEM image of AuNPs/GO
hybrid sheets. (C) Photothermal effects of various samples under different
conditions, which were obtained by using an 808 nm-emitting laser.
Reproduced from ref. 53 with permission from American Chemical Society,
Copyright 2017.
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When the AuNP/GO-attached mesenchymal stem cells were injected into
tumor-bearing mice, the photothermal therapeutic performance was greatly
improved because large amounts of AuNPs were delivered to the tumor and
generated lots of heat at the tumor area. Alternatively, a one-step route was
developed to reduce GO sheets and simultaneously coat rGO with 5-30 nm-
sized AuNPs via employing nisin peptides with a thermostable and
antimicrobial ability to fabricate AUNP-rGO nanocomposites.>® The photo-
thermal conversion of AuNP-rGO nanocomposites on MCF7 breast cancer
cells inhibited the growth of ~80% cells after irradiation by NIR light
(0.5 Wem™?) for 5 min. Similarly, Yang et al. synthesized a nanocomposite
of aptamer-AuNP-GO for facilitating targeted ablation of tumor cells by
NIR-activated PTT, which exhibited therapeutic effects on MCF-7 cells at an
ultralow sample concentration without an adverse effect on healthy cells.”
Furthermore, the aptamer-modified GO-AuNP composites were loaded with
DOX for heat-stimulative and sustained drug release.”®

In Wang’s work,”” AuNPs were uniformly coated onto rGO nanosheets in a
mixed solvent of water/n-butylamine and further incorporated in cross-
linked poly(e-caprolactone) to form a rapid light-controlled shape memory
polymer, which exhibited a significantly increased photothermal efficiency
and greatly improved mechanical stiffness. In a similar work, quaternized
carboxymethyl chitosan (QCCS) was utilized to reduce Au®" ions and served
as coupling species to hybridize the formed AuNPs on GO sheets, and then
the resultant Au-QCCS-GO nanohybrids were added into the solution of
nanocellulose to fabricate photothermal paper after vacuum filtration.”®
After exposure to NIR light, the Au-QCCS-GO paper increased the
temperature to ~80 °C, which was adequate for heating ablation upon
Gram-positive and Gram-negative bacteria. In addition, Au core/GO shell
composites with an amphiphilic surface were one-pot synthesized by
utilizing GO as the reducing agent, which provided desirable functions for
improving the photothermal ability and enhancing Raman scattering.>”

Like AuNPs, gold nanostars (AuNSs) were grown in situ on GO sheets and
further coated with a positively-charged lipid bilayer film accompanied with
the reduction of GO.°® The rGO@AuNSs were used in gene/photothermal
treatments that were guided by photoacoustic and photothermal images,
respectively. In Zhang’s work,”" PDA-GO, AuNSs, PEG, and DOX were inte-
grated to form a novel nanoplatform for combined therapy of metastatic
breast cancer under irradiation of NIR light (see Figure 6.7). In another
work, AuNSs were first grown on GO and then modified with PEG and linked
with Chlorin e6 (Ce6) to form a photosensitizer-assembled graphene/AuNS
hybrid.®> Owing to the increased optical absorption for NIR light, the com-
posite of graphene and AuNS-PEG exhibited a high PCE and outstanding
performance in synergistic PDT and PTT of cancer under the assistance of
photothermal imaging.

Gold nanorods (AuNRs) have been demonstrated as efficient photo-
thermal nanomaterials for converting light energy into heat," so AuNRs are
of importance for the PTT of various cancers. In Szunerits’s work,*> AUNRs
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were enrobed with rGO-PEG nanosheets to exert effective photothermal
ablation of tumors under irradiation of NIR light at low doses and to act as
fluorescent markers in cells by integrating NIR dyes onto the rGO shells.
Upon irradiation with 800 nm at 0.7 W em ™2, the growth of a US7MG tumor
was inhibited. Alternatively, Song’s group synthesized rGO-loaded AuNR
vesicles with a greatly improved photoacoustic ability and photothermal
activity, which also exhibited a large loading amount of drug due to the
presence of cavities on the vesicle and large surface area of rGO.%* Then, an
NIR-driven photothermal process induced the release of DOX from the
vesicular cavity, and the acidic intracellular microenvironment induced drug
release from the rGO surface.

Silver and Palladium Nanostructures: To combine the superb photothermal
activity of graphene and the antibacterial ability of silver nanoparticles (AgNPs),
Tan et al. prepared rGO/Ag nanocomposites to effectively kill multi-drug
resistant (MDR) bacteria.”> Compared to individual components, the rGO/Ag
nanocomposites exhibited significantly higher antibacterial ability for killing
regular and MDR bacteria, indicating that the photothermal process resulted in
a greatly synergetic antibacterial performance. Alternatively, Liu’s groups
developed an effective and simple approach for generating AgNPs directly on
rGO nanosheets by using GSH as a co-reducing agent, and the AgNP/GSH-rGO
nanohybrid was demonstrated to exhibit highly-efficient antibacterial activity
for reducing wound infection or improving cancer therapy via photothermal
ablation.®® In Wang’s work,”” AgNPs were grown in situ on polyethylenimine
(PED)-modified magnetic rGO to form Ag@rGO-Fe;0,-PEI composites, which
exhibited an outstanding antibacterial ability. After irradiation by a 785 nm
laser for 0.5 min (50 mW cm %), an ablating rate of 99.9% was attained for E. coli
0157:H7(1x10” cfumL ") at a dosage of 0.1 ug mL~". Recently, silver modified
mesoporous silica/rGO sheets with a sandwiched structure (rGO/MS/Ag) were
successfully synthesized as an interesting antibacterial agent, in which the rGO
and AgNPs were reduced in situ without adding any other reductants.®® As a
result, the rGO/MS/Ag hybrid exhibited an excellent photothermal conversion
ability and antibacterial activities against various bacteria upon NIR irradiation
using only a relatively low dosage.

Palladium nanoparticles (PANPs) were another excellent metal nanoma-
terial that was used to hybridize graphene in photothermal applications.
Experimentally, GO-PANP nanosheets were prepared in CTAB solution
by reducing H,PdCl, with NaBH, and ascorbic acid.®” In Zhang’s work,”®
well-dispersed Pd crystals were successfully synthesized in nitrogen-doped
graphene (Pd/N-graphene) in the format of a single atom via a freeze-drying-
based approach, which exhibited exceptional capability and selectivity to
hydrogenize C,H, in the presence of H, under photothermal heating.
A highly-efficient conversion was achieved for acetylene (99%) and its
selectivity to ethylene was 93.5% at 125 °C.

Metal Oxide Nanostructures: To enhance the DOX loading amount,
MS nanoparticles were hybridized with dopamine-functionalized GO and
further conjugated by the targeting HA molecules.”" As a result, the
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pH-controlled and NIR-activated DOX release improved the performance of
chemo-photothermal therapy. Alternatively, iron oxide nanoparticle-
modified GO nanosheets (GO-IONP) were modified with chitosan (CS) and
dextran (DEX) by layer-by-layer self-assembly for producing GO-IONP-CS/
DEX composites with the abilities of targeting drug and photothermal
effects.”” Similarly, a ternary composite of rGO-Fe;0,~PANI with excellent
photothermal performance was prepared via co-reducing GO and iron
nitrate in solvothermal reactions, and in situ polymerization of PVA-linked
polyaniline.” At a light power density of 2.0 Wem ™2, a PCE value of 86.3%
was achieved by using 100 ug mL ™" of nanocomposites, and the temperature
difference can be up to 56.7 °C.

Beyond silica and Fe;0,4, TiO, nanostructures were also used to hybridize
graphene for a greatly enhanced photothermal effect in the photocatalytic
reduction of CO,, which benefited from the synergetic process of the in-
creased electron mobility and dramatically enhanced surface temperature.”*
Alternatively, rice-shaped ZnO nanoparticles were anchored on graphene
and then sensitized with cobalt phthalocyanine (CoPc) to form a NIR-
activated photothermal nanohybrid, which can increase the temperature
to 68 °C after irradiation by a 980 nm laser for 7 min (see Figure 6.8).”° In
comparison, the PCE value from graphene-ZnO-CoPc was higher than the
ones from gold- and CuS-involved photothermal materials. Recently, man-
ganese dioxide (MnO,) nanoparticles were functionalized on FA-modified
GO sheets for utilization in the targeted PTT under NIR irradiation.”® Also,
the graphene-MnO, nanohybrid was investigated to catalytically oxidize
gaseous formaldehyde with the assistance of a xenon lamp.”” As a result, the
transferring rate of formaldehyde to CO, was increased by 80% compared to
bare MnO,, which was attributed to the dual generation of heat from both
MnO, and graphene. Moreover, graphene has a high conducting process for
heat, so that the yielded heat was quickly moved from the graphene to MnO,
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Figure 6.8 (A) Cobalt phthalocyanine (CoPc)-modified graphene-ZnO nanocompo-
site used as a NIR-responsive photothermal system. (B) SEM image of
graphene-ZnO-CoPec. (C) Rise in temperature for different samples with
the increment of illumination time.

Reproduced from ref. 75 with permission from American Chemical
Society, Copyright 2019.



Two-dimensional Nanomaterials and Hybrids 199

and the surface temperature of MnO, was even higher than that of graphene,
which was beneficial for facilitating the activation of surface lattice oxygen.
Other Functional Nanomaterials: GO/NaYF,: Yb,Er nanocomposites were
fabricated through a hydrothermal reaction, in which cubic phase NaYF,:
Yb,Er nanoparticles were loaded onto the surface of GO nanosheets.”® Under
irradiation by a NIR light of 980 nm, the PCE value over hybrids reached 71.1%
to reveal that the PCE of GO could be increased by 13.9% due to the doping of
NaYF,: Yb,Er nanocrystals. With the assistance of PEG, BaGdF5 particles were
stably loaded on the surface of GO sheets through a solvothermal process to
fabricate GO/BaGdF5s/PEG nanocomposites.”” Under irradiation by 808 nm
light (0.5 W em ™ ?), the photothermal ablation of tumors in vivo was achieved at
high efficiency through enhanced NIR absorption, improved photothermal
activity, and excellent tumor targeting ability by using GO/BaGdFs/PEG.

6.3.3 Graphene-based Films, 3D Structures, and Devices

For a simple synergistic enhanced antimicrobial therapy, GO and poly-
(allylamine hydrochloride) (PAH) were alternately deposited to form hybrid
films, which exhibited an excellent photothermal property with an NIR laser of
1064 nm.*® The enhanced antimicrobial performance was attributed to the
synergistic functions of membrane-stress induced on bacteria and photo-
thermal effect by irradiation with an NIR laser. With a large surface area, open
sharp edges, and non-stacking 3D structure, vertically-oriented graphene (VG)
nanosheets were directly synthesized on traditional soda-lime glass by a
plasma-enhanced CVD method at 580 °C.*" The fabricated VG nanosheets/glass
hybrid exhibited excellent solar thermal conversion, which led to a 70-130%
increment for the surface temperature. In Lin’s work,** adhesive graphene was
fabricated at the surface of B-tricalcium phosphate bioceramics using CVD
instrument, and the resultant composites exhibited superb photothermal
effects to kill most of the osteosarcoma cells (>90%). In addition, ultrahigh
photothermal temperature was successfully achieved by using a hybrid foam of
graphene/polypyrrole (rGO/PPy), which increased the surface temperature as
high as 380 °C under irradiation of 808 nm light at 2.6 W cm™>.%?

Although the unique 2D nanostructure endows nanosheets with outstand-
ing features, the lack of colloidal stability remains a great challenge to deeply
develop their biomedical applications in vivo. For that, Ji et al. developed an
effective method for incorporating GO sheets in situ into a thermosensitive
matrix to obtain hybridized nanogels with an enhanced photothermal effect
and improved loading efficiency toward anticancer drugs.** Similarly, a NIR-
and pH-controlled carboxymethyl chitosan (CCS)-modified rGO/aldehyde
modified PEG hydrogel was synthesized to exhibit outstanding delivery
performance of DOX.*> The functionalization with CCS achieved high NIR
absorbing ability and uniform distribution of rGO, contributing to the
enhanced photothermal performance. Alternatively, Gao et al. developed a
photothermal miniature reactor based on graphene liquid marbles, which
can exactly control the temperature for modulating reaction kinetics.*®

)



200 Chapter 6

With the power increment of the used laser, the surface temperature of
graphene liquid marble was regulated between 21-135 °C and its surrounding
water temperature was between 21-74 °C. Through temperature regulation,
a 12-fold increased reaction rate was achieved for degrading methylene blue
as compared to that value at room temperature.

As indicated, the solar energy can break viscosity. For utilizing this process, a
3D CuFeSe,-modified graphene aerogel (GA-CuFeSe,) was produced to exhibit
an outstanding photothermal conversion activity with a PCE value of 79.62%.%”
Experimentally, the GA-CuFeSe, heated the crude oil to ~100 °C within 10 s,
indicating the practical application of this nanohybrid for oil spills. In Chen’s
work, polyacrylic acid-g-polylactic acid (PAA-g-PLLA) was functionalized onto
GO sheets via cleavable bonds and finally fabricated a stimuli-responsive
scaffold to be embedded with adipose-derived stem cells (ADSCs) for breast
cancer therapy (see Figure 6.9).%% As reported, the GO-polymer scaffolds were
able to simultaneously achieve pH-controlled PTT at low temperature for
selectively inducing apoptosis of tumor cells and greatly improving ADSC
growth, which caused the death of >95% cells in a human breast cancer
(MCF-7) model in vitro and completely eliminated tumor tissue in mice.
To combine the volumetric absorption of nanofluids and high latent storage
density of phase change materials (PCMs), Yang et al. used melamine sponge as
the supporting structures, paraffin wax as solid-liquid PCMs, rGO and
zirconium carbide as solar absorbing agents and thermal conduction materials
to fabricate novel form-stable PCM systems, which showed a high thermal
storage ability and superb heat transferring process, and the PCE was up to 81%
when 0.01 wt% zirconium carbide was doped into the PCM system.*’

To deal with the global water crisis, solar energy has been used to purify
wastewater and desalinate seawater via the generation of vapor. To avoid salt
deposition on the evaporation surface and ensure long-term work for water
evaporation, Zhu’s group used rGO and ultralong hydroxyapatite nanowires
(HNs) to fabricate a salt-rejecting photothermal paper, which had a hierarchical
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Figure 6.9 Schematic demonstration for synthesizing and utilizing an ADSC-
embedded GO-GA-polymer scaffold in breast cancer therapy, which
releases GO and GA via a pH-triggered process, and combines tumor
selective PTT and adipose tissue regeneration.

Reproduced from ref. 88 with permission from John Wiley and Sons,
Copyright © 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
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Figure 6.10 Synthesis and photothermal properties of GO-hydroxyapatite nanowire
(HN) paper. (A) Hierarchical deposition of GO and HNs by vacuum-
driven filtration. (B) Structure of layered GO/HN paper. (C) Optical
image of the GO/HN paper. (D) Average paper surface temperature
under 1 sun illumination. (E) NIR thermal images of the rGO/HN paper
at different irradiation times by 1 sun.

Reproduced from ref. 90 with permission from American Chemical
Society, Copyright 2020.

porous structure, interconnected channels, and high mechanical strength
(see Figure 6.10).”° Moreover, the length of time of the thermal treatment can
adjust the hydrophilicity and hydrophobicity of the photothermal paper. Under
irradiation of 1 sun (1 kWm™?), the evaporation rate of water and energy
conversion efficiency over the hydrophilic rGO/HN paper were 1.48 kgm >h ™"
and 89.2%, respectively. Very recently, Li’s group deposited graphene onto non-
woven masks via a laser-driven forward transfer route, which can functionalize
commercially available surgical masks with good self-cleaning and excellent
photothermal performances.”’ After exposure to sunlight, the surface tem-
perature of the functionalized mask can be rapidly increased to >80 °C, so that
the masks can be reused after sunlight irradiation. More importantly, this
graphene-modified mask can be reused directly in solar-trigged desalination
and exhibit a good salt-rejecting property for long-term usage.

6.4 TMD Nanosheets

In recent years, TMD nanosheets have been reported frequently to develop
photothermal materials for various biomedical applications.” As the
most widely-used TMD nanosheets, the photothermal properties of MoS,
nanosheets were first demonstrated, followed by other TMD nanosheets
such as MoSe,, MoTe,, WS,, and WSe,.
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6.4.1 MoS, Nanosheets

With a unique bandgap structure and various excellent optical properties,
MoS, nanosheets have attracted wide research attention in the fields of energy
storage, biosensors, and other biomedical fields."®**%® Particularly, MoS,
nanosheets have been usually utilized as novel photothermal agents for effi-
cient PTT of cancer and improved antibacterial efficacy via their high ab-
sorption of NIR light.”* As reported, the normal MoS, sheets with interlayer
spacing of ~0.65 nm exhibited a PCE at ~45%, while interlayer-expanded MoS,
nanosheets (~0.94 nm) were demonstrated to show a higher PCE at ~62%.”
For further increasing the PCE or/and improving the stability of MoS,
nanosheets, more and more research has reported the preparation of
surface-modified and nano-hybridized MoS, nanosheets in the past five years.

Polymers-modified MoS, Nanosheets: To improve the dispersibility and sta-
bility of MoS, nanosheets in water, the surface of MoS, is usually modified with
linear polymer PEG via physical adsorption. As a typical example, PEG was
readily modified on MoS, nanoflakes in a hydrothermal synthesis via the
assistance of PAA, and the PEGylated MoS, flakes had superb stability in
various solutions and high photothermal conversion activity, which was used
for effectively ablating cancer cells and suppressing the tumor growth.”
Similarly, a one-pot solvothermal synthesis was developed for the convenient
fabrication of PEGylated MoS, sheets via an “integrated” precursor with Mo
and S elements.”” In Jia’s work,”® erlotinib (Er) was modified to MoS, sheets via
the linkage of PEG in click chemistry and the subsequent incorporation of DOX
resulted in a multifunctional MoS, platform for performing co-delivery of Er
and DOX in a more effective cancer therapy. In the presence of NIR light, the
usage of MoS,-PEG-Er/DOX can achieve the synergetic chemo-photothermal
therapy of cancer and efficiently suppressed tumor growth in lung cancer-
bearing mice. In Han’s work,”® MoS, sheets were produced by chemical
exfoliation together with probe sonication and further modified with cytosine—
phosphate-guanine (CPG) and PEG to fabricate MoS,-PEG-CPG nanosheets as
a multifunctional platform for photothermal immunotherapy, which was fur-
ther enhanced by photothermal treatment. As indicated, the branched poly-
mers are more slowly cleared from blood circulation as compared to linear
ones. For that, Zhou’s group presented a surface-initiated ring-opening
polymerization-based strategy to modify the surface of MoS, sheets with
multihydroxy hyperbranched polyglycerol (HPG), which possessed an
outstanding photothermal ability for converting light into heat in PTT.'%
Similarly, Wang et al. fabricated HPG-functionalized MoS, nanosheets by the
physical absorption of HPG onto the MoS, surface, forming a novel photo-
thermal nanocarrier with a high PCE for chemo-photothermal therapy.'®!
In addition, block copolymer-MoS, nanocomposites (BCP-MoS,) were also
synthesized as a novel self-monitoring photothermal agent for simultaneous
photothermal heating and temperature profile imaging.'®* After exposure to
NIR laser, photothermal energy generated by MoS, effectively increased the
local temperature and simultaneously induced conformational transitions of
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the BCP over MoS,, so that a distance-dependent Forster resonance energy
transfer occurred between the BCP and MoS, to cause the change of fluorescent
signal correspondingly. Experimentally, the usage of BCP-MoS, in photo-
thermal heating and optical imaging was fully reversible with good stability.
Recently, Zhang et al. reported a general polyphenol-based approach for facilely
exfoliating various TMD sheets at the monolayer or multilayer.'® In the opti-
mized experiment of exfoliating MoS, nanosheets, the yield and concentration
of MoS, sheets were as high as 60.5% and 1.21 mgmL ", respectively. More-
over, the as-obtained MoS, sheets possessed excellent biological stability for
loading antibiotic drugs and showed a high photothermal conversion cap-
ability for a synergetic application of chemotherapy and PTT (see Figure 6.11).
Biomacromolecule-modified MoS, Nanosheets: In Jin’s work,'** MosS,
nanosheets were linked with positively-charged quaternized chitosan (QCS)
for improving the dispensability/stability and enhancing the binding force of
MoS, on a bacterial membrane. Through n-n stacking and hydrophobic
interaction, a first-line antibiotic, ofloxacin (OFLX), was further loaded onto
QCS-MoS, nanosheets for excellent bactericidal activity via combining
antibiotic-photothermal therapy, which can be performed at a mild tem-
perature of 45 °C and low concentration of antibiotic. Similarly, HA was
modified onto MoS, sheets via the formation of disulfide to synthesize a
sheddable HA shell on the MoS, surface, which was used as a functionalized
nanoplatform to achieve targeted delivery of camptothecin and controlled drug
release in the presence of tumor-associated GSH or/and NIR irradiation.'®
In recent years, more and more biomacromolecules have been employed
to develop MoS,-based photothermal materials. For instance, Deng et al.
prepared MoS, nanosheets using protein BSA to exhibit a strong NIR ab-
sorbing capability and high drug loading ratio for better tumor therapy.'’®
For the loaded resveratrol (RV) on MoS, sheets (MoS,-RV), the MoS,-RV
nanosheets can passively target and accumulate to the tumor region, and RV
molecules can be released from the surface of MoS, nanosheets via irradi-
ation with an NIR laser (1 W em ™). Furthermore, Zhang et al. modified PEI,
PEG, and BSA on MoS, nanosheets via the linking of FA to form a novel
nanoplatform with dual stimuli-trigged (pH and NIR) targeted drug delivery
and chemo-photothermal functions.'®” Alternatively, regenerated silk fi-
broin (RSF) can self-assemble and bind at the surface of MoS, sheets
through simply adding MoS, dispersion into RSF aqueous solution.'®® The
resultant RSF/MoS, nanohybrids demonstrated higher photothermal cap-
ability/stability and less cytotoxicity as compared to the bare MoS,, resulting
in outstanding photothermal activity to ablate HeLa cells in vitro. In another
work, Xie et al. fabricated an egg yolk phospholipid connected MoS, carrier
by simple physical adsorption for treating tumors in chemotherapy and
PTT."* As indicated, the lipid functionalization significantly increased the
accumulating ability of the modified carrier in mice tumors, leading to a
better photothermal application than that of pure MoS, sheets. For en-
hancing the photothermal capability of the MoS, nanosheets, melanin (Mel)
as a new type of photothermal material was modified on HA-targeted MoS,
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Figure 6.11 (A) Schematic of TMD nanosheet exfoliation via polyphenol-assisted sonication. (B) Photothermal characterization of a MoS,-
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Reproduced from ref. 103 with permission from American Chemical Society, Copyright 2018.

9 1a3dvyD



Two-dimensional Nanomaterials and Hybrids 205

sheets to form a multifunctional drug delivery system with strong inter-
action toward CD44 receptor-positive MCF-7 cells.''® The prepared nano-
composite had a high photothermal capability (PCE at 55.3%) and good
biocompatibility. Moreover, the drug release can be precisely controlled by
employing the low pH in the tumor cells and exposing to NIR irradiation.
Recently, antibody (anti-protein A IgG), PDA, and PEG-SH-functionalized
MoS, nanosheets were synthesized to serve as an S. aureus-targeted PTT
nanoagent."'' The PDA served as a bio-nano interface to be beneficial for the
covalent binding of antibody and PEG-SH to MoS, sheets via catechol
chemistry. As a result, the targeted PTT showed the superb killing ability of
larger than 4 log (>99.99%) against S. aureus both in biofilms and infected
tissues and did not cause damage to normal mammalian cells.
Nano-hybridized MoS, Nanosheets: The decoration of nanostructured ma-
terials on MoS, sheets has been established for improving their PCE, bio-
compatibility, and photostability in cancer PTT. Typically, Shen’s group used
0D N-doped carbon dots (CDs) and 2D MoS, sheets as the assembled units to
construct 0D/2D/0D sandwich heterojunctions, which endowed an additional
increment for NIR absorption via the combination of CDs and MoS, sheets
and obtained a much higher PCE (78.2%) than that of the individual com-
ponents (CDs: 37.6%; MoS,: 38.3%).""> In Liu’s work,""? an effective approach
was demonstrated to selectively induce the epitaxial growth of Au nanocrystals
on MoS, sheets for increased NIR absorbance and better photoelectric
application, which can be used as a multifunctional theranostic nanoplatform
for imaging-guided photothermal and radiation therapy. After modification of
PEG, the obtained hybrid showed strong X-ray attenuation and high photo-
thermal conversion capability and achieved synergistic tumor inhibition via
hyperthermia elevated oxygenation levels and sensitized radiation therapy.
Alternatively, multifunctional FePt/MoS,-FA nanocomposites (FPMF) were
synthesized by hybridizing FePt nanocrystals and FA onto MoS, sheets.'"*
In an experiment, FePt nanocrystals can catalyze the Fenton reaction to
generate reactive oxygen species. Moreover, tumor cells were effectively
ablated by the produced heat via photothermal conversion of MoS, sheets.
Beyond metal nanostructures, metal oxides and sulfides were also utilized to
fabricate hybrid systems for various photothermal exploitations. Typically,
Shao et al. wrapped MoS, layers around DOX-loaded periodic mesoporous
organosilicas (PMOs) and then decorated them with PEG to obtain a
PMO-DOX@MOoS,-PEG platform as a NIR-induced drug nanocarrier.'*
The resultant hybrid nanoplatforms had a large drug loading capacity
(160 pg mg '), superb photothermal conversion activity, and good dispersibility
in physiological solution. Moreover, the photothermal heat from the MoS,
sheets can control the release of DOX by using an 808 nm laser, which achieved
a combined chemotherapy and PTT for liver cancer cells and breast cancer cells.
In Zhao’s work,''® MoS, sheets and Fe;O, particles were integrated into a
magnetic targeted photothermal system, in which MoS, can convert light
energy into heat while Fe;0, acted as a targeted unit toward the tumor site
guided by an additional magnetic field. After functionalization with PEG, the
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MosS,/Fe;0, composite was successfully employed as a dual-functional system
for T,-weighted magnetic resonance (MR) and photoacoustic tomography (PAT)
imaging. Similarly, Fe;O, nanoparticles were loaded onto the surface of MoS,
sheets through a sulfur-based reaction to form MoS,-Fe;0, nanocomposites,""”
which were then conjuncted with two kinds of PEG to achieve improved
stability for PAT and MR imaging. In Rajasekar’s work,"'® a robust route was
developed to deposit tantalum (TaO,) onto a CS-coated MoS, nanosheet via
electrostatic interaction for improving cancer PTT efficiency. The prepared
Ta0,-CS-MoS, nanomaterial showed low toxicity and high photostability and
PCE, which increased the environmental temperature from 26 to 47.2 °C under
808 nm light for 5 min.

For achieving the hybridization of MoS, with metal sulfides, single-layer
MoS, nanosheets were modified with different fluorescent semiconductor
quantum dots (QDs) and arginine-glycine-aspartic (RGD)-containing
peptides to form novel multifunctional 0D/2D RGD-QD-MoS, sheets with
superb fluorescence, photothermal activity, and cancer-targeted ability.''® As
indicated, HeLa tumor cells in mice can be imaged in fluorescence and
completely eliminated by photothermal ablation using NIR light at low
power, which resulted from the rapid accumulation of RGD-QD-MoS, at the
tumor sites owing to the RGD-integrin targeting function and the enhanced
penetration and retention effect. In Zhu’s work,"** MoS, nanosheets were
connected with copper sulfide (CuS) and modified with PEG to form a
multifunctional nanoplatform. The presence of both MoS, and CusS led to a
high PCE at ~59.3%. After loading with DOX, the synergistic usage of chemo-
photothermal therapy resulted in more cell death than either chemotherapy
or PTT. More interestingly, MoS,/Bi,S;-PEG (MBP) nanosheets were produced
by using a one-pot, solvothermal method for image-guided diagnosis of tu-
mors and combined tumor PTT and radiotherapy (RT) (see Figure 6.12)."!
The MoS, nanosheets endowed MBP with excellent PTT performance and
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Figure 6.12 (A) Schematic figure for the solvothermal preparation of MoS,/Bi,S;-
PEG (MBP) sheets and their PTT and radiotherapy (RT) of tumors.
(B) TEM image of MBP nanosheets. (C) In vivo photothermal image of
MBP-injected mice after irradiation for 5 min.
Reproduced from ref. 121 with permission from John Wiley and Sons,
Copyright © 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
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photoacoustic imaging property, and such 2D MBP nanostructures exhibited
desirable photothermal capability, good colloidal stability, and biocompati-
bility in biomedical applications.

6.4.2 MoSe, and MoTe, Nanosheets

Similar to MoS,, ultrathin MoSe, and MoTe, were also reported as good 2D
photothermal agents. As shown in Figure 6.13, a PVP-assisted exfoliation was
developed to produce and simultaneously functionalize MoSe, sheets."**
The MoSe,~-PVP nanosheets with a hydrophilic surface were found to be
biocompatible and used as a promising PTT material. Furthermore, the
resultant nanosheets were also encapsulated into a hydrogel matrix for
developing some smart devices. Alternatively, a red blood cell (RBC)
membrane was utilized for camouflaging MoSe, sheets to attain enhanced
hemocompatibility and circulation time due to the prevention of macro-
phage phagocytosis.'*’ In Zhang’s work,'** MoTe, sheets were modified with
PEG-cyclic arginine-glycine aspartic acid tripeptide (PEG-cRGD) to exhibit
wider NIR absorption. After loading with DOX, MoTe,-PEG-cRGD/DOX was
employed in the combined PTT and chemotherapy. Owing to the high PCE,
MoTe,~-PEG-cRGD/DOX showed an excellent killing ability for tumor cells in
the presence of NIR light. Through the cRGD-guided targeted process,
MoTe,-PEG-cRGD/DOX efficiently accumulated at tumor sites to cause a
strong ablation of tumor cells.

6.4.3 WS, and WSe, Nanosheets

Stable 1T-WS, ultrathin nanosheets were prepared via intercalation with NH, ©
by employing a hydrothermal method and were used in the PTT of cancer.'*
The resultant 150 nm-sized nanosheets were highly hydrophilic and had
strong light absorbance and superb photostability in a broad NIR region.
Under irradiation of an 808 nm laser, the 1T-WS, sheets could successfully
ablate tumor cells via the photothermal process. Alternatively, Qu’s group
demonstrated the photothermal application of WS, sheets for not only ef-
fectively inhibiting AP aggregation and but also dissociating the formed A
aggregates (of note, to inhibit Ap aggregation and destabilize the formed Af
fibrils has a promising function against Alzheimer’s disease)."*® As indicated,
AB40 molecules can selectively bind onto the WS,’s surface through van der
Waals and electrostatic forces and thus inhibit the aggregation of AB40. More
importantly, the high NIR absorbing capability of WS, enabled amyloid ag-
gregates to be re-dissolved in the presence of NIR light. In Shen’s work,"?” WS,
nanosheets were connected with a biomimetic liposome (WS,-lipid) to achieve
a combined chemo and photothermal therapeutic therapy owing to excellent
photothermal amount and high drug loading capability. In addition,
Geng et al. synthesized biocompatible, positively-charged CDs and modified
them on both sides of negatively-charged WS, sheets via electrostatically dri-
ven assembly."*® The 0D/2D heterostructure was readily utilized to trigger an
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Figure 6.13 (A) Schematic of PVP-MoSe, sheets/PNIPAM hydrogel preparation. (B) TEM image of MoSe, sheets. (C) Temperature elevation
of the solution with different concentrations of PVP-MoSe, when using an 808 nm laser at 2.5 W cm ™. (D) Viability of HeLa
cells after incubation with PVP-MoSe, for different amounts of time with or without NIR treatment.

Reproduced from ref. 122 with permission from American Chemical Society, Copyright 2016.
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effective photothermal process with NIR irradiation of 1064 nm, which can
simultaneously achieve osteosarcoma treatment and bone regeneration.

By using BSA as both exfoliating and stabilizing agents, WSe, sheets were
produced via a simple and efficient liquid-phase exfoliation to endow the
WSe,-BSA nanosheets with high chemical stability and desirable bio-
compatibility."*® The obtained WSe,~BSA nanosheets were utilized not only
as an efficient photothermal material but also as a nanocarrier for loading
photosensitive methylene blue. In another work, PVP-intercalated WSe,
nanosheets were facilely synthesized by a solvothermal reaction of
selenourea crystals and WCl, along with a PVP polymeric nanogel."*° The
resultant PVP-inserted WSe, sheets showed a high PCE, greatly improved
biocompatibility, and physiological stability.

6.4.4 Other TMD Nanosheets

As a new TMD nanomaterial, TiS, nanosheets were produced by a chemically
synthetic approach and then connected with PEG to obtain TiS,-PEG
nanosheets with high stability in physiological environments and no clear
toxicity (see Figure 6.14)."*" With high absorbance of NIR light, the TiS,-PEG
sheets could provide a strong contrast in photoacoustic imaging, which
revealed the high tumor uptake and retention of sheets after systemic
administration into tumor-bearing mice. Moreover, the TiS,-PEG sheets
were further applied for in vivo PTT to completely eliminate the tumors in
mice under NIR laser irradiation. Similarly, another new kind of TMD, 2D
rhenium disulfide (ReS,) with strong NIR absorbance and X-ray attenuation,
was successfully produced and modified with PEG."*? The resultant ReS,-
PEG sheets were stable in physiological environment and the synergistic
photothermal radiotherapy achieved an extraordinary destruction of tumors.
In another work, a probe sonication-driven exfoliation was used to syn-
thesize ReS,-PVP sheets at scale.'”® With strong NIR absorbance and high
PCE (79.2%), ReS, sheets served as a therapeutic agent for complete ablation
of tumors without no obvious toxicity. Recently, ultrathin ReS, were also
prepared through ultrasonic exfoliation in BSA solution to show good bio-
compatibility and high NIR absorbing ability."** For better performance, the
anti-cancer drug resveratrol (RSV) and targeted molecule FA was successively
connected on the ReS, surface to fabricate ReS,@RSV-FA nanocomposites.
Without NIR irradiation but pH=6.5, ~16.5% of the RSV molecules were
released after 24 h, whereas the value was increased to 55.3% in the presence
of NIR light (1 Wem™2). This indicated that this hybridized 2D structure
provided a dual-stimuli-sensitive drug delivery and had the potential to be
utilized for combining chemo-photothermal therapy in cancer treatment.

6.5 Black Phosphorus Nanosheets

With a direct bandgap, broad optical absorbance from the visible to NIR
region, and superb photothermal capability, BP-based nanostructured
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Reproduced from ref. 131 with permission from the Royal Society of Chemistry, Copyright 2015.
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materials have exhibited various promising applications as effective photo-
thermal systems.’® As reported, the BP sheets with a larger size are
confirmed to have a higher PCE in the ablation of cancer cells."*> And, the
photothermal effect of BP nanosheets was used for developing a novel
immunofiltration strip that can readout the change of temperature.'*® In
addition, BP nanosheets are also a highly-efficient drug delivery system with
a large loading capacity, which can be attributed to its puckered honeycomb
structure and ultra large surface area. Therefore, BP-based PTT and PDT
have emerged and exhibited outstanding anti-tumor therapeutic abilities.
Particularly, BP nanosheets have recently been reported as an intriguing
photothermal material in PTT against cancer. Before the practical utilization
of BP sheets, their poor stability should first be improved greatly. For that,
some effective approaches have been developed to protect BP layers from
rapid degradation in an ambient environment, including surface modifi-
cation and hybridization with other functional materials.

6.5.1 Surface-modified BP Nanosheets

In recent years, various functional species have been modified onto BP
nanosheets for improving their stability or/and introducing new functions.
For instance, Nile Blue (NB) dye was modified onto BP nanosheets via dia-
zonium chemistry, which not only enhanced the stability of BP sheets but also
endowed them with NIR fluorescence.'®” As indicated, the dye-modified BP
system was a novel multifunctional nanomedicine with good biocompati-
bility, strong PTT and NIR imaging capabilities. Moreover, the NB@BP sheets
marked the tumor sites with red fluorescence and caused the efficient ab-
lation of tumor cells in the presence of NIR light. In Liu’s work,"*® exfoliated
BP nanosheets were linked with PEI and PEG to serve as the NIR-responsive
nanoagent to trigger PTT. Meanwhile, Xu et al. used the effective protection of
poly(lactic-co-glycolic acid) (PLGA) to improve the defect of BP nanosheets,
which preserved the stable PTT effect of BP sheets and biodegradability of the
material."”>® Meanwhile, DOX was loaded on BP/PLGA for further chemo-
therapy and preventing the recurrence of tumors after PTT. In Chen’s work,"*
BP sheets were proved to possess an exceptionally larger loading capacity for
DOX than graphene and MoS,. As a result, drug release was increased in the
acidic environment and further quickened via the photothermal process of BP
sheets by using 808 nm light. Meanwhile, the intrinsic feature of BP sheets
allowed them to simultaneously be used in PDT and PTT.

Recently, Yang’s group synthesized Ce6-connected BP sheets for syn-
ergistic PTT and PDT of cancer under the guidance of fluorescence and
thermal imaging.'*' As indicated, the loading of Ce6 endowed BP nano-
sheets good biocompatibility, physiological stability, and tumor-targeted
ability, and an increased PCE was achieved as compared to BP@PEG
(43.6% vs. 28.7%). In another work, BP nanosheets were modified with PDA and
then covalently connected with both Ce6 and triphenyl phosphonium (TPP) via
carbodiimide reaction of amino with carboxyl groups (see Figure 6.15)."*
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Through the strong absorption of BP@PDA for NIR light and the rapid
generation of reactive oxygen species by Ce6, the resultant nanosystems
showed significantly enhanced efficiency in the killing of cancer cells.
Alternatively, Deng’s group demonstrated that platinum-involved anticancer
drugs (DACHPt or Pt(NHj;),) were coordinated onto BP sheets for forming
BP/DACHPt and BP/Pt(NH;), composites with improved stability."** Inter-
estingly, BP sheets were found to bind DACHPt twice their weight and release
it in an acid- and NIR-sensitive manner. Via combined photothermal and
chemo therapy, BP/DACHPt can completely kill the tumor cells. In Zhang’s
work,"** the BP sheets were produced via a liquid-phase exfoliation approach
and combined with gemcitabine into the thermo-sensitive Pluronic F127
hydrogel by a ‘“cold method” for intratumoral injection. The BP-based
hydrogel will result in phase translation at near body temperature and ex-
hibited high photothermal efficacy in vitro and good biodegradability for
better applications. In another interesting work, BP sheets were successfully
exfoliated by a self-made ultrasonic route and then were electrostatically
modified with mitoxantrone hydrochloride (MTX) and HA at their surface.'*’
The resultant BP@MTX-HA nanosheets not only had good physical stability
and high PCE but also exhibited pH/NIR-responsive release abilities.
Experimentally, the temperature can increase to >45 °C after irradiation by
808 nm light for 3 min (1.0 Wem ™).

For achieving a better performance, more combined formats of BP and
polymers have been developed for stabilizing BP nanosheets. Typically, poly-
pyrrole (PPy) particles were loaded onto BP nanosheets to fabricate
nanohybrids with high-performance for PTT, which benefited from the
enhanced NIR absorbing capability of the two components.**® Compared to
the bare BP nanosheets, the nanocomposites exhibited good biocompatibility
and superior PCE in the NIR region. In Hai’s work,'*” a multifunctional
liposome (MFL) as both the targeting ligands and imaging units was produced
and then connected at the surface of BP nanosheets to fabricate a sandwiched
BP@MFL platform, which effectively improved the stability of BP nanosheets
in water and selectively entered into cancer cells for their photothermal ab-
lation. Alternatively, a PDA functionalized approach was employed to improve
the stability and photothermal capability of BP sheets through the formation
of nanocapsules (see Figure 6.16), which were utilized as multifunctional
delivery systems for targeted chemo, gene, and PTT in cancer treatment."*®
Furthermore, poly(vinyl alcohol) hydrogels based on PDA modified BP were
conveniently produced via a freezing/thawing strategy.'** With a high PCE, the
composited hydrogels exhibited a NIR-trigged drug release process and also
showed enhanced mechanical strength due to the strong hydrogen bonding
interaction of BP nanosheets and the PVA matrix. Similarly, BP nanosheets
were incorporated into a thermosensitive hydrogel of poly(p,L-lactide)-
poly(ethylene glycol)-poly(p,i-lactide) (PLEL) to fabricate an interesting PTT
nanosystem for postoperative therapy of cancer.'” As indicated, the
BP@PLEL hydrogels were biodegradable and biocompatible and exhibited
superb photothermal capability in the NIR region and NIR-trigged sol-gel
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transition. Therefore, the BP@PLEL hydrogels enabled fast gelation to form a
gelled membrane on wounds in the presence of NIR light and offered high
PTT efficacy for eliminating tumor tissues. Recently, Xing et al. demonstrated
that the combination of cellulose and BP sheets can be utilized to form green
and injectable composite hydrogels for PTT against cancer.'”" The 3D cellu-
lose/BP network had micrometer-sized pores and thin, strong cellulose walls
in it, and thus exhibited outstanding photothermal conversion, improved
stability, and flexibility.

6.5.2 Au Nanostructure-hybridized BP Nanosheets

As shown in Figure 6.17, BP bulks were exfoliated with the assistance of
sonication into BP sheets in deoxygenated water or hexane, and then
monodisperse AuNPs were assembled onto formed BP sheets to fabricate
BP/Au hybrid nanomaterals.'>® Thanks to the high PCE of BP/Au composites
after irradiation with an NIR laser, they ablated the bacterial membrane more
efficiently than pure BP with a biofilm inhibition rate of 58%. Alternatively,
BP nanosheets loaded with AuNPs were achieved by a one-step synthetic
approach, in which the Au nanocrystals not only enhanced the PCE of the
composites but also endowed BP-Au with the ability to serve as a SERS
substrate for Raman biodetection."”® Under 808 nm irradiation, BP-Au
sheets were capable of generating sufficient hyperthermia to ablate cancer
cells, and the transplanted tumor cells were not found in most of the tumor-
bearing mice. In Wang’s work,">* AuNP-enhanced BP sheets were used as the
signal component to develop an immunochromatographic sensor (PT-ICS) as
the antibody probe for quantitative photothermal sensing process. As indi-
cated, the PCE of the BP-Au sheet was increased by 12.9% as compared to the
bare BP sheets at 808 nm irradiation. Moreover, the antibody was more easily
connected to the hybrid sheets owing to the strong physical adsorption of
AuNPs. Recently, Liu et al. fabricated BP-Au hybrids in the solution of BP
flakes and gold salt by using BP as the sole reducing agent, which was re-
vealed to have an extraordinary PCE and drug delivery amount.'>® For
achieving a broad light absorption band, a novel hybrid was produced by
assembling Fe;O, and AuNPs on BP sheets (BPs@Au@Fe;0,), which were
highly biocompatible and exhibited an outstanding inhibition efficacy for
tumors via the synergistic PTT and PDT.'*® Moreover, the BP@Au@Fe;0,4
nanohybrid can precisely detect the growth and inhibition of tumor with the
assistance of magnetic resonance imaging.

6.5.3 BP Nanosheets Hybridized with Other Species Beyond Au

Hu et al. reported that BP nanosheets can capture Cu®" to accelerate the
degradation of BP and enhance its photothermal stability, and achieve
chemodynamic therapy-improved PTT."” Furthermore, when ®*Cu®" was
employed, positron emission tomography (PET) imaging can be developed to
quantitatively track the nanosheets in vivo at real time. In another work, FePt
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nanocrystals were decorated on BP sheets to form a FePt/BP-PEI-FA hybrid
platform, which can provide the synergistic tumor treatments from PTT,
PDT, and chemodynamic therapy (CDT)."”® Alternatively, Lv’s group used
ultrathin BP nanosheets as nanocarriers and equipped them with upcon-
version NYF particles (NaYF,:Yb®>", Tm’") as imaging agents, which can ex-
hibit photothermal and photodynamic functions for efficiently treating
tumors after combining with immunotherapy (see Figure 6.18).">° As indi-
cated, the PCE can reach 30.84% by using 980 nm light, higher than com-
mon Au nanostructures such as AuNSs (22.63%) and AuNRs (23.33%). More
recently, Xu et al. used upconversion nanoparticles as cores to synthesize
SiO, shells and CuS nanocrystals were coated onto the SiO, shells. After
further modifying with PEG, the CuS-involved nanoparticles were finally
conjugated onto the surface of BP sheets via electrostatic interaction."®
Through further loading of anticancer drugs, the synergistic therapy of PTT,
PDT, and chemotherapy was performed for greatly improved performance.

6.6 Summary and Outlook

With an ultrathin thickness and thickness-dependent bandgaps, 2D
nanostructured materials can greatly absorb visible or infrared light and
subsequently generate considerable heat via high-efficiency photothermal
conversion. Herein, we first demonstrate the usual preparation methods of
2D nanomaterials and then used graphene, TMD, and BP nanosheets as
typical examples to summarize the photothermal properties of surface-
modified and nano species-hybridized 2D nanomaterials. Meanwhile, their
novel photothermal applications are also involved, particularly the photo-
thermal therapies on cancer and bacterial infections. Beyond the 2D nano-
materials demonstrated here, another two types of nanosheets also have the
unique photothermal-conversion property for being utilized in PTT and
combined therapies, ie., MXenes'® and metal Pd nanosheets.'®® To
understand their photothermal properties more easily, the merits and
drawbacks of different 2D nanomaterials are summarized in Table 6.1,
which also demonstrate the representative PCE values of typical nanosheets
reported in previous studies.

With excellent photothermal capability and promising potential appli-
cations as photothermal nanomaterials, 2D nanomaterials and their hy-
bridized composites are developed at a rapid rate, however, they still cannot
meet the requirements for clinical translation. Firstly, the biosafety of 2D
nanosystems has not been investigated exhaustively and deeply to indicate
their systemic toxicity, ablating uncertainty in processes, and long-term
consequences on humans. Secondly, the physicochemical features of 2D
nanomaterials are strongly dependent on their sheet size, layer thickness,
and surface structure/ligands. To this end, a standardized operating protocol
is needed for significantly facilitating and/or exploiting the practical appli-
cations of superb 2D nanomaterials in clinical medicine. Thirdly, 2D
nanomaterials are difficult to naturally degrade in physiological solution
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Table 6.1 The performances of different 2D nanomaterials and their PCE. Repro-
duced from ref. 20 with permission from John Wiley and Sons, Copyright
© 2020 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.

Type Merits Drawbacks Materials PCE (%)
Graphene High NIR absorbance, Difficult biodegradation =~ Graphene 79.62
high stability, high GO 89
flexibility, controlled rGO 89.2
chemical modification
TMDs High stability in liquid Poor water solubility, MosS, 62.5
and air, low relatively low MoSe, 57.9
cytotoxicity, diverse extinction coefficients WS, 32.83
composition and PCE in the NIR ReS, 79.2
region TasS, 39
BP Biodegradation, high  Instability, uncontrollable BP 43.6
extinction coefficient synthesis, difficult
and PCE storage, and surface
modification
MXenes Strong absorption in Difficult large-scale TizC, 100
the NIR-I and NIR-II, production, difficult Nb,C 45.65
enzyme-triggered control of morphology Ta,Cs 44.7
biodegradation and structure
Pd nanosheets Highly tunable High cost Pd 52

diameter, high PCE

owing to their good crystallinity with few defects, and only biodegradable
materials really have the desirable biological safety required for entering
clinical experiments. Overall, a lot of effort is still required to improve the
photothermal applications of 2D nanomaterials for making more significant
progress in future exploitations.
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7.1 Introduction

Quantum dots (QDs) or semiconductor nanocrystals are materials that
exhibit optical and electronic properties that are intermediate between
those in the bulk and distinct molecular systems.' Both the size and shape
of these QDs dictate their properties, and because of their highly tunable
optoelectronic properties, these materials are being explored in many
biological applications such as in biosensing and as diagnostic and
therapeutic agents.”> For practical utilization of these semiconductor
nanocrystals, these materials are generally implanted into a solid matrix
such as glass or another crystal, or surface-modified in suspensions.’
Polymers make ideal coating materials for QDs as they usually do not
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absorb at the visible region, can impart mechanical and chemical stability
to the nanocrystals, and prevent the formation of QD clusters."? As such,
these polymer-quantum dot hybrids can be formed more easily into thin
films or spheres. Unfortunately, incorporation of QDs into the polymers
results in the decline of the optical and electronic properties. Current re-
search studies are exploring the enhancement of the encapsulation process
and the use of biocompatible polymers, while improving the properties of
the polymer-QD hybrids.

This chapter summarizes the development in the synthesis, structure, and
properties of QDs, along with the preparation of polymer-QD hybrid
materials. The discussion is focused on QDs based on binary metal chal-
cogenides (e.g. CdSe, CdS). Finally, the application of these materials as
photothermal agents for cancer therapy is presented.

7.2 Quantum Dots: Synthesis, Structures, and
Properties

Quantum dots are interesting materials well known for their unique op-
toelectronic properties. The most studied QDs are those prepared from the
elements of (i) groups II and VI (e.g. CdSe, ZnS), (ii) groups IV and VI (e.g.
PbTe, PbS), or (iii) groups III and V (e.g. InAs, InP) in the periodic table."*
QDs based on carbon (e.g. graphene) and on multinary combinations of
elements (e.g. CuInS,) have also been prepared.” ™!

7.2.1 General Synthetic Routes for Quantum Dots

Most methods for the preparation of QDs involve colloid chemistry, or-
ganometallic chemistry, or confined matrices chemistry.'> The seminal work
done by Bawendi and co-workers paved the way for preparing high-quality
QDs." The synthesis involved the breakdown of organometallic precursors
into an organic-based coordinating ligand as the solvent at high tempera-
tures. This synthetic route generally results in high quantum yields for the
QDs with a narrow size distribution. Because of their small sizes, QDs have
high surface areas, which make for unstable colloidal QD mixtures. Coord-
inating organic ligands, such as trioctylphosphine oxide (TOPO), are usually
added to coat the surface of the QDs for functionalization."” "> The coord-
inating solvent is important in controlling the discrete homogeneous
nucleation and slow growth and annealing of the QDs."? still, the use of
expensive and hazardous organometallic reagents and the conditions
of high temperature are some of the disadvantages of the synthesis of QDs
in organic media.'® While the coordinating organic ligands passivate the
surface of the QDs, these render the as-synthesized QDs hydrophobic and
insoluble in aqueous media. This limits the application of such QDs in
biological systems. Subsequent surface encapsulation or ligand exchange
steps are needed to convert these coated QDs into hydrophilic materials.
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However, these added steps also impart a decreasing effect on the photo-
luminescence quantum yields (PLQYs) of the QDs."”"'®

The aqueous synthesis of QDs entails less toxic and inexpensive reagents
and results in QDs with better solubility in water and biocompatibility.
For instance, Rajh et al. reported the synthesis of CdTe crystals from salts
containing Cd*" and HTe  ions, with 3-mercapto-1,2-propanediol as the
stabilizing ligand."® Other thiol-containing ligands, including glutathione,*
arginine,”* 3-mercaptopropane-1-sulfonic acid, 2-mercaptosuccinic acid,
3-mercaptoacetic acid, and 2-mercaptoacetic acid**> were also explored as
stabilizing compounds. Unfortunately, QDs derived from aqueous media
have low stability and low PLQY.'® Since the surface of the QDs is very re-
active, the QD particles tend to clump together when exposed to heat, light,
air, or some ions. This results in surface deterioration, hence the decrease in
PLQY. The initial report of Bhargava et al. on Mn-doped ZnS (Mn:ZnS)
showed that doping of the QDs can influence the morphology and improve
the properties of the QDs.?>** The PL of doped QDs depends on the dopant,
and not on the host or parent material. Different dopants such as metals,
transition metals, or halides have been used to dope QDs to vary their
emitted colors®” or for use in photocatalysis®®**° and bioimaging.** Rare
earth metal ions have also been used as dopants for QDs.*"*?

7.2.2 Band Structures and Optical Properties

The light-emitting properties of QDs resemble those from discrete electronic
transitions.' When the electron in the valence band is excited to the con-
duction band, a hole is created in the valence band. Luminescence comes
from the reconciliation of the previously excited electron and the positive
hole in the valence band. The wavelength of the emitted light corresponds
to the energy band gap (E;) between the valence and the conduction bands.
As the size of the QDs decreases, the energy band gap increases. There is a
greater percentage of atoms on the surface of the QDs; hence those with a
smaller size have a higher surface area. Having a wider surface area leads to
the recombination of the electron and hole in the traps on the surface.
Increasing the PLQY of the QDs can be done by attaching another layer of
semiconductor onto the original one, resulting in core/shell structures of the
QDs.>**3* This additional inorganic layer enhances the photoluminescence
of QDs. The types of core/shell structures are differentiated based on the
band gap alignments of the valence and conduction bands of the core layer
with those of the shell layer. Schematic representations are displayed in
Figure 7.1. For a type I core/shell structure, the band gap of the core layer is
smaller than that of the shell, which is the opposite for the inverse type I
structure. The charge carriers are restrained in the core layer only for the
type I structure. The shell layer acts as a barrier between the optically active
core layers from its surrounding medium. This reduces the effects of the
changes in the local environment of the QDs on the optical properties and
makes the core/shell structure less prone to photodegradation. A small red
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Figure 7.1 Energy level diagrams of the different types of core/shell structures of
quantum dots.

shift is observed in the PL wavelength. Examples of this type I structure
include CdSe/ZnS, CdSe/CdS, and CdS/ZnS. On the other hand, for the in-
verse type I form, the electron and hole may be partially or totally restricted
into the shell, depending on the thickness of the shell. As such, the red shift
in the PL wavelength also depends on the thickness of the shell. QDs of CdS/
HgS, CdS/CdSe, and ZnSe/CdSe belong to the inverse type I structure.

The conduction band edge of the shell is located within the band gap of
the core for the type II structure. For the inverse type II structure, the valence
band edge of the shell is within the band gap of the core. This staggered
alignment of the bands for these materials causes spatial distribution of the
charge carriers into the core and shell regions of the structure, making it
easier to tune the color of the light emitted by changing the thickness of the
shell. Examples of type II core/shell structures are CdTe/CdSe, CdSe/ZnTe,
and CdSe/ZnSe. Meanwhile, inverse type II structures include InP/CdS and
PbS/Cds.

7.2.3 Biocompatible Polymer-decorated Quantum Dots

The desired characteristics for biological applications of QDs include
aqueous solubility, low toxicity, and stable PL activity.>*™® The as-
synthesized QDs tend to aggregate in water, losing their PL. Doping or
layering with another inorganic material minimizes the PL degradation but
often increases metal toxicity. Coating the QD surface with organic ligands
prevents the conglomeration of the particles, although the usual long or-
ganic chains limit the solubility of QDs in water. In recent years, many re-
search studies on the use of polymer molecules as coating ligands for QDs
are reported. Polymer coating makes QDs more stable even in wider pH and
ionic strength ranges, through the multivalent interactions between the
polymer and QD. The polymer acts as a separation between the QD and the
local surroundings, decreasing possible metal leakage. Polymers also
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Figure 7.2 Representative polymers that are often used for the fabrication of bio-
compatible polymer-QD hybrid materials.

provide sites for functionalization in QDs, allowing for easier modifications
of the structure appropriate for a certain application. Biocompatible poly-
mers with low toxicity are used for polymer-QD composites for biological
applications. Examples of which are shown in Figure 7.2.

7.3 Strategies for Encapsulating Quantum Dots with
Organic Polymers

There are several approaches for the introduction of polymeric molecules
into QD structures. These methods may involve direct surface modification
of QDs with the polymer and incorporation of the QDs into polymer colloids
or films. The primary fabrication procedures for polymer-QD hybrid ma-
terials include (i) ligand exchange between the polymer and the coordinated
ligand, (ii) the polymer “grafting to” the QDs, (iii) the polymer ‘“grafting
from” the QDs, (iv) capping the QD with polymer, and (v) growing QDs in the
polymeric material.

7.3.1 Ligand Exchange Between the Original Ligand and the
Polymer

Ligand exchange is a direct way of introducing polymer molecules into QDs.
This requires the dissociation of the original hydrophobic ligand (usually
TOPO) that is attached to the QD with the polymer (Figure 7.3). The poly-
meric molecule contains functionality that can attach to the QD, such as
thiol, carboxyl, or amine. A disadvantage of doing a ligand exchange reaction
is that it is quite difficult to control, which may sometimes lead to colloidally
less stable QDs with lower QY.
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Figure 7.3 General scheme for the fabrication of polymer-QD hybrids through a
ligand exchange reaction.

The thiol group is the most studied and commonly utilized appendage to a
polymer because of its high affinity for soft metals. Thiolated polyethylene
glycol (PEG) has been used to coat CdSe/ZnS, using monodentate or bi-
dentate thiols.**** Wu et al. reported the synthesis of pH-responsive CdSe/
CdZnS QDs by modifying the surface with the peptide-polymer denatured
human serum albumin-PEG-thioctic acid (dHSA-PEG-TA).** Dendritic
thiol-terminated OH-poly(amidoamine) (OH-PAMAM) polymer was conju-
gated to CdSe nanocrystals to improve the photochemical stability of the
QDs in an aqueous system.*®

The amine functionality is also explored as an anchor for polymers in ligand
exchange reactions. Polymer-CdSe/Zns*® and CdTe*” QD hybrids with in-
creased colloidal stability were prepared with octylamine-modified polyacrylic
acid (PAA) polymer. Surface modification of CdSe QDs was also carried
out with hexylamine modified poly(acryloyloxysuccinimide) (PAAS)*® and
PEG-poly(ethyleneimine) (PEI) and PEG-diethylenetriamine (DETA).*
Poly(N,N-dimethylaminoethyl methacrylate) (PDAEMA), a thermo- and
pH-sensitive polymer with a tertiary amine group, was used to passivate the
surface of CdSe and CdSe/ZnS to make the QDs.’? In addition, PAMAM-
CdSe,”® PEI-CdSe/ZnS,>* PEG-PEI-CdSe/CdS/ZnS,” poly(allylamine)CdSe,>®
imidazole-poly(N-isopropylacrylamide) (PNIPAM)-CdSe and imidazole-
acetoacetylethyl methacrylate-N-vinylcaprolactam copolymer (PVCL)-CdSe,””
and imidazole-PEG-CdSe/CdZnS>® were among the amine-functionalized
polymer-QD hybrids synthesized through a ligand exchange process.
Wang et al. also used a ligand exchange method to replace the bound octyla-
mine with poly(styrene-co-acrylonitrile)}-NH, (PSAN-NH,) on the surface of
ZnO QDs.*’

Polymers with multidentate phosphine®® and phosphine oxide®" groups
as anchors were used to prepare a polymer-CdSe/ZnS hybrid. The QDs of
v-Fe, 03, CdSe, TiO,, and PbS were modified with PAA, a carboxyl-based
polymer, to make them more hydrophilic.®>®® Ehlert et al. studied ligand
exchange reactions for the preparation of polymethylmethacrylate-co-
polymethacrylic acid (PMMA-co-PMAc)-ZnO, as well as the hybrids
polystyrene-pentaethylenehexamine (PS-PEHA)-CdSe, PS-PEHA-Fe,03, and
polyisoprene (PI)-PEHA-PbS.**
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7.3.2 “Grafting to” Procedure

In the “grafting to” method (Figure 7.4), the surface of the QD is modified
with linear or hyperbranched pre-synthesized polymers which have end-
functionalizations that can bind strongly to the QD through covalent inter-
actions. This is a more complex procedure and may be considered as a
higher-level modification after a ligand exchange reaction. This procedure is
a suitable technique for attaching macromolecules into QDs, although the
number of attached macromolecules cannot be controlled. Since the poly-
mers to be used are already preformed, these chains can be properly
characterized.®’

The Peng group used dendron ligands in the synthesis of surface-modified
QDs.%® They prepared hydrophilic CdSe nanocrystals from dendron ligands
with thiol as the focal anchor and containing amide, carboxylic acid, ester,
and alcohol as the terminal groups. The succeeding reaction with ethylcar-
bodiimide (EDC) reagent gave amide functional groups at the terminals.
In another report, two dendrimer ligands were included into CdSe and
CdSe/CdS QDs.*” The native QDs were coated first with OH-functionalized
dendritic polymers with thiol as the anchor. An NH,-end-functionalized
bridging dendrimer was then attached through the hydroxyl groups. The
resulting amino box product was tested in several coupling reactions. They
also reported the formation of CdSe and CdSe/CdS dendron QDs using a
ligand that has thiol as the focal anchor and alkene as the terminal groups.®®
The alkene groups in the modified QDs underwent ring closing metathesis
(RCM), improving the thermal and photochemical stability of the dendron
nanocrystal.

PEG-based polymer-QD hybrids were also synthesized following this
“grafting to” method. For instance, core/shell CdSe/ZnS QDs coated with
PAA polymer were conjugated with methoxy- and carboxy-terminated PEG
amine through EDC coupling.®® On the other hand, a labeling probe was
prepared when the amino-terminated PEG-CdSe/Zn,Cd; ,S hybrid was co-
valently conjugated with a fluorescence resonance energy transfer (FRET)
acceptor dye and streptavidin.”® In another example, CdSe/ZnS modified
with dihydrolipoic acid (DHLA)-PEG: DHLA-PEG-COOH was conjugated
with dye and biotin.”* Furthermore, Tan et al. presented the reaction of
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Figure 7.4 General scheme for the fabrication of a polymer-QD hybrid through the
“grafting to” QD method.
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methoxy-PEG and PEG-oleylamide with polyacrylate/polyacrylamide-modi-
fied CdSe/ZnS.””> Meanwhile, Jennings et al. showed the incorporation of
formylbenzamide into a PEG-lipid derivatized 1,2-distearoyl-sn-glycero-3-
phosphoethanolamine (DSPE)-PEG-CdSe/ZnS polymer QD hybrid.”*

7.3.3 “Grafting from” Procedure

The “grafting from” method is the construction of a polymer chain on the
surface of QDs (Figure 7.5). The QD surface has ligands with initiating or
linking groups, from which the polymerization can be grown. While this
method is trickier and more difficult than grafting the end-functionalized
polymers to QDs, it results in higher grafting ratios because of the lower
steric hindrance around the polymerization site. This method is generally
referred to as surface-initiated polymerization.

Through atom transfer radical polymerization (ATRP), core/shell CdS/SiO,
was modified with a silane initiator 3-(2-bromopropionyloxy)propyl di-
methylethoxysilane (BIDS).”* A poly(methyl methacrylate) (PMMA)-CdS/SiO,
hybrid was formed from the NiBr,(PPh;),-catalyzed reaction of modified
nanocrystal and methyl methacrylate. Carrot et al. presented the surface
modification of CdS with thioglycerol, which later served as the initiator for
ring opening polymerization (ROP) of the lactone e-caprolactone, in the
presence of AlEt;.”> Quantum dot-oligo(phenylene vinylene) (OPV) nano-
structures were prepared from bulk film OPV and dioctyl-para-bromo-
benzylphosphine oxide (DOPO-Br)-covered CdSe QDs.”®”” The OPV ligands
were grown to about six phenylene vinylene repeating units, from the chain-
end phosphine oxides.

The Emrick group utilized this “grafting from” procedure to generate a
variety of polymer-CdSe hybrids.”® Polymerization of cyclic olefins onto the
4-vinylbenzyl group of the phosphine oxide ligands of the CdSe nano-
particles was done through ruthenium-catalyzed ring-opening metathesis
polymerization (ROMP). In another report, TOPO-CdSe nanocrystals were
ligand exchanged with phosphine oxide functionalized with a 2,2,6,6-tetra-
methylpiperidinyloxy (TEMPO) benzyl group.”” The TEMPO moiety facili-
tated the nitroxide-mediated controlled free radical polymerization for the
growth of PS and poly(styrene-r-methyl methacrylate) copolymer on the CdSe
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Figure 7.5 General scheme for the fabrication of a polymer-QD hybrid through the
polymer “‘grating from” QD method.
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surface. The polymer poly(para-phenylene vinylene) was also grafted onto
the CdSe surface, through the palladium-catalyzed Heck coupling reaction
for the copolymerization of divinylbenzene, dibromobenzene, and the
benzylbromide group of the phosphine oxide ligand of CdSe.*® CdSe surface-
grafted with poly(styrene-b-methyl acrylate) was generated from the two-step
free-radical reversible addition fragmentation chain transfer (RAFT)
polymerization.®!

Zhou et al. showed that multihydroxyl hyperbranched polyglycerol (HPG)-
CdTe nanohybrids can be derived from in situ anionic ring opening poly-
merization (ROP) of thiol-functionalized CdTe and glycidol.*” With the same
native QDs, they also presented the synthesis of poly(2-(dimethylamino)ethyl
methacrylate) (PDMAEMA)-CdTe through direct surface-initiated oxyanionic
vinyl polymerization (OAVP) involving the hydroxyl groups of the modified
QDs and 2-(dimethylamino)ethyl methacrylate.®® Esteves et al. reported the
regulated growth of poly(n-butyl acrylate) (Pn-BA) from a CdS surface using
activators generated by electron transfer (AGET) ATRP in miniemulsions.®*
The Mecking group prepared polyfluorene-CdSe/CdS hybrid particles
through Suzuki-Miyaura polycondensation®® or via Pd(n)-mediated poly-
merization®® of dioxaborolan-substituted fluorine.

7.3.4 Capping Polymer onto Quantum Dots

The capping method (Figure 7.6) involves the attachment of polymers to the
as-grown QDs through noncovalent interactions, such as hydrophobic or
electronic interactions. Amphiphilic copolymers and polyelectrolytes are
typically used to couple with the original ligands on the QDs, without the
need for ligand exchange. Polymer-QD hybrids derived from this type of
synthesis are generally more resistive and colloidally stable, although they
have larger diameters.

Dubertret et al. first reported the use of PEG phosphatidylethanolamine
(PE) copolymerized with phosphatidylcholine (PC) to encapsulate unmodified
CdSe/ZnS QDs.?” The alkyl groups on the PEG-PE formed the hydrophobic
micelle surrounding the QD, with the hydrophobic PEG extending to the
water phase. An amphiphilic triblock polymer consisting of hydrophobic
polybutyacrylate and polyethylacrylate and hydrophilic polymethacrylic acid
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Figure 7.6 General scheme for the fabrication of a polymer-QD hybrid through
capping a polymer onto the QDs.
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segments was used to cap TOPO-CdSe/ZnS QDs.*® The hydrophilic carboxylic
acid ends were further crosslinked with amine-PEG. The reaction of hydro-
phobic CdSe/ZnS with 3,4,5-tris(n-dodecan-1-yloxy)benzoxy-substituted PEG®
or with poly(maleic anhydride-alt-1-octadecene) (PMAO)-PEG” afforded
micellar encapsulated CdSe/ZnS nanocrystals. Debnath et al. reported the
coating of CdSe/ZnS QDs with the polymer polysuccimide conjugated with
octylamine and PEG (ODA-PSI-PEG).”"

Octylamine-terminated alkyl-modified PAA polymeric molecules were
shown to cap TOPO-CdSe-based nanoparticles to increase their water
solubility.”>® Alkyl-substituted poly(maleic anhydride) (PMA) copolymers
have been widely used as coating ligands, and the micellar cores were
formed with the interactions of the alkyl groups of PMA and the hydrophobic
ligands on QDs.””'** The anhydride is an excellent functionality that can
serve as sites for crosslinking or can be hydrolyzed to give the water com-
patible carboxylic group, allowing for further modification of the polymer
encapsulating the QDs.

Rizvi et al. prepared a nanocomposite polymer emulsion to coat CdTe/CdS/
ZnS QDs.'** They combined the hydrophobic cage-like molecule, polyhedral
oligomeric silsesquioxane (POSS), with hydrophilic poly(carbonateurea)
urethane (PCU). Chen and co-workers synthesized photostable, water-soluble
encapsulated Cd,Se,/Zn,_,S;_, QDs.'” Here, the mercaptopropionic acid-
modified QDs were successfully encapsulated with two surfactants, oleic acid
and sodium bis(2-ethylhexyl)-sulfosuccinate.

Polyelectrolytes have charged groups that can attach to functionalized,
charged QDs through electrostatic interactions. Mercaptoacetic carboxylic
acid-modified CdSe/ZnS, bearing negative charges upon deprotonation,
was coated with a multifunctional poly(acrylamide) (PAM) polymer with
positively-charged alkylammonium and phosphonium side groups.'®
Poly(N-isopropylacrylamide)-acrylic acid (PNIPAM-AAc) was used to cap
the positively-charged cetylammonium-modified CdTe, affording a pH-
dependent microgel.'”” On the other hand, the negatively-charged CdTe
nanocrystals were stabilized by electrostatic interactions with the octadecyl-
p-vinylbenzyldimethylammonium-styrene copolymer, where the nanocrystal
also served as branching or crosslinking sites."%®

Several biopolymers have also been used as special kinds of polyelectrolyte
capping ligands. Mattoussi et al. incorporated negatively-charged CdSe/ZnS
particles into two-domain model maltose binding protein-basic zipper
(MBP-zb) fusion protein, through its electrostatic interactions with the
positively-charged leucine C-terminus.'® The protonated amino groups of
chitosan directly bonded to the charged CdSe/ZnS and Gd-diethylene tria-
mine pentaacetate (DTPA) to afford magnetic chitosan-QD nanobeads.""°
Hybrid cholesterol-QD nanogels were prepared with the use of an amino-
modified cholesterol-bearing pullulan.'"

A unique way of preparing a polymer-QD hybrid material is through
layer-by-layer assembly (LbL) where nanocrystals are conjugated with
oppositely-charged polyelectrolytes, affording a multilayer organic inorganic

)
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architecture."”> CdTe QDs have been deposited into a layered film
made up of cationic poly(allylamine hydrochloride) (PAH) and the
poly(styrenesulfonate) (PSS),"'*'"* or of the biocompatible cationic poly-i-
lysine hydrobromide (PLL) and the anionic poly-p-glutamic acid sodium salt
(PGA)."™ Carboxylic acid (e.g. thioacetic acid (TAA)), DHLA-capped CdSe/ZnS
nanoparticles were encapsulated into a freely-suspended membrane
composed of PAH and PSS,""* or into the weak electrolyte pair of PAH and
anionic PAA."'® Self-assembled heterostructures on hyaluronic acid (HAA)
patterned glass substrates were constructed from the sequential deposition
of cationic PAA-coated and anionic mercaptoacetic acid-treated CdSe/ZnS
QDs."'” Nifontova et al fabricated CdSe/ZnS-encoded polyelectrolyte
microcapsules by LbL deposition of the oppositely-charged polycation PAH
and polyanion PSS or PAA polymers and the carboxylated thiol-PEG func-
tionalized QDs.""®""® Surface-modified QDs bearing a positive charge from
the protonated amino group of cysteamine (Cam) and negative charge from
the depronated carboxyl group of mercaptopropionic acid (MPA) were
assembled to form (QD-Cam/QD-MPA), multilayer films."*® Wang et al.
prepared CdTe/polyelectrolyte (PAH, PSS) multilayers through LbL assembly,
and onto which a layer of the anti-immunoglobulin G (anti-IgG) was
absorbed.'”" CdSe/ZnS-glyconanospheres were derived from the electro-
static attraction between charged mercaptosuccinic acid-modified QDs and
the negatively-charged carboxymethyldextran and positively-charged poly-
lysine ligands."®* An ultrathin film was made from multilayers of chitosan
and organophosphorus hydrolase as layers and TGA-capped CdSe QDs as
negative layers.'>

7.3.5 Growth of QDs Within a Polymer

Another way to synthesize polymer-QD hybrids is to use the polymer as a
template on which to grow the QDs directly (Figure 7.7). Typically, metal
cations are embedded first in the linear, hyperbranched, or nanospherical
polymers. Then, the anions are introduced to precipitate the QDs. The
nanocrystals are grown on the surface or the interior of the polymer.

Figure 7.7 General scheme for the fabrication of polymer-QD hybrids through the
growth of QDs within the polymer.
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Dendrimers of hydroxyl-terminated PAMAM were used to encapsulate CdS
QDs through the alternating addition of Cd*" and S*~ solutions in the
dendrimer solution.’** ZnS and CdS QDs were prepared with the multi-
hydroxy hyperbranched polyglycerol (HPG) as the stabilizer, in the polar
organic solvent dimethylformamide (DMF) at room temperature.'*> The
Kumacheva group explored the in situ synthesis of CdS nanocrystals on the
surface of poly(methyl methacrylate)-poly(methacrylic acid) (PMMA-
PMAA)."**"*” The carboxylic groups were deprotonated, and K" ions in the
electrical double layer were ion-exchanged with Cd*" ions. The S$*>  ion
source was then added, and the CdS QDs were dispersed into the polymer
latex particles. A shell of PMMA-PMAA was assembled onto the polymer-CdS
hybrid through the surfactant-free emulsion polymerization of MMA and
MAA. They further reported the synthesis of CdS through the same ap-
proach, but this time using the polymer poly(N-isopropyl acrylamide-acrylic
acid-2-hydroxyethyl acrylate) (poly(NIPAM-AA-HEA)) as the stabilizer and
poly(MMA-butyrate acrylate (BA)-AA) as the shell."*®'** Wang et al. used the
polymers poly(methyl acrylate-glycidyl methacrylate-iminodiacetic acid)
(poly(MA-co-GMA-IDA)"*® and poly(MA-co-MMA-co-GMA-IDA)"*! to chelate
Cd*" through -N(CH,COOH), groups. The S*>~ ions came from H,S, which
was generated from the reaction of Na,S and HCI. ZnS was then added as the
shell onto the hybrid CdS/poly(MA-co-MMA-co-GMA-IDA)."*" The metal-
chelating polymers poly(styrene-co-GMA-IDA) (poly(St-co-GMA-IDA)"** and
partially sulfonated polystyrene (PSS)'** were also employed in the polymer-
CdS composite. Spherical polyelectrolyte brushes (SPBs) were prepared from
the photoemulsion polymerization of PS@2[p-(2-hydroxy-2-methylpropio-
phenone)]-ethyleneglycol methacrylate (HMEM) and AA."** These SPBs were
then used as the template for CdS synthesis. Zhang et al. described the
preparation of poly(arylene ether ketone) (PAEK)-ZnS and PAEK-CdS hy-
brids through the incorporation of the acetate salts of Cd** or Zn>" in the
polymer, followed by the reaction with thiourea in DMF."*>"*® A composite
of cellulose nanofibrils (CNFs) and CdS QDs were fabricated from the in situ
reaction of the Cd>" suspension in TEMPO-oxidized CNFs and the S*~
ions."?”

7.4 Photothermal Applications of Polymer-decorated
Quantum Dots

The inherent optical properties of QDs mark these materials as excellent
fluorophores for biological applications.?>'****° These materials are utilized
in various applications, such as immunohistochemical detection, drug de-
livery and therapeutics, biosensing, small animal imaging, and single-
quantum dot tracking of targets intra- and extracellularly. Furthermore,
these materials are being designed to promote the death of cancerous tis-
sues through targeted photothermal therapy."***°
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7.4.1 Photothermal Therapy

Photothermal therapy (PTT) is a non-invasive means of treating cancerous
cells and has gained tremendous attention in recent years.'**'*” Higher
temperatures are found to be detrimental to cancer cells. Normal cells can
survive at 44 °C, but cancer cells are destroyed at 42.5 °C. The blood flow in
these cancer cells is restricted at higher temperatures, lessening the ability
of these cells to dissipate heat. The induced thermal energy, typically gen-
erated through a near-infrared (NIR) laser, leads to necrosis or apoptosis of
these cells."** While NIR laser light can diffuse through skin, it is not ab-
sorbed by the tissue components (e.g. water, hemoglobin, melanin). Gen-
erally, PTT functions through the use of light only, or in conjunction with
endogenous molecules or metal nanostructures.'*” The use of QDs as PTT
agents promotes a more targeted mode of hyperthermia of cancerous cells.
The small size of the QDs (<100 nm) makes these materials easier to move
through the cancerous cells."*' In addition, using polymer-QD hybrids as
PTT agents provides the additional advantages of having low toxicity, being
easily dispersible in aqueous medium, and having highly modifiable func-
tional groups on the surface.

The proposed mechanism for the conversion of light to heat through
nanocrystals is via surface plasmon resonance (SPR).'**'*” SPR is usually
reported for metal nanocrystals due to their high free electron concen-
trations, but it can also occur in semiconductor nanocrystals with substan-
tial free carrier concentrations. When nanosized metals absorb light,
electrons in the conduction band oscillate around the surface and charge
separation occurs.'*” This results in rapid non-equilibrium heating of the
system. In addition, relaxation of the electrons through electron-electron
scattering further increases the temperature of the surface. Upon cooling
back to equilibrium, the electrons and lattice phonons couple, allowing
energy exchange between these particles. Furthermore, the cooling of the
nanocrystal lattice through phonon-phonon coupling is accompanied by the
dissipation of heat into the surrounding medium.

In semiconductor nanocrystals, carrier separation occurs upon light ab-
sorption as electrons are excited from the valence to the conduction band,
leaving holes in the valence band. The photothermal effect primarily results
from the nonradiative phonons."*® The energy from the absorbed light can
be transferred to phonons that leads to temperature elevation. In the case of
core/shell semiconductor nanocrystals, the carrier lifetime and optical
transition rate are heavily dependent on the band alignment. For type I core/
shell structures, the carrier lifetime is short, and this limits the photo-
thermal effect. In core/shell structures with type II band alignment, the free
carriers are confined in the two different regions (the core and shell regions),
and so, the lifetime of electron-hole pairs can be very long. Consequently,
most of the absorbed photon energy can be converted into the phonon
system, leading to highly efficient photothermal conversion. For example,

)



240 Chapter 7

Bi,Se

(@) cdse

Probablity

- .

E, (Bi,Se;)=0.3 eV

3

[Es (CdSe)=1.74 cVE
1]
sernne e d—

Figure 7.8 (a) Schematic band profile of type II core/shell QDs and (b) the spatial
distribution of electron and hole states in the core/shell QDs.
Reproduced from ref. 148 with permission from Springer Nature,
Copyright 2015.

type II core/shell QDs composed of TGA-modified CdSe/Bi,Se; were shown to
have an efficient photothermal conversion when irradiated with an 808 nm
laser, and this is attributed to the spatial separation of photogenerated
electrons and holes (Figure 7.8)."*®

7.4.1.1 Polymer-QD Hybrids as Photothermal Agents

A key challenge in the development of nanomaterial-based photothermal
agents (PTAs) is the design of robust QDs. The extent of the photothermal
conversion by QDs depends on the morphology and thermal stability of the
nanocrystals."** For this purpose, nanocrystals can be used as selective
photothermal absorbers, targeted drug delivery vehicles, photo-
immunological agents, and theranostic tools."** Red/brown, brown, or close
to black CdTe and CdSe QDs were shown to have efficient photothermal
transduction upon irradiation at 671 nm."'*® These QDs were injected into
melanoma tumor-bearing mice and underwent irradiation at 671 nm for
20 min, significantly inhibiting the growth of the tumors.

Volsi et al. reported the encapsulation of Au-SiO,/CdSe/CdS QDs with the
polymer o,B-poly(N-hydroxyethyl)-bL-aspartamide (PHEA) functionalized
with lipoic acid (LA), PEG, and folic acid (FA) pendant molecules.'*® Aqueous
dispersion of this QD-polymer micelle showed an increase in temperature
when irradiated at 810 nm. The polymer coating had no effect on the
hyperthermic properties of the inorganic Au-SiO,/CdSe/CdS QDs. Under
in vitro conditions using human breast cancer cells MCF7, this hybrid was
successfully incorporated mostly into the cytoplasm of the cell (Figure 7.9,
top). Irradiating with an 810 nm laser showed that there was a high cell
death via hyperthermia (Figure 7.9, bottom). There was also a higher
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Figure 7.9 Top: Confocal fluorescence images of the MCF7 cells loaded with
Au-Si0,/CdSe/CdS-(PHEA-LA-PEG-FA) for 24 h; (a) bright side, (a’)
fluorescent, and (a”) merged. Bottom: Photothermal studies of the
MCF?7 cells with different treatments.

Reproduced from ref. 150 with permission from Elsevier, Copyright
2018.

decrease in the viability of the cells when the photothermal effect of the
hybrid is combined with the anti-tumor properties of the drug doxorubicin.

Hydrophobic core/shell MnSe/Bi,Se; QDs that are capped with oleylamine
were prepared through the cation-exchange reaction of MnSe in solution
with Bi sources.”” To make them water-dispersible and physiologically
compatible, an amphiphilic polymer was introduced to coat these QDs
through hydrophobic interactions. The polymer used was PEG-grafted
poly(maleicanhydride-alt-1-octadecene) (C18PMH-PEG). When applied to
4T1 cancer cells, the MnSe/Bi,Se;-PEG hybrid was found to exhibit both
strong NIR ablation upon irradiation at 808 nm and enhanced X-ray induced
DNA damage. More remarkably, the polymer-QD hybrid served as a multi-
functional agent, playing a synergistic PTT and radiation therapy effect in
4T1 tumor-bearing mice, with a 4 mg kg~ ' hybrid dose, and irradiation at
808 nm and 4 Gy X-ray dose (Figure 7.10).

WS, QDs were synthesized from liquid exfoliation of commercially avail-
able WS, bulk with H,SO,, followed by coating of lipoic acid (LA)-PEL'>?
When irradiated with an 808 nm NIR laser, the temperature of the hybrids
increased with the concentration of the hybrid or with irradiation time,
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Figure 7.10 (a) Thermal images. (b) Temperature monitoring of the 4T1 cells in
mice after photothermal treatment with 808 nm irradiation. (c) Cell
growth increase for the 4T1 cells after different treatments.
Reproduced from ref. 151 with permission from John Wiley and Sons,
Copyright © 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

proving its potential as a PTT agent. To test for its efficiency as a gene
therapy (GT) agent, the LA-PEI-coated WS, hybrids were then loaded with
the surviving-siRNA molecules, to facilitate cell death. The movement of the
siRNA molecules was totally minimized by their strong binding to the hy-
brids, preventing their degradation, and they were only release when heparin
was added. This suggests that the hybrid is a good gene loading and release
carrier. In vitro studies using BEL-7402 and HeLa cells showed the synergistic
therapeutic effect as a PTT agent and as a gene therapy agent (Figure 7.11).
Even in animal modeling experiments using Balb/c nude mice bearing BEL
7402 cancer cells, there was an excellent tumor growth inhibition ratio of
91.7% when the WS,-PEI-siRNA hybrid was used for combined GT + PTT.
Ag,S QDs were prepared via template synthesis with the genetically en-
gineered polypeptide RGDPC;,A (CPCC) as the template. This CPCC-Ag,S
hybrid was found to have a superior photothermal conversion efficiency
(21%) when compared to other photothermal materials and organic dyes.
When injected with CPCC-Ag,S hybrids, followed by irradiation with an
808 nm laser, the HeLa tumor-bearing mice showed a significant decrease in
tumor cells (Figure 7.12). The temperature of the tumor changed to 51.5 °C,
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Figure 7.11 (a and b) Cell viability data after different treatments. (c) Staining images
indicating the relative number of live (green) and dead (red) cells.
Reproduced from ref. 152 with permission from John Wiley and Sons,
Copyright 2016 © 2016 WILEY-VCH Verlag GmbH & Co. KGaA,
Weinheim.

plateauing at 61.2 °C after 10 min, establishing that the cell death was due to
hyperthermia. The tumors were isolated, showing the shrinkage in size after
the photothermal treatment with CPCC-Ag,S QDs.

7.5 Conclusions

Significant progress has been achieved in the development and applications
of well-defined polymer-QD hybrids. Research efforts have focused on the
synthetic approaches for the incorporation of QDs into polymeric molecules.
The ease of preparation, effects on inherent properties of QDs, and the in-
tended application of the material are among the important considerations
in choosing which strategy is to be used for the preparation of polymer-QD
hybrids. For applications in biological and medical fields, the biocompati-
bility of the QDs is still the main challenge. Polymeric coating on QDs not
only increases the stability and solubility of QDs but also provides responsive
sites for environmental stimuli affording a more functional and smart

()
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Figure 7.12 (a) Thermal images of the tumors, (b) stained tumor slices, (c) tumor
growth plots, (d) body weight change curves, and (e) comparative slices
of the tumors, in HeLa tumor-bearing mice after different treatments.
Reproduced from ref. 153 with permission from the Royal Society of
Chemistry.

material. With this, the design of the functional groups of the polymer, in
terms of types and number, would be a significant area to address. Fur-
thermore, post-synthesis functionalization could open a wider selection of
simpler polymers that can be used, since functional groups can be intro-
duced after the preparation of the polymer-QD hybrids.

Photothermal therapy is one of the exciting applications of the bio-
compatible polymer-QD hybrids. These materials offer localized and tar-
geted treatment of cancer cells, preventing adverse effects on the
surrounding healthy cells. Development of polymer-QD hybrids with im-
proved photothermal conversion efficiency even at lower dosages could
clearly widen the utilization of this technique. Aside from promoting
hyperthermia of cancer cell, these hybrids can be used for other types of
therapy. As such, exploiting the synergistic effects of combined therapies
should be explored. With all the promising leads in pursuing polymer-QDs
as PTT agents, the pharmacokinetics and degradation behavior of these
materials in biological systems should also be studied more aggressively.
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The synthesis of polymers and QDs is still developing as individual
areas. Use of biodegradable polymers and more earth-abundant, less
toxic metals should be investigated. With this, novel polymer-QD
hybrids can still be fabricated, with even better and more exceptional

properties.
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8.1 Introduction

Rare earth ion-doped upconversion fluorescent materials usually consist of a
host and dopant ions. Although the matrix has no luminescent character-
istics, it provides a crystal field for the activator, which determines the ion
spacing, relative spatial position, coordination number, and types of sur-
rounding anions of the dopant ions, which greatly affect the upconversion
fluorescence performance.' At present, host materials are mostly fluorides
with stable structures and low phonon energy, such as NaYF,, NaGdF,,
NaLuF,, KYF,, LaF;, CaF,, KMnF;, YF;, KGdF,, and BaF,, especially
the composite fluoride NaYF,, which can effectively reduce multiphonon
relaxation of the luminous center and weaken non-irradiative transitions
for higher fluorescence efficiency.” "' In view of the low efficiency of
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upconversion nanoparticles (UCNPs) doped with a single rare earth ion,
sensitizing ions and activating ions are usually co-doped. It is possible to
transfer the absorbed energy from the excitation light to the activator (such
as Er**, Tm**, Tb*", Pr’", and other rare earth ions with up-conversion
luminescence properties) through resonance transfer, which is called sen-
sitized luminescence. At present, f-NaYF,:Yb,Tm and B-NaYF,:Yb,Er are the
materials with the highest up-conversion efficiency among similar fluor-
escent materials. UCNPs have the advantages of large Stokes shift, low
toxicity, low light bleaching and good stability due to their adjustable
emission spectrum from ultraviolet light to visible and near infrared
light."*"'® UCNPs have high potential for applications as integrated probes
with diagnostic and therapeutic effects. The combination of UCNPs and
other functional materials can give them a high degree of functionality, such
as the integration of diagnosis and treatment for image-guided tumor
therapy.'®™*° Among them, photothermal therapy (PTT) as a phototherapy
method employs photo-absorbing agents to generate heat from NIR, leading
to thermal ablation of cancer cells and subsequent cell death. It is also a
non-invasive therapy that can convert NIR into heat energy for anticancer
treatment. Therefore, UCNPs show more and more application potential in
photothermal therapy. In general, we mainly focus on the synthesis of

Figure 8.1 Schematic of UCNPs combined with photothermal agent multifunc-
tional nanoplatforms for diagnosis and treatment.
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UCNPs and the multifunctional material platform formed by UCNPs them-
selves or other photothermal components. A schematic of UCNPs combined
with photothermal agent multifunctional nanoplatforms for diagnosis and
treatment is given in Figure 8.1.

8.2 Chemical Synthesis of Upconversion
Nanostructures

8.2.1 UCNPs

UCNPs are essential for different applications such as antimicrobial and
anti-tumor applications. Up to now, to tune the properties including size,
shape, morphology, and luminescence efficiency of the rare-earth doped
UCNPs, many methods to synthesize UCNPs have been implemented such
as thermal decomposition,*'™*® hydro(solvo)thermal,**>* and chemical
co-precipitation.””

8.2.1.1 Thermal Decomposition

The thermal decomposition method is a method of dissolving a rare earth ion-
doped metal organic precursor in a high-temperature organic solvent and
then decomposing and re-synthesizing it under the action of high tempera-
ture. Therefore, in the process of thermal decomposition synthesis, some of
the reactants are directly synthesized by one-step heating, and others are
synthesized in steps, that is, a part of the high-temperature synthesis process
is added and another part is further reacted at a high temperature. Rare earth
trifluoroacetate, rare earth acetate, and rare earth oleate are common reaction
precursors in thermal decomposition. The thermal decomposition method
generally requires high temperature reaction conditions, usually around
300 °C, corresponding to high temperature resistant organic solvents, such as
oleic acid, octadecene, oleylamine, and octadecene. To provide a high-
temperature synthesis environment, oleic acid and oleylamine are generally
used as coordination solvents and surfactants to participate in the reaction.
Therefore, most of the particles synthesized by this method have oily ligands
on the surface, and surface modification treatment is required for biological
experiments. For the synthesis of particles with different morphologies, the
synthesis of uniform particles with different morphologies can also be
achieved by controlling the ratio of reaction solvent and coordination solvent.
Na et al. achieved this by adjusting the ratio of OA and ODE. Although the
particle morphology changes, the synthesized particles are uniform in size in
each case® (see Figure 8.2).

8.2.1.2 Hydro(Solvo)thermal Synthesis

Hydro(Solvo)thermal synthesis is a synthetic method based on an aqueous
solution. A rare earth ion-doped metal inorganic salt aqueous solution and
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Figure 8.2 TEM images of B-NaYF4:Yb/Er UCNPs synthesized at various ratios of OA
to ODE.
Reproduced from ref. 45 with permission from the Royal Society of
Chemistry.

some organic solvents are mixed together to carry out the reaction in a high-
temperature and high-pressure sealed reactor. In a typical water (solvent)
thermal synthesis process, rare earth chloride, rare earth acetate, and rare
earth nitrate are usually used as the source of rare earth elements, and HF,
NH,F, NaF, NaBF,, etc. are used as fluoride precursors. The morphology of
the synthesized particles can be adjusted by controlling the ratio of rare
earth elements and fluorine elements, and the synthesis of particles can also
be controlled by adjusting the pH,*>*® OH-ion,”" citric acid,”® EDTA,**>*
CTAB,” etc. Li et al. found that during hydrothermal synthesis, the addition
of different amounts of NaOH will affect the morphology of nanocrystals and
finally synthesize nanocrystals with different morphologies (see
Figure 8.3).>"

8.2.1.3 Chemical Co-precipitation

In the chemical co-precipitation method there are two or more metal cations
in a homogeneous solution. After adding a precipitating agent, different
metal ions are simultaneously precipitated out to obtain a uniform pre-
cipitate of various components. Martin e¢ al. used chemical co-precipitation
to synthesize NaYF,:Yb/Pr nanoparticles at a temperature of 80 °C for the
first time (see Figure 8.4).°° Although nanoparticles can be synthesized
under low temperature conditions, the particles synthesized by this method
often have poor luminescence properties.
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Figure 8.3 SEM and TEM images of B-NaYF4:Yb*"/Er’" nanocrystals synthesized
with different amounts of NaOH.
Reproduced from ref. 51 with permission from the Royal Society of
Chemistry.

Figure 8.4 SEM micrographs showing the microstructure of NaYF, fluorides.
Reproduced from ref. 56 with permission from the Royal Society of
Chemistry.

8.2.2 Upconversion Core-Shell Nanostructures

Although a nanometer-sized upconversion fluorescent material has a large
specific surface area, some of the light-emitting ions doped in the crystal are
exposed on the particle surface. The smaller the particle size, the more the
light-emitting ions exposed on the outer surface, and the particle surface or
external quenching centers such as organic groups and solvents can easily
cause non-radiative transitions of rare earth ions, resulting in the fluo-
rescence quenching of particles or a decrease in the fluorescence effi-
ciency.”” Therefore, researchers have prepared up-converted fluorescent
nanomaterials with a core-shell structure to reduce quenching centers and
improve the up-converted fluorescence efficiency. A core-shell structure
nanomaterial is mainly composed of an internal core-inert shell layer, and
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Figure 8.5 (a) Rapid synthesis of multi-shelled nanoparticles through serial hot-
injections of diverse shell precursors. (b) Facile tuning of the shell
composition through a parallel heating-up of pre-synthesized core
nanoparticles with varying shell precursors.

Reproduced from ref. 58 with permission from the Royal Society of
Chemistry.

the shell layer is mainly composed of an undoped main crystal to minimize
non-radiation. In order to reduce the lattice strain as much as possible, it is
generally required that the inert shell material introduced has the same or
similar lattice constants as the core structure. The early synthesized core-
shell structure nanocomposite is usually a layer of shell material with the
same lattice on the surface of the core layer material, but no sensitizing ions
or activating ions were doped. Owing to the lack of sensitizing ions or ac-
tivating ions in the inert shell layer, the shell layer prevents the energy
transfer path of the activated or sensitized ions to the surface quenching
center, thereby reducing non-irradiative transitions and improving the up-
conversion fluorescence efficiency. The doped rare earth ions generally do
not easily cause changes in the lattice constant of the main crystal ascribed
to the similar properties and ionic radii. So far, seed-mediated epitaxial
growth and continuous growth methods have been developed to fabricate
up-conversion fluorescent nanomaterials with core-shell structures and
tunable fluorescence emissions (see Figure 8.5).>®

8.2.2.1 Seed-mediated Epitaxial Growth

The seed-mediated epitaxial growth method is a very common method for
synthesizing high-quality homogeneous core-shell nanoparticles. This pro-
cess is mainly divided into two steps. First, the core-layer nanoparticles are
prepared, and after a series of treatments, they are added as seeds. In the
shell reaction system, the shell component is induced to grow another layer
of crystals on the seed surface to form a core-shell nanomaterial. In order to
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(A) NaYF4Yb/Tm
(B) NaYF4Yb/Er

Figure 8.6 Schematic illustration of the formation of core-shell NaYF,:Yb,Tm@-
NaYF,:Yb,Er (AB) and NaYF,:Yb,Tm@NaYF ;:Yb,Er@NaYF::Yb,Tm (ABA)
nanocrystals.

Reproduced from ref. 59 with permission from American Chemical
Society, Copyright 2008.

prevent the seed crystal particles from growing up after maturity, the shell
layer is usually grown at a lower temperature than the preparation of the
nanocrystalline core. The shell layer can easily nucleate itself under an ex-
cessively large concentration of the shell precursor, so the concentration of
the component added to the second material must be relatively low to ef-
fectively avoid self-nucleation. The method can change the reaction tem-
perature, particle concentration, reaction time, and other related factors to
achieve the controlled synthesis of the converted fluorescent nanoparticles on
the core-shell structure. Qian et al. prepared B-NaYF,:Yb/Tm®@p-NaYF,:Yb/Er
(AB type) and B-NaYF,:Yb/Tm@p-NaYF,:Yb/Er@B-NaYF,:Yb/Tm (ABA type)
nanocrystalline structures. Compared with single-layer B-NaYF,:Yb/Tm,
B-NaYF,:Yb/Er or (-NaYF,:Yb/Tm/Er, not only is its corresponding fluo-
rescence intensity greatly enhanced, but multi-color fluorescence was also
obtained at wavelengths of 450, 475, 409, 520, 541, and 653 nm attributed to
the combination of the emission peaks of Tm and Er (see Figure 8.6).°

8.2.2.2 Sequential Growth

Johnson et al. firstly proposed the Ostwald ripening mechanism.®® Ostwald
ripening is a process of growing larger particles by sacrificing smaller
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particles. The specific process is that all smaller particles shrink, while larger
particles grow to form a core/shell structure. They first prepared smaller
a-NaYF, sacrificial nanocrystals (SNCs) as precursors. At high temperature,
the precursors were injected into the core layer nanoparticle reaction
solution, resulting in the rapid decomposition of SCN and recrystallization.
The B-NaYF, shell layer grows on the surface of the larger core layer -NaYF,:
Yb/Er particles, thereby forming particles with a core-shell structure.
This process requires the SCN to be smaller than the core particles, and the
shell precursor must be slowly added to minimize the simultaneous exist-
ence of anions and cations in the shell structure in the reaction system,
thereby effectively preventing the shell nanocrystals from nucleating them-
selves. Qian et al. prepared high quality sub-10 nm NaYF,:Yb/Er@NaGdF,
core-shell nanocrystals successfully via a sequential growth process using an
amorphous shell component-crystallization strategy (see Figure 8.7a).°"
By observing the changes in UCNPs at different times, a large number of
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Figure 8.7 UCNP shell growth mechanism when grown at different times and
temperatures.
Reproduced from ref. 61 with permission from American Chemical Society,
Copyright 2019. Reproduced from ref. 62 with permission from John Wiley
and Sons, © 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
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small crystals decrease differently while large crystals continue to grow to
form their own crystal shape. In this method, the thickness of the shell
crystal can be controlled by adjusting the ratio of the shell precursor a-NaYF,
to the core B-NaYF,:Yb/Er particles. Qian et al. also conducted research on
this issue (see Figure 8.7b).°> The RE ions oleate precursor solution was
injected into a solution previously containing pre-synthesized core nano-
crystals, and epitaxial growth was performed, and a thin layer of NaREF,
forms core-shell nanocrystals. Through this strategy, a series of UCNPs were
synthesized at different temperatures, with different generated crystal
structures. This work may provide new devices for the production of new
UCNP core-shell nanoparticles with different characteristics, which is of
great significance for their applications. Zeng et al. prepared a precursor of a
mixture of rare earth ions, oleic acid, octadecene, ammonium fluoride, and
sodium hydroxide.®® After the formation of core nanoparticles, the shell
precursor reaction solution was injected to obtain the up-conversion of the
core-shell structure fluorescent nanoparticles. In addition, they further
studied the growth characteristics of the shell precursor in the reaction
system at different temperatures, and the experimental results show that
only when the reaction temperature reaches 260 °C can a core with uniform
morphology and uniform size be obtained. The shell structure up-converts
fluorescent nanoparticles.

8.3 UCNP-based Photothermal Materials for Various
Applications

Photothermal therapy is a phototherapy method that uses light-induced heat
to thermally ablate cancer cells and bacterial cells. It is a non-invasive
treatment that converts NIR light into thermal energy for anti-cancer treat-
ment. Tumor cells are more sensitive to heat than normal cells, by contrast,
normal cells are more resistant to heat or when combined with radiation,
and normal cells usually recover faster from injury than cancer cells.
Therefore, tumor cells are more easily killed compared with normal cells in
the same high temperature conditions, above 42 °C.®* Under specific NIR
laser irradiation, photothermal agents can effectively convert NIR light into
intense localized heat, thereby inducing cell death in malignant tissue
subjected to high temperature, which in turn leads to tumor shrinkage.
In recent years, researchers have found that PTT can change the effect of
hyperthermia by adjusting the accurate positioning of external laser power,
and such an operational method has the advantage of being non-selective
for tumor cells. Although there are many advantages for PTT, its prognosis is
still unsatisfactory, because of poor and inhomogeneous heat delivery to
tumor regions. Combination therapy has emerged to meet the fast-growing
demands of a variety of malignancies.®>®” For example, PTT combined with
chemotherapy induces a synergistic effect which increases its therapeutic
effectiveness compared with PTT or chemotherapy alone and leads to a
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reduction in the number of times required that might reduce the chance of
the emergence of drug-resistance.®®””°

8.3.1 UCNP Photothermal Materials

The rare earth element neodymium (Nd) has a good 808 nm light
absorption capacity, and Nd** doped nanoparticles (NdNPs) have been
proven to be inorganic photothermal agents,”" because the photothermal
effect of NdNPs is mainly mediated by the cross-relaxation (CR) between
Nd*" ions, which the CR effect increases with the doping ratio of Nd*"
content. In a previous report, Nd’>" doped LaF; nanoparticles (Nd:LaF;
NPs) were successfully fabricated using a wet-chemistry method, and
Jaque’s et al. were successful in the selective ablation of tumor cells using
heat and accurate monitoring of real temperature (see Figure 8.8a).”> The
intratumoral tissue reaches high temperatures after only a very short time,
and it can be monitored by the characteristic fluorescence performance of
a high concentration of Nd**. On this basis, Jaque et al. also synthesized
100% constituent Nd** ion-doped ultrasmall NdVO, UCNPs, which
achieved a distinctive light-to-heat conversion efficiency and particular
spectroscopic properties simultaneously.”? The photothermal conversion
efficiency of NdVO, NPs at 808 nm low-power (0.6 Wem™?) exposure
was found to be in the order of 72.1%, which manifested as rapid heating
in the tumor tissue. The excellent photothermal effect of NdVO, is caused
by the CR pathways between the ladder-like energy levels of Nd*" ions,
which show a low quantum yield and short fluorescence lifetime. In add-
ition to the CR pathways between Nd*>* and Nd**, Tan et al. designed a new
cross-relaxation effect between the ladder-like energy levels of Nd** ions
and continuous energy band of Prussian blue (PB) by coating PB on
NaNdF, nanoparticles to fabricate core-shell nanocomplexes, and the
photothermal conversion efficiency was improved exceptionally (see
Figure 8.8b).”* When Nd*" ions are exposed to 808 nm irradiation, the
photon can be excited to the *F5/, state, and then relaxes down to the *F3/,
atomic state (see Figure 8.8c). The photon can be attenuated to a lower
energy state through a radiative process, thereby through emission at 900,
1058, and 1332 nm (see Figure 8.8d). The fluorescence lifetime of the
composite materials at 1058 nm (see Figure 8.8e) was clearly reduced,
which indicates that the photon has gone through other pathways
(Table 8.1).

8.3.2 UCNP Hybrid Photothermal Materials

Generally, core-shell nanoparticles or hybrid nanostructures exhibit
enhanced physical and chemical properties. The energy conversion process
can be adjusted by construction of the UCNPs with noble metals,
semiconductors, polymers, etc. Thus, better UCNP-based photothermal
nanostructures have been achieved so far.
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Figure 8.8 (a) Schematic illustration of changes in the fluorescence intensity and

temperature at different concentrations of Nd**. Reproduced from ref. 72
with permission from John Wiley and Sons, Copyright © 2014 WILEY-VCH
Verlag GmbH & Co. KGaA, Weinheim. (b) Schematic illustration of the
enhancement of photoacoustic imaging signals and photothermal therapy
efficacy by generating new cross-relaxation pathways between NaNdF, and
PB. (c) Simplified diagrams of the radiative and non-radiative processes in
single Nd*" ions, cross-relaxation between Nd*>™ ions, generation of new
cross-relaxation pathways between Nd** ions and PB. (d and e) NIR
emission and lifetime decay curves of NdNPs and NdNPs@PB. Reproduced
from ref. 74 with permission from John Wiley and Sons, Copyright © 2019
Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.
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Table 8.1 Summary of the presented UCNPs photothermal material multifunctional

nanoplatforms.
NIR
Photothermal Composite light
UCNPs agents structures (nm) Features References
LaF; Nd:LaF; Nd:LaF; 808 1. Intratumoral 72
thermal reading
2. PIT
NdVO, NdVO, NdvVO, 808 1. Near-infrared 73
fluorescence
imaging
2. PIT
NaNdF, NaNdF,@PB NaNdF,@PB 808 1. PA 74
2. PIT

8.3.2.1 UCNP-noble Metals

The noble metals used include Au, Pd, Ru, Pt, and Ag, and among these
noble metals, Au and Ag have strong surface plasmon resonance (SPR) ab-
sorption and are often used in hyperthermia therapy under NIR light.”>”"®
Gold nanoparticles (AuNPs), as a kind of plasma material, have been used to
construct UCNP hybrid photothermal materials with high photothermal
effects. Like other nanoscale materials, UCNP-AuNPs are able to passively
accumulate and preferentially be retained at the tumor site via an enhanced
permeability and retention (EPR) effect arising from leaky vasculature and
ineffective lymphatic drainage of the tumor tissue.”” In addition, AuNPs can
be easily functionalized with active targeting of proteins, peptides, mono-
clonal antibodies, and small molecules to avoid non-specific uptake and
achieve tumor-specific targeting.®***

The combination of UCNPs and AuNPs is a major challenge, and different
approaches are currently being pursued. Sun et al. constructed a gold plasmon
particle (NR) dimer-UCNP-chlorin e6 (Ce6), which is used for multimodal
imaging guided combined phototherapy (see Figure 8.9a).%* It establishes a
nuclear-satellite structure through a DNA backbone, in which gold NR dimers
(nucleus) and Ce6-linked UCNPs (NaGdF,) (satellite) are assembled in layers
through complementary base pairing and designed a multifunctional nano-
structure. In this way, Ce6 linked by DNA overcomes the shortcomings of easy
aggregation and also maintains the optimal dose and high PDT treatment ef-
fect, which provides broad prospects for clinical cancer photodynamic therapy.
In addition to the method of DNA connection, a hybrid core/shell nano-
composite with multifunctional properties was developed by Huang et al.,
which uses a multistep strategy consisting of a gold nanorod (GNR) core with an
upconverting NaYF,:Yb/Er shell (GNR@NaYF,:Yb/Er) (see Figure 8.9b).*” The
GNR@NaYF,:Yb/Er nanocomposites were also loaded with the chemotherapy
drug doxorubicin (DOX), and the drug release characteristics were evaluated.
The results showed that the release of doxorubicin increased significantly
under low pH and high temperature induced by the photothermal effect.
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Figure 8.9 (a) Schematic illustration of multifunctional phototherapy of NR dimer-
UCNPs-Ce6. Reproduced from ref. 84 with permission from John Wiley
and Sons, Copyright © 2015 WILEY-VCH Verlag GmbH & Co. KGaA,
Weinheim. (b) Schematic illustration of the synthetic procedure for the
GNR@NaYF4Er*", Yb** nanocomposite. Reproduced from ref. 85 with
permission from the Royal Society of Chemistry. (¢) Schematic illus-
tration of Au/Ag@UCNPs for UCL guided combination PDT and PTT.
Reproduced from ref. 86 with permission from American Chemical
Society, Copyright 2019.

The characteristics of local heating and drug release mean the multifunctional
nanocomposites have great potential in cancer treatment. Liu et al. designed
the integration of Au/Ag nanocages with UCNPs for higher imaging guided PDT
and PTT performance with 808 nm irradiation (see Figure 8.9¢).*®
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In addition to the above connection methods, AuNRs can be connected to
UCNPs by adsorbing on the hole of SiO,. A new core/shell structured nano-
theranostic was designed by coupling photosensitive Au,s(SR):g (SR refers to
thiolate) clusters, pH/temperature-responsive polymer P(NIPAm-MAA), and
anti-cancer drug (DOX) onto the surface of mesoporous silica coated core-
shell UCNPs (see Figure 8.10a).®” Moreover, the anti-cancer drug DOX can be
loaded into the pores of mSiO,. Thanks to Au,s, PDT and PTT can be triggered
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Figure 8.10 (a) Schematic illustration of the synthetic procedure and the multi-
modal imaging guided combination anticancer therapy for the
UCNPs@mSiO,-Au,s—P(NIPAM-MAA) nanocomposite. Reproduced
from ref. 87 with permission from Elsevier, Copyright 2015. (b) Sche-
matic illustration of the synthetic procedure for the UCNPs@MS-Au,;—
PEG nanocomposite. Reproduced from ref. 88 with permission from
John Wiley and Sons, Copyright © 2015 WILEY-VCH Verlag GmbH &
Co. KGaA, Weinheim. (c) Schematic illustration of the synthetic pro-
cedure for the Ag-coated UCNP nanocomposite. Reproduced from
ref. 91 with permission from the Royal Society of Chemistry.
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synchronously using single 980 nm light. In addition, the thermal effect can
also stimulate the pH/temperature-sensitive polymer at the cancer sites to
achieve targeted and controllable DOX release. Therefore, PDT and PTT
combined with pH/temperature responsive chemotherapy can significantly
improve the efficacy. To reduce the overheating effects associated with the use
of 980 nm lasers, 808 nm NIR is considered an ideal candidate. He et al.
designed captopril stabilized-Au nanoclusters Au,s(Capt);s—(Au,s) assembled
into the mesoporous silica shell coating outside of Nd**-sensitized UCNPs
(see Figure 8.10b).*® The newly formed Au,; shell shows great photothermal
effect, which produces photothermal imaging and photoacoustic imaging
characteristics combined with upconversion luminescence imaging. Lin’s
group has done a lot of work on Au clusters.*>° Silver nanoparticles also have
Au-like properties. Here, Dong et al. introduced the synthesis of NaYF,:Y-
b,Er@Ag nanoparticles with a hexagonal nucleus shell structure and unique
biological functional properties (see Figure 8.10c and Table 8.2).”"

8.3.2.2 UCNP-metal Chalcogenide/Selenide Heterostructures

In some recent reports, metal chalcogenide and metal selenide have been
regarded as potential photothermal agents with significant photothermal
conversion efficiency, low-cost synthesis, and acceptable toxicity, including
CusS,”*%” MoS, *®?° Vs, '%° Ag,S,"" AgSe,'** and BiSe.'® In particular, CuS
exhibits a quantum size confinement phenomenon, resulting in strong and
tunable NIR localized surface plasmon resonance.'®*'°® Lattice mismatch
between CuS and UCNPs is the biggest challenge in preparing UCNP-CuS
nanocomposites. It is a reasonable method to connect negatively-charged
CuS nanoparticles to silicon dioxide (SiO,) or carbon-shell-coated UCNP
surfaces through an electrostatic interaction strategy. Since the inner and
outer surfaces of SiO, can be easily modified, using SiO, or mSiO, as the
intermediate layer is an effective way to provide reaction sites for connecting
different functional nanoparticles. Herein, Liu et al. developed a novel anti-
cancer nanoplatform by coating a uniform shell of poly(acrylic acid) (PAA) on
the surface of CuS-decorated UCNPs (see Figure 8.11a).°> Xiao et al. coated
ultrafine CuS nanoparticles on silicon-coated rare earth ions and trans-
formed nanoparticle surfaces to engineer a new multifunctional core/satel-
lite nano adsorbent (CSNT) (see Figure 8.11b).>> These CSNTs could cause
significantly enhanced radiation damage in vivo and in vitro, by converting
near-infrared light into heat for effective thermal ablation and inducing an
increase in the highly localized radiation dose. Under the synergistic effect of
PTA and enhanced RT, the tumor disappeared gradually at 120 days without
recurrence. For the first time, Xu et al. integrated CuS nanoparticles and
black phosphorus (BP) nanosheets via mesoporous silica-coated upconver-
sion UCNPs (see Figure 8.11c).”* Synergistic treatment of photothermal,
photodynamic, and chemotherapy can be achieved after loading DOX. In a
similar way, in addition to SiO, as the intermediate layer, Lin et al. employed
a positively-charged layer of carbon to attach CuS, which synthesized
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Table 8.2 Summary of the presented UCNPs-noble metal multifunctional nanoplatforms.

Photothermal Composite NIR light
UCNPs agents structures (nm) Features References
NaGdF,:Yb/Er- Au nanorod NR-UCNPs-Ce6 980 1. UCL/MRI/PA/CT 84
dimers 808 2. PDT/PTT
NaYF,:Er/Yb Au nanorod Au@UCNPs 980 1. Drug release DOX 85
2. PTT
NaYF,:Yb/Tm@NaYF,:Yb/Nd Au/Ag nanocages Au/Ag@UCNPs 808 1. UCL 86
2. PDT/PTT
Y,0;3:Yb/Er@Y,05:Yb Au clusters UCNPs@mSiO,- 980 1. UCL/CT 87
Au,s-P(NIPAm- 2. PDT/PTT/Chemotherapy
MAA)
B-NaGdF,:Yb/Er@p-NaGdF,:Yb@ - Au clusters UCNPs@MS- 808 1. CT/PA/PTI 88
NaNdF,:Yb Au,;-PEG 2. PTT/PDT
NaGdF,:Yb/ Au clusters UCNPs@mSiO,— 808 1. UCL/MR/CT/PA/PTI 89
Er@NaGdF,:Yb@NaNdF,:Yb Au-PEG 2. PDT/PTT
NaGdF,:Nd@NaGdF,@NaGdF,:Yb/ Au clusters UCNPs-Au-PEG 980 1. FI/PTI/PA 90
Er@NaGdF,:-Yb@NaNdF,:Yb 808 2. PDT/PTT
NaYF,:Yb,Er Ag nanoparticles UCNPs@Ag 980 1. UCL 91
2. PTT

suonpanddy snoLwA Lof U0IS.LaAU0) [DULIIYIOIOY] DPIIDIPIU-IDILIIDULOUDN

£9¢



268 Chapter 8

(a) CTAB D« CuS PAA pox
‘ . . . .
TEOS 2h
UCNPs ven i0, U d@CuS vce

UCP-DOX

Intensity (a.u)

- NaYFYb,Er

:’: ” Chemotherapy
3 \ = NaYF:Yb
Cus Sylorgistic. The == NaNdF;:Yb
rr ——— == PAA Shell
* Cus
'IW‘I .

Four-core-shell UCNPs

(b) =

UCNP (Imaging)
VA

(€)

P 0 100 200 300 400 500 & 100 200 300 400 500 600
el e tace S
® T

120 smControl  mm USCe-PEGNIR
-=NR = BUSCs-PEG+NIR
1001 § = Free DOX mm BIUSCs-PEG-DOX+NIR!

Cell Viability (%)
88588

.8 158 31.3 625 125 250 500
15 3 6 13 25 50

Concentration (ug/mL)

Figure 8.11 (a) Schematic illustration of the synthetic procedure and the UCL-guided
combination anticancer therapy for the UCNPs-CuS@PAA-DOX nano-
composite. Upconversion fluorescence and thermal effect of UCNPs@m-
SiO,@CusS nanoparticles under 808 nm NIR laser excitation. Reproduced
from ref. 92 with permission from the Royal Society of Chemistry.
(b) Schematic illustration of the UCNP@SiO,-CuS nanocomposite for
enhanced photothermal ablation and radiotherapy. Reproduced from
ref. 93 with permission from American Chemical Society, Copyright
2013. (c) Schematic illustration of the preparation of B/USCs-PEG-DOX
and the release of loaded DOX for multimodal imaging-guided combin-
ation anticancer therapy. The thermal effect of the nanocomposite under
808 nm laser excitation. And the in vitro cell viability of L929 fibroblasts
cells at various contents under 808 nm laser irradiation. Reproduced
from ref. 94 with permission from Elsevier, Copyright 2020.

Y,05:Yb/Er-CuS hollow nanospheres through co-precipitation and sub-
sequent hydrothermal pathways.”” Simply, the yolk-shell Y(OH)CO;:Yb/
Er@C nanospheres acted as templates for hollow Y,03:Yb/Er nanospheres
via the Kirkendall effect. The final product Y,03:Yb/Er-FA-CuS-DOX was
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obtained by combination of the targeting molecular FA, chemotherapeutic
drug DOX, and photothermal agent hexagonal CuS nanoparticles assembled
onto the surface of the Y,05:Yb/Er nanospheres, and the UCL guided com-
bination chemotherapy and PTT resulted in an improved antitumor effi-
ciency effect. Qian et al. synthesized yolk-shell nanoparticles UCNPs@Cu$S
by using another intermediate layer AA-[Zn(OH),]*.°° Strictly speaking, the
amorphous layer AA-[Zn(OH),]>~ can be easily coated onto UCNPs and
subsequently reacted with ZnS under an H,S gas atmosphere. Since the
difference between the solubility products of ZnS and CuS is too large,
the ion exchange reaction was too rapid resulting in the disintegration of
the material structure preventing formation of a complete structure. So it
was further reacted to the more stable component Zn,Cd, ,S, following the
obtainment of CuS coated UCNP yolk shell nanoparticles through a one-step
ion exchange reaction, which exhibited the synergistic effect of PDT and PTT
of cancer cells. Besides the intermediate layer, CuS linked the UCNPs
through a cleavable disulfide bond. mUCNPs@DOX/CuS/HA have been
constructed by Du et al. by exploiting this concept, in which CuS acts as a
gatekeeper under the influence of glutathione, and it was further developed
for UCL/MRI/PAT guided synergetic chemo-thermotherapy.’”

In addition to Cus, other sulfides such as MoS, **%° vs,'%° and Ag,S'* also
have good light-to-heat conversion capabilities. Xu et al. used two enhancers
(dye sensitization and core-shell enhancement) to jointly amplify the up-
conversion efficiency, thus achieving ultra-bright visible light emission at low
808 nm light excitation (see Figure 8.12a).°® The significantly amplified red
light then triggers the photosensitizer (Ce6) to produce enough ROS for ef-
fective PDT. When silica has a positive surface, these PDT nanoparticles can
be easily grafted onto the molybdenum disulfide nanosheet. Since the optimal
laser wavelength of UCNPs is consistent with that of the MoS, nanometer
sheet used for PTT, the nanoplatform of the present invention produces a
large amount of ROS and local hyperthermia under a single laser irradiation
of 808 nm. Kang et al. reported layered MoS, as a PTT agent to integrate with
NaYF,:Yb/Er so as to realize UCL image-guided PTT/PDT combined tumor
therapy.” Du et al. developed functionalized NaYF,:Yb,Er with chitosan
(NaYF,:Yb,Er@CS) via a facile approach, which not only improved the hy-
drophilicity of NaYF,:Yb,Er but also formed stable chelates with transition-
metal ions (see Figure 8.12b).'°" Then, ultrasmall metal sulfide (M"'S,
M =Ag, Cu, Cd) quantum dots (QDs) can be conjugated homogeneously on
the surface of NaYF,:Yb,Er@CS. Du et al. used the same intermediate layer CS,
and a novel multifunctional theranostic nanoplatform was fabricated via the
in situ growth of ultrasmall Ag,Se nanodots on the surface of CS-coated
NaYF,:Yb,Er@NaLuF4Nd,Yb@NaLuF, UCNPs (see Figure 8.13a).'°> The ex-
cellent photothermal properties, good biocompatibility, and negligible toxi-
city of nanocomposites make it a promising adsorbent for tumor PTT guided
by four-mode imaging. Zhao et al. developed a novel nanohybrid based on
Bi,Se;-conjugated UCNPs (see Figure 8.13b).">* UCNPs can emit bright visible
light with the irradiation of an 808 nm near-infrared (NIR) laser, while the
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Figure 8.12 (a) Schematic illustration of the synthetic procedure and the multi-
modal imaging guided combination phototherapy for the Dye-UCNPs—
Ce6-MoS,-FA nanocomposite. Reproduced from ref. 98 with permis-
sion from John Wiley and Sons, Copyright © 2017 WILEY-VCH Verlag
GmbH & Co. KGaA, Weinheim. (b) Schematic illustration of the syn-
thetic procedure for the UCNPs@CS@ M"*S (Mn = Ag, Cu, Cd) nano-
composite. Reproduced from ref. 101 with permission from the Royal
Society of Chemistry.

Bi,Se; nanomaterial showed an efficient photothermal conversion capability.
In addition, the UCNPs-Bi,Se; nanohybrid showed high efficiency for cell up-
conversion luminescence, reasonable CT imaging, and good ablative ability
for cancer cells (Table 8.3).

8.3.2.3 UCNP-Carbon Hybrid Materials

Despite the fact that inorganic PTT materials have made considerable
achievements in cancer theranostics based on their good photothermal
conversion efficiency, their potential non-biodegradability and long-term
residence after systemic administration in the body limit their application in
biomedicine.'®” Therefore, biocompatible organic photothermal reagents
with strong NIR absorption have gradually attracted more attention in recent
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Figure 8.13 (a) Schematic illustration of the synthetic procedure and the multi-
modal imaging guided combination phototherapy for the UCNP-
S@Ag,Se nanocomposite. Reproduced from ref. 102 with permission
from Elsevier, Copyright 2020. (b) Schematic illustration of the syn-
thetic procedure for the UCNPs-Bi,Se; nanocomposite. Reproduced
from ref. 103 with permission from John Wiley and Sons, Copyright ©
2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.

years. In particular, polypyrrole (PPy),'°®'% polydopamine (PDA),"'*''*

polyaniline (PAI),"** indocyanine green (ICG),'*° carbon,'"® and graphene
oxide (GO)"'*'" have drawn extensive attention.

PPy has been shown to have great potential in tumor theranostics based
on its good biocompatibility and photothermal performance.'*®''” Cai et al.
developed a core-shell-shell nanostructure with a UCNPs core coating by a
mesoporous silica layer decorated with ZnO nanodots, and an outer layer of
PPy that can concurrently generate a thermal effect upon NIR irradiation,
resulting in great antitumor efficacy in vitro and in vivo (see Figure 8.14a)."%°
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Table 8.3 Summary of the presented UCNPs-metal chalcogenide/selenide multifunctional nanoplatforms.

Photothermal Composite NIR light
UCNPs agents structures (nm) Features References
NaYF,:Yb/ CuS dots UCNPs-CuS@PAA- 808 1. UCL 92
Er@NaYF,:Yb@NaNdF,:Yb@NaYF, DOX 2. Chemotherapy/PTT
NaYbF,:Gd/ Er CuS dots UCNP@SiO,-CuS 980 1. PTT 93
2. Enhanced RT
NaGdF,:Yb/Er@NaGdF,:Yb@NaNdF,:Yb Cus dots BP/UCNPs-CuS- 808 1. CT/PTI 94
PEG-DOX 2. PTT/PDT/
Chemotherapy
Y,05:Yb/Er CuS dots UCNPs-CuS 980 1. UCL 95
2. Chemotherapy/PTT
NaYF,:Yb/Nd/Er@NaYF,:Nd CuS nanosphers UCNPs@CuS 808 PTT/PDT 96
NaYF,:Yb/Er@NaGdF, CuS dots mUCNPs@DOX/CuS/ 980 1. UCL/MR/PAT 97
HA 2. Chemotherapy/PTT
NaGaF,:Nd/Yb MoS, Nanosheets Dye-UCNPs-Ce6- 808 1. UCL, CT, MRI 98
MoS,-FA 2. PDT, PTT
NaYF,:Yb/Er MoS, Nanosheets MoS,-UCNPs-FA- 980/808 1. UCL 99
ZnPc 2. 808 nm for PTT and
980 nm for PDT
NaYF,:Yb/Tm@NaGdF, and VS, nanosheets UCNPs@VS, 980/808 1. MR and 980 nm 100
NaYF,:Yb/Er@NaGdF, for UCL
2. 808 nm for PTT
NaYF,:Yb/Er M""S (Mn = Ag, UCNPs@CS@ M"'S 980 1. UCL 101
Cu, Cd) quantum 2. PTT
dots
NaYF,:Yb,Er@NaLuF,:Nd,Yb@NaLuF, Ag,Se dots UCNPs@Ag,Se 808 1. UCL 102
2. PTT
NaYF,:Yb,Er@NaLuF,:Yb@NaNdF,: Bi,Se; dots UCNPs@Bi,Se; 808 1. UCL/CT 103
Yb@NaLuF,:Yb 2. PTT
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Figure 8.14 (a) Schematic illustration of the synthetic procedure for the UCNPs@mSiO,@ZnO@Ppy nanocomposite. Reproduced from
ref. 108 with permission from the Royal Society of Chemistry. (b) Schematic illustration of the synthetic procedure and the
UCL guided combination phototherapy for the UCNPs@PDA-ICG nanocomposite. Reproduced from ref. 110 with permission
from the Royal Society of Chemistry. (c) Schematic illustration of the synthetic procedure and the Dy, Mn, and Dy@Lu for T,-
weighted/T,-weighted/UCL for guided PTT for the UCNPs@PDA-Mn nanocomposite. Reproduced from ref. 111 with
permission from the Royal Society of Chemistry.
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Hu et al. illustrated core-shell nanoplates of UCNPs@PPy which realized
both CT and UCL imaging-guided tumor ablation. Apart from PPy, PDA and
ICG also played an important role in organic photothermal reagents.'*® Liu
et al. developed PDA-coated NaYF,:Yb,Er@NaYF,:Yb nanoparticles decor-
ated with ICG molecules via p-p stacking, electrostatic adsorption, and
hydrophobic interaction (see Figure 8.14b)."'° The designed UCNPs@PDA-
ICG realized UCL imaging-mediated PTT/PDT combined antitumor efficacy.
Then, Liu et al. prepared multifunctional nanocomposites with Mn-complex
decorated NaDyF,:Yb@NaLuF,:Yb,Er@PDA (Dy@Lu@PDA-Mn), which re-
sulted in excellent photothermal antitumor efficiency relying on the strong
absorbance of PDA in the NIR region (see Figure 8.14c)."'" Based on its
conductivity, low cost, non-cytotoxicity, and mechanical flexibility, PAI is one
of the oldest and most useful conducting polymers. Fu et al. displayed a
nanosystem in which PAI nanoparticles were coated on the surface of an
UCNP core to form core-shell UCNPs@PAI, realizing that UCL induces PTT
under 980 nm and 808 nm dual laser excitation."*®

In recent years, in addition to the polymers PPy, PDA, and PAI, carbon layers
have received increasing attention with regard to PTT. Lin et al. developed a
strategy to fabricate novel multifunctional GAOF:Ln@SiO,-DOX-ZnPc@CDs
mesoporous capsules to combine PTT with chemotherapy and PDT for
enhanced antitumor efficiency using strong UCL and CT reagents of GAOF:Ln
as the cores and a mesoporous silica layer modified with PDT agent (ZnPc) and
DOX as the shells, followed by a coated carbon dot layer, thus realizing UCL,
MRI, and CT imaging guided triple therapies (see Figure 8.15a)."'° Figure 8.15
illustrates a schematic of an UCNP-induced accurate photothermal therapeutic
temperature-feedback nanocomposite csUCNPs@C (see Figure 8.15b)."*°
The csUCNPs@C served as a temperature-sensitive UCL launcher to monitor
the microscopic temperature change of a carbon shell upon 730 nm irradi-
ation. The eigen temperature of csUCNPs@C was much higher than the
apparent temperature observed macroscopically, indicating that csUCNPs@C
acted as a nano-hotspot at the microscopic level. By utilizing a high eigen
temperature during the photothermal process, accurate PTT, avoiding

Figure 8.15 (a) Schematic illustration of the synthetic procedure and the multi-
modal imaging guided combination anticancer for the GAOF:Ln@SiO,—
DOX-ZnPc@CDs nanocomposite. Reproduced from ref. 119 with
permission from American Chemical Society, Copyright 2015. (b) Sche-
matic illustration of the csUCNP@C to real-time monitoring of the
microscopic temperature for accurate PTT. Reproduced from ref. 120,
https://doi.org/10.1038/ncomms10437, under the terms of the CC BY
4.0 license, https://creativecommons.org/licenses/by/4.0/. (c) Schematic
illustration of the synthetic procedure and the UCL guided combination
phototherapy for the UCNPs-GO/ZnPc nanocomposite. Reproduced
from ref. 114 with permission from Elsevier, Copyright 2013.
(d) Schematic illustration of the synthesis of a UTG-PVDF nano-
composite membrane for bactericidal activities upon near-infrared
light illumination. Reproduced from ref. 121 with permission from
American Chemical Society, Copyright 2019.
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damage to normal tissues, can be realized. GO has been widely used in many
fields based on good photothermal performance. Wang et al. obtained UCL-
guided combinatorial PDT/PTT cancer therapy agents, UCNPs-NGO/ZnPc
nanocomposites utilizing graphene oxide (GO) loaded with ZnPc as the
photothermal agent to combine NaYF,: Yb/Er/Tm@NaYF, via bifunctional
polyethylene glycol (PEG) (see Figure 8.15¢)."** GO modified by PEG not only
exhibited good compatibility and stability in physiological solutions
including serum but also retained a desirable photothermal performance.
The temperature of GO-PEG solution increased rapidly from 23 to 58 °C
within 3 min when subjected to an 808 nm NIR laser (2 W em ™ ?), suggesting
that GO possesses excellent photothermal performance. Therefore, a greater
tumor ablation effect was achieved by the photothermal efficiency of GO
(808 nm NIR light) combined with the PDT effect of ZnPc (980 nm NIR light).
Zhao et al. generated a nanocomposite membrane (UTG-PVDF) via electro-
spinning, which could trigger synergistic antibacterial effects on both
Gram-positive and Gram-negative bacteria attributing to the photodynamic
therapy and photothermal therapy effects upon the irradiation of 980 nm
NIR for 5 min (see Figure 8.15d)."*! The UTG that was conducted by
the nanorod UCNPs (NaYF,:Yb/Tm) and TiO, nanoparticles decorated
with GO dissolved in PVDF and were sprayed to form a membrane
which could simultaneously generate ROS and moderate the temperature
rise (Table 8.4).

8.3.2.4 Others

Black phosphorus (BP) as a 2D photosensitizer has attracted much interest in
recent years due to its various applications in cancer therapy, nanoelectronic
multifunctional devices, and hydrogen generation. Due to its high quantum
yields (up to 0.91), fascinating photoelectronic properties, ultrahigh surface
areas, and negligible cytotoxicity, BP exhibited great potential as a PDT/PTT
agent. Sun et al. integrated polylysine (PL)-modified black phosphorus nano-
sheets with magnetic Fe;0,@MnO,-doped NaYF,:Yb/Er/Nd via adopting
polyacrylic acid (PAA) as a chemical crosslinker to form MUCNPs@BPNs
nanocomposites (see Figure 8.16a).'*” Then, Ce6 was decorated onto the
MUCNPs@BPNs to synthesize MUCNPs@BPNs-Ce6 nanocomposites. UCNPs
with an imaging function played a unique role in monitoring the material
movements, showing great potential in cancer theranostics when combined
with biocompatible and photothermal BP to activate PTT under an imaging
guide. Zhang et al. described a tumor microenvironment responsive photo-
thermal agent consisting of a UCL nanoparticle core and a shell layer of Fe(ur)/
gallic acid complex (see Figure 8.16b)."** Fe(m) can be released in the slightly
acidic pH in a tumor microenvironment ascribed to the unsaturated co-
ordination structure in the shell layer, whilst a gallic acid complex can be used
as a photothermal agent. It was found that Bi nanoparticles are an effective CT
imaging and photothermal agent. Core-shell nanoparticles of NaYF,:Yb/
Er@NaYF,:Yb@NaGdF,@Bi were prepared through growing Bi nanoparticles
on the surface of UCNPs (see Figure 8.16¢)."* A series of in vivo experiments
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Table 8.4 Summary of the presented UCNPs-organic multifunctional nanoplatforms.

Photothermal NIR light

UCNPs agents Composite structures (nm) Features References

NaGdF,:Yb,Tm@NaGdF,:Yb PPy UCNPs@mSiO,@ZnO@Ppy 980 1. UCL/UCL/CT 108
2. PDT/PTT

NaYF,:Yb/Er PPy UCNPs@Ppy 980/808 1. UCL/CT 109
2. PTT

NaYF,:Yb,Er@NaYF,:Yb PDA-ICG UCNPs@PDA-ICG 980 1. UCL 110
2. PDT/PTT

NaDyF,:Yb@NaLuF,:Yb/Er PDA UCNPs@PDA-Mn 980/808 1. UCL/MR 111
2. PTT

NaLuF,:Yb/Er PAI UCNPs-PAI 980/808 808 nm for PTT and 980 nm 118
for UCL

GdOF: Yb/Er/Mn Carbon dots GdOF:Ln@SiO,-DOX- 980 1. UCL/CT/PTI/MRI 119

ZnPc@CDs 2. PDT/PTT/Chemo

NaLuF,:Yb/Er@NaLuF, Carbon shell UCNPs@C 730/980 1. UCL 120
2. PTT
3. Real-time monitoring

of microscopic temperature

NaYF,:Yb/Er/Tm@NaYF, GO UCNPs-GO/ZnPc 980 1. UCL 114
2. PDT/PTT

NaYF,:Yb/Tm GO UCNPs@TiO,@GO 980 1. PDT/PTT 121
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(a) Schematic illustration of the synthetic procedure and the multimodal imaging guided combination anticancer for the
Fe;0,@Mn0,-UCNPs@BPNs-Ce6 nanocomposite. Reproduced from ref. 122 with permission from Elsevier, Copyright 2020. (b)
Tlustration to demonstrate the activatable function of the UCNP@GA-Fe™ probe for MRI and its therapeutic function involving
multiple pathways. Reproduced from ref. 123 with permission from John Wiley and Sons, Copyright © 2019 Wiley-VCH Verlag GmbH
& Co. KGaA, Weinheim. (c) Schematic illustration of the synthetic procedure and the multimodal imaging guided PTT for the
UCNPs@Bi@SiO, nanocomposite. Reproduced from ref. 125 with permission from American Chemical Society, Copyright 2015.
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Table 8.5 Summary of the presented UCNPs-others multifunctional nanoplatforms.

Photothermal Composite NIR light
UCNPs agents structures (nm) Features References
NaYF,:Yb/Er/Nd  BP Fe;0,@MnO,~ 808 1. MRI 122
UCNPs@BPNs-Ceb6 2. PDT/PTT
NaGdF.:Yb,Tm@ GA-Fe UCNPs@GA-Fe 980 1. UCL/MRI 123
NaGdF, imaging
2. PTT
NaYF,: Bi UCNPs@Bi@SiO 980 1. UCL/CT 124
Yb,Er@NaYF,: 2. PIT
Yb@NaGdF,
YOF:Yb/Tm Y,Ti,0;@YOF: TiO,@Y,Ti,0,@YOF: 980 1. UCL/CT 125
Yb/Tm Yb/Tm 2. PDT/PTT

were conducted to emphasize the effective UCL/CT imaging-mediated PTT
performances of the integrated nanoplatform suggesting great potential in the
biomedicine. Additionally, Lin et al. designed core/shell/shell structured
TiO,@Y,Ti,O,@YOF:Yb/Tm realizing desirable anti-tumor efficiency by com-
bining PDT with PTT upon 980 nm NIR irradiation.'*> Owing to the decrease of
band gap energy, the middle-layer Y,Ti,O, photocatalyst generated ROS at a
high level when indirectly activated by the blue upconverted emission from
YOF:Yb/Tm. Thermal effects could also be obtained through non-radiative
processes and the recombination of electron and hole pairs during the process
of energy transfer. More importantly, nuclear collapse and cancer cell apop-
tosis occurred with the generation of ROS and thermal effects. The UCNP-
induced strategy can overcome the shortcomings of low tissue penetration and
avoid possible damage to the skin caused by UV-triggered TiO, (Table 8.5).

8.4 Outlook and Prospects

In summary, we have highlighted the advances in the design of near-infrared
light medicated photothermal conversion systems. In particular, many ex-
amples have been selected and discussed to demonstrate the energy con-
version and synthetic strategies of UCNP-based composite nanostructures
for enhanced photothermal conversion performance. It is believed that up-
conversion nanoparticle-mediated NIR energy conversion would be extended
to wide and important applications, such as in energy conversion, catalysis,
and solar cells among others.

Abbreviations

UCNPS Upconversion nanoparticles
PTT Photothermal therapy

SNC Sacrificial nanocrystal
NdNPs Nd** doped nanoparticles
CR Cross-relaxation

PB Prussian blue

SPR Surface plasmon resonance
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AuNPs Gold nanoparticles
EPR Enhanced permeability and retention
GNR Gold nanorod
Ceb Chlorin e6
DOX Doxorubicin
Sio,, Silicon dioxide
PAA Polyacrylic acid
CSNT Nuclear/satellite nano-adsorbent
BP Black phosphorus
QDs Quantum dots
NIR Near-infrared
PPy Polypyrrole
PDA Polydopamine
PAI Polyaniline
ICG Indocyanine green
GO Graphene oxide
PEG Polyethylene glycol
PL Polylysine
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CHAPTER 9
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9.1 Introduction

Cancer, as a highly lethal disease, continues to threaten human life and
health." Radiotherapy and chemotherapy, as common cancer treatments, are
usually accompanied by extensive collateral damage. Chemotherapy drugs
that lack a targeting ability will inevitably cause indirect damage to normal
cells while killing cancer cells.” Similarly, the high-energy radiation produced
in the course of radiotherapy can also damage the healthy tissues around the
lesion, and even the sequelae such as radiation dermatitis.> Therefore, the
development of a non-invasive, or minimally invasive, and effective
new therapy is a hot spot in the medical field. As a new method of tumor
treatment, photothermal therapy based on nanomaterials has gradually
attracted wide attention because of its advantages such as non-invasiveness,
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high tumor specificity, less trauma, and fewer complications. Photothermal
therapy uses near-infrared light with strong tissue penetration as its energy
source to enrich nano-photothermal therapeutic agents in the affected area
actively or passively through various targeting technologies, and to increase
the local tumor temperature under the irradiation of near-infrared light, so as
to realize tumor tissue ablation and tumor treatment.*”

9.1.1 Photothermal Therapy

Photothermal therapy (PTT) has attracted much attention in the treatment
of cancer because of its non-invasiveness, high spatial and temporal reso-
lution, and low toxicity.® PTT relies on nanomaterials with photothermal
effects to convert light into heat. Compared with tumor cells, normal cells
have better heat resistance. PTT can effectively avoid damage to normal cells
while killing cancer cells at the high temperature of local tumor formation
(Figure 9.1).” In recent years, many studies have found that new nano pho-
tothermal materials have been found and applied in tumor PTT. During PTT,
the photothermal agent irradiates light at a certain wavelength to generate
local heat, which can cause protein denaturation, DNA damage, and cell
membrane destruction, leading to selective ablation of tumor tissue.® Since
near-infrared light (650-1700 nm) exhibits reduced absorption and scat-
tering and can penetrate more deeply into organisms than visible light and
ultraviolet, near-infrared light has been widely used in PTT.*°

9.1.2 Photothermal Agent

An effective photothermal agent should have a high photothermal con-
version efficiency, a certain absorption capacity, and certain light stability
under a certain laser irradiation time. A variety of inorganic nanomaterials,
such as noble metal nanomaterials (such as Au, Ag, Pt), carbon nanoma-
terials, polymeric nanomaterials, and transition metal sulfide or oxide
nanoparticles,»*'*"'* have been widely used. As a class of newly discovered
porous framework materials, covalent organic frameworks (COFs) have
shown unique advantages in the fields of intelligent wearables, catalysis,
clean energy, and analytical science. Similarly, as a metal-free multi-void
material, COFs can basically be viewed as a nanomedicine candidate for

O*
-
'0

Photothermal materials Tumor targeting Photothermal therapy (PTT)

Figure 9.1 PTT mediated by nanomaterials.
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cancer therapy. Nanoscale COFs have some unique advantages that make
them more suitable for biomedical applications. Based on the above, poly-
meric organic polymers are a unique class of porous materials constructed
by linking building blocks through covalent bonds, and pure organic com-
positions make them low-toxic and biocompatible. Therefore, it has been
identified that extended m-conjugated polymeric materials and COFs can be
utilized and are worth investigating.

9.1.3 COFs in PTT

COFs have a long-range ordered structure in which the position of organic
components is controlled in two or three dimensions. This structural feature
results in regular pores with large diameters and helps to load large pho-
tothermal agents such as porphyrin and phthalonitrile. Nano COFs (NCOFs)
have some unique advantages that make it more suitable for biomedical
applications (Figure 9.2).

i) Modularity: The composition and structure of COFs completely de-
pend on the reactive functional groups and geometry of organic
monomers. By logically selecting functional monomers, their chem-
ical composition, topological structure, pore size, and functionality
should be predictable and customizable.'*'?

ii) Porosity: The inherent pores and high specific surface area of COFs
can promote the loading of guest medical species to construct a host-
guest nanomedicine system.

iii) Stability: COFs are driven by strong covalent bonds. Therefore, most
COFs have good thermal and chemical stability. More importantly,
COFs are not easily affected by the environment, especially in aqueous
biological media.

iv) Versatility: Due to the diversity of organic reactions, the functionali-
zation of COFs is relatively easy. In addition to various functional
monomers, COFs driven by covalent bonds can withstand more types
of organic transformations. In addition, more types of functional or-
ganic molecules can be introduced into the COFs framework through
post-synthesis modification (PSM)."®

Modularity
Porosity Photothermal Therapy
Stability _ Photodynamic Therapy
Versatility Combined Therapy

; S Phot tic Imagi
Blocompatlblllty iotoacoustic Imaging

Covalent Organic Frameworks (COF)

Figure 9.2 Advantages and applications of COFs in cancer therapy.



Covalent Organic Frameworks (COFs) for Photothermal Therapy 289

v) Biocompatibility: COFs do not contain metals, so the potential toxicity
related to metals can be completely avoided, especially the potential
toxicity related to heavy metals. In addition, their inherent organic
properties may make COFs more biocompatible and suitable for
biomedical treatments.

9.2 PTT with COFs

The synthesis of nanoscale COFs with absorption in the infrared region is
the cornerstone of COFs as a photothermal therapeutic agent. Xie’s group
reported a size-controllable synthesis of spherical COFs (DPPN)."” A series of
nanoscale DPPN COFs was obtained under mild conditions through a Schiff
base reaction (Figure 9.3). After being assembled with 1,2-distearoyl-sn-gly-
cero-3-phosphoethanolamine-N-[methoxy (polyethylene glycol)] (MPEG2000-
DSPE), these synthesized DPPN COFs possess excellent colloidal stability in
water, which enables them to be well applied in biological fields. Particu-
larly, these nanoscale COFs show an obvious red-shift of absorbance even to
the second near-infrared (NIR-II) region (>1000 nm) based on a donor-
acceptor (D-A) strategy. The nanoscale COFs with NIR absorption possess a
photothermal conversion ability under 808 nm laser irradiation and exhibit
a significant cancer killing effect. The effect of the COF material in PTT is

Figure 9.3 Schematic illustration of synthetic COFs based on D-A Structures, and
the light triggered photothermal performance of DPPN COFs in vitro and
in vivo.

Reproduced from ref. 17 with permission from American Chemical
Society, Copyright 2021.
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remarkable. It is to be expected that more COF materials will be developed
for PTT and ablation of tumors.

9.2.1 Combined PTT with Photodynamic Therapy (PDT)

Due to the heterogeneity and complexity of tumors, simple PTT has many
limitations and it is difficult to completely ablate a tumor tissue. Combination
therapy can effectively overcome the shortcomings of single therapy and
further improve the therapeutic effect. Dong et al. reported a nanoscale COF
(NCOF)-based PDT/PTT dual-modal therapeutic agent obtained via stepwise
BDF and guest encapsulation processes (Figure 9.4). The obtained VONc@-
COF-Por with surface-decorated porphyrin (Por) and encapsulated naphtha-
locyanine (VONCc) species exhibited highly efficient singlet oxygen generation
and photothermal conversion ability and could significantly inhibit MCF-7
breast cancer cell proliferation and metastasis in vitro and in vivo."

9.2.2 PTT with Photoacoustic Imaging (PAI)

In general, COFs with photothermal effects can also be used as contrast
agents in PAI, which brings a new idea for the integration of diagnosis and
treatment of tumors. Guo et al. reported a 2,2’-bipyridine-based COF from
neutral to positively-charged and ultimately to a cationic radical framework,

¢ Material Design
e

A

o Guest Encapsulation

Nanoscale COFs
o Photodynamic Therapy

o Photothermal Therapy

-( NH,

H,CO
OCH,

N2 . f .
NH; U’\,‘ Por O VONe _b(\ v

Figure 9.4 VONc@COF-Por design and synthesis.
Reproduced from ref. 19 with permission from American Chemical
Society, Copyright 2019.
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Figure 9.5 PTT with PAL
Reproduced from ref. 18 with permission from American Chemical
Society, Copyright 2019.

which enables the superimposition of redox centers with each other in the
framework. The intercharge transfer, occurring through the m-coupling
multilayers, contributes to the outstanding photophysical properties,
namely, near-infrared (NIR) absorption and photothermal conversion by a
non-radiative relaxation process. Furthermore, a structure-to-activity rela-
tionship with respect to the photothermal effect has been established to
acquire an exceptionally high efficiency of heat generation from NIR pho-
toexcitation (Figure 9.5).'®

9.2.3 Theranostics with PTT, PDT, and PAI

Chen et al. synthesized a porphyrin-based covalent organic framework
material (COF-366).”° It was dispersed into covalent organic framework
nanoparticles (COF-366 NPs) with a size of about 100 nm by an ultrasonic
homogenizer and the COF-366 NPs could be stably stored in different me-
diums for a period of time. The prepared COF-366 NPs were used to achieve
photoacoustic (PA) imaging-guided combined PDT and PTT therapy in vivo.
COF-366 NPs as a kind of photoactive agent possessed the following char-
acteristics. (1) Similar to MOF materials, this porphyrin-based COF would
increase the distance between molecules due to its regular structure, which
could reduce the quenching of porphyrin. (2) Meanwhile, the synthesis
process was metal-free and the dynamic reversible bond had the possibility
of degradation, and these properties endow COFs with biosafety. (3) The
conjugated structure broadened the absorption spectrum of the COF-366
NPs. These COF-366 NPs were expected to act as both the photosensitizer
and photothermal agent, to produce ROS and heat under single wavelength
light irradiation. (4) The large surface areas of COF-366 NPs would also in-
crease the light-harvesting ability, and the porous structure was beneficial to
the storage of oxygen and the diffusion of reactive oxygen species (ROS),
which would contribute to phototherapy. (5) COF-366 NPs with a PA imaging
capability would achieve precise treatment in vivo. This was the first time

)



Chapter 9

292
}%{) %@‘i { i
Ultrasonic ' - |

COF-368 dispersion

: Excited state (31, IS¢

N [o “:,.,,,...m.m,(

‘Light
Phos.

Ground state (S,)

Figure 9.6 Theranostics of COF-366 NPs.
Reproduced from ref. 20 with permission from Elsevier, Copyright 2019.

that COF-366 NPs had been used to achieve combined PDT and PTT therapy
in vivo. This work not only provided new ideas for the design of photoactive
agents with both PDT and PTT effects but also expanded the biomedical
applications of COFs (Figure 9.6).

9.3 Inorganic Material-doped COFs

In recent years, the combination of organic porous materials and inorganic
nanoparticles to construct a multi-functional theranostic platform has re-
ceived extensive attention. The large surface area, large pore volume, and
various functional groups of organic porous materials provide many reaction
sites for inorganic reactions. Nanoparticles are integrated with it, avoiding
the aggregation of nanoparticles and effectively reducing the particles to the
nanoscale. Meanwhile, the performance of organic porous materials and
nanoparticles will be optimized and enhanced synergistically after being
combined.” Therefore, it is very important to explore a convenient and
effective way to combine these two parts.



Covalent Organic Frameworks (COFs) for Photothermal Therapy 293

COFs are porous materials formed by a reversible condensation reaction
between various organic structural units.?”> Due to their low density, highly
ordered n-m stack structure, adjustable pore size, and large surface area,
these materials have been extensively studied in many research fields.
However, biomedical applications are still in the early stages.>**” In fact,
these materials are excellent candidates for photocatalysis or phototherapy
applications. In addition, COFs can serve as an ideal support for encapsu-
lating and capturing various functional nanoparticles in a controllable and
predictable manner.

9.3.1 Fe;0,@COF

Wang et al. developed a general method for the precise construction and
functionalization of nano COFs by a disorder-to-order dynamic process,
which allows for rearrangement of amorphous polyimine networks into
crystalline imine-linked COFs without a change of morphology and size. The
resulting nano COFs are employed to construct a well-defined core-shell
nanostructure while retaining crystallinity and periodic micropores and
could be further modulated with a shell of controllable thickness via
template-mediated polymerization and in situ crystallization. An efficient
photothermal conversion is found for the Fe;0,@COF (TpBD) microspheres,
which allows the quick transduction of NIR energy to local heat by
strengthening the p-electronic conjugation within the stacking 2D layers
(Figure 9.7). This strategy is general and, in principle, can be used to

I. Core@Shell Il. Amorphous-to-Crystalline
Formation = Transformation i

THF, reflux, 2h % BuOH/DCB (1:9)
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Amorphous Polyimine Crystalline COF(TpBD)

Figure 9.7 Fe;0,@COF design and synthesis.
Reproduced from ref. 28 with permission from John Wiley and Sons,
Copyright © 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.
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generate a large pool of COF-based nanomaterials with applicability and
functionality that can be deliberately and finely tuned through the design of
organic/inorganic components. Looking forward, this work should also fa-
cilitate the coating of COFs onto structurally tailorable supports, opening up
a promising pathway for realizing porous organic polymers with applications
spanning bio-imaging, phototherapy, and drug delivery.?®

9.3.2 COF Metalation with Fe>"

Pang et al. reported the successful fabrication, without using any hard or soft
template, of monodispersed hierarchical TpPa-COF [p-phenylenediamine
(Pa), 1,3,5-triformylphloroglucinol (Tp)] spheres by a template-free solution-
phase aging method at room temperature. For the first time, after metala-
tion with Fe* ", a good photothermal effect and an excellent in vivo antitumor
efficacy (87.8%) were achieved for the resultant Fe-HCOF for treatment of
cancer cells under laser irradiation (Figure 9.8). This study illustrated that
the relatively slow polymerization and crystal growth process of the aging
method permits the formation of product with a well-defined morphology,
and this strategy also enriches our understanding toward the preparation
and formation mechanisms of COFs. Moreover, the post-synthetic method
further demonstrated its feasibility to functionalize COFs to meet the re-
quirements of various applications.*’

9.3.3 COF-CuSe Nanocomposites

Pang reported highly monodispersed COF-LZU-1 nanoparticles with an aver-
age size of 150 nm that were prepared via a mild wet solution method at room
temperature (Figure 9.9). The nitrogen-related functional groups of COF-LZU-1
were coordinated with CuSe to form COF-CuSe nanocomposites. The COF-
LZU-1 nanoparticles could generate 'O, efficiently under 650 or 808 nm laser
irradiation. The photodynamic effect of COFs was enhanced significantly after
being coordinated with CuSe nanoparticles. The resultant COF-CuSe nano-
composites also exhibited an excellent photothermal effect under 808 nm laser
irradiation with a photothermal conversion efficiency of 26.34%. The in vitro
and in vivo assessment indicated that the COF-CuSe nanoplatform was an
ideal photosensitizer for PDT and PTT with enhanced antitumor efficacy. This
work demonstrates PDT application of the non-porphyrin functional group
containing COFs and the combination with CuSe for PDT/PTT applications
in vivo. It also provides an efficient approach to fabricate COF-based multi-
functional theranostic agents for treatment of tumors and/or other appli-
cations by combining COFs with other functional materials.*®

9.3.4 COF-Ag,Se Nanocomposites

Pang et al. reported COF-Ag,Se nanoparticles successfully synthesized
under mild conditions via a cation exchange approach using COFs
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Reproduced from ref. 31 with permission from the Royal Society of
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and CuSe as templates (Figure 9.10). The non-porphyrin group containing
COF-LZU-1 demonstrated its excellent photodynamic effect, which
was notably improved after combination with Ag,Se nanoparticles. The
in vitro and in vivo experiments verified the excellent cancer cell killing
effect and antitumor efficacy of COF-Ag,Se nanoparticles via combined
PDT and PTT. This study demonstrates the excellent photodynamic effect
of COFs on the inhibition of tumor growth and indicates its good template
effect on controlling the size of nanoparticles. It also provides a new ap-
proach to construct COF-based multifunctional materials for various
applications.®'

9.3.5 MnO,/Zn COF@Au&BSA Nanosheets

Yuan et al. prepared a type of porphyrin fluorescent dye (FD) based nano-
platform (MnO,/Zn COF@Au&BSA) using MnO, nanosheets (NSs) as a
template to guide the synthesis of zinc COFs (Zn COF) between zinc-meso-
tetra(4-aminophenyl) porphyrin (Zn-TAPP) FDs and glyoxal through a Schiff
base reaction. The repeating Zn-TAPP units will efficiently increase the
loading amount of FD in the nanoplatform. Bovine serum albumin (BSA), as
a reducing and stabilizing agent, was adsorbed on the surface of MnO,/Zn
COF NSs for realizing the in situ preparation of Au NPs (Figure 9.11). During
blood circulation (pH = 7.4), the interlinked FD in MnO,/Zn COF@Au&BSA
NSs will not show a FL signal due to the ACQ effect by n—n interaction, which
will effectively overcome the interference caused by background noise dur-
ing the imaging process. Together with the pH-triggered disintegration of Zn
COF in tumor cells (pH = 5.5), the FL ability of the scattered FD will be ac-
tivated from “off”’ to “on”’, and simultaneously the FL signal of the scattered
FD will be ingeniously amplified by the metal-enhanced fluorescence (MEF)
effect of the shedding BSA-coated Au NPs. In addition, the excellent photo-
thermal conversion properties of the MnO,/Zn COF@AuU&BSA NS com-
ponents will produce a great antitumor effect during the PTT process.
Therefore, our strategy has good potential to be applied in the biomedical
field for cancer diagnosis and treatment.>?

9.3.6 Carbon Material-doped COFs

Xie et al. reported, for the first time, two CD-based nanoscale COFs (NCOFs)
(named CCOF-1 and CCOF-2, respectively), which were generated from
aldehyde-decorated CDs and p-phenylenediamine/BODIPY, through Schiff
base reactions. After modification with poly (ethylene glycol) (PEG), the
formed CCOF-1@PEG and CCOF-2@PEG not only maintained a crystalline
structure and superior photoluminescence (PL) properties but also possess
high stability and good dispersibility. Furthermore, CCOF-2@PEG features
highly efficient reactive oxygen species generation upon irradiation and high
cancer cell uptake, which can serve as a promising PDT agent for cancer
treatment (Figure 9.12).>
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9.4 Other

Nano-scale microporous carbon nanoparticles (CNPs) can be prepared by
pyrolysis of nano-COF precursors. The obtained CNPs show appropriate
biocompatibility and physiological stability (Figure 9.13). In addition,
they possess extensive absorption in the NIR spectral region and display a
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high photothermal conversion efficiency of up to 50.6% upon 1064 nm
laser irradiation. This nanoscale carbon material fully meets the multiple
requirements of antitumor treatment via PTT in the NIR-II biowindow.
Its impressive tumor ablation capacity is evidenced by in vitro and in vivo
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experiments. They believe that their strategy can be applied as a versatile
approach for the fabrication of many more carbon-based nanomaterials
for a variety of biomedical applications in the NIR-II biowindow and
offers a promising perspective for locoregional tumor therapy.**

Recently, an interesting study reported the photothermal phenomenon
catalysis of COFs. M@CCOF-CuTPP (M—Au or Pd, TPP=tetra bromo
phenolphthalein) are multifunctional catalytic materials and they can
highly promote thermally-driven asymmetric catalysis at an elevated
temperature by photothermal conversion (Figure 9.14). First, CCOF-CuTPP
(1) is a rigid homochiral host-framework, and it can be a powerful chiral
temple to steer the organic substrates in the specific spatial orientation
within the CCOF confined space even at high temperature, consequently,
providing the desired products with high enantiopurity; second, 1 contains
a porphyrin moiety which is a widely recognized PTCM that can readily
transfer light into thermal energy. Therefore, the obtained porphyrin
involved CCOF herein can supply the thermal energy needed for the
reaction upon visible light irradiation; and third, 1 is a highly porous and
heteroatom-rich COF host which is qualified for M metal nanoparticle (NP)
loading and stabilization.*

9.5 Summary

In recent years, great progress has been made in the field of photothermal
agents based on organic molecules. It has been found that many structures
including COFs, cyanine, diketopyrrolopyrrole, theobromine, porphyrin,
polymer, etc. produce good photothermal effects. Compared with inorganic
materials that have been extensively studied for PTT, COFs have good
biodegradability. In addition, COF PTT sensitizers have advantages in re-
producibility, controllable preparation, and ease of synthesis and modifi-
cation. Therefore, it is suggested that PTT reagents based on COFs and
materials will play a key role in the development of new cancer treatment
methods with potential clinical utility.

The field of COF photothermal agents is still relatively young. Although
the latest developments have been documented in the literature, many
obstacles still need to be overcome to translate current developments into
clinical practice. It may be necessary to conduct more detailed mechan-
ical studies and strive to maximize the efficacy of PTT and the sensitivity
of cells toward heat. In optimizing the delivery of PTT agents to suitable
tissues and the most sensitive subcellular compartments, further pro-
gress is needed to advance the development of this field. A combination
strategy where PTT is used in combination with other treatments and
diagnostics can be developed rapidly without having to overcome many of
the limitations associated with current PTT drugs. We hope that many
investigative methods will become the subject of in-depth research in the
next few years.
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10.1 Introduction

Photothermal conversion refers to the process of gathering solar radiation
energy through absorption, reflection, or other methods and converting it
into heat to effectively meet different load requirements. Photothermal
conversion materials are special materials synthesized with this as the goal.
The material science community has continuously made new progress in the
research of photothermal materials, but the limited photothermal con-
version efficiency of single-component materials is far from meeting
practical needs.

The principle of photothermal conversion produced by photothermal
materials is different, mainly related to the electronic structure or energy
band structure of the material itself. The physical mechanism of the pho-
tothermal conversion process is the absorption of photons by matter. The
above is the absorption and energy conversion of light energy. Generally, the
mechanism by which photothermal materials convert light energy into heat
energy mainly includes: surface plasmon resonance (SPR) effect and local
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surface plasmon resonance (LSPR) effect, interference absorption, photo-
thermal electronic excitation, conjugation effect and hyper-conjugation ef-
fect, etc. The SPR effect is the main reason why metal-based materials have
photothermal conversion capabilities." The conjugation effect, that is, the
hyper-conjugation effect, is in essence the interaction between bonded or
non-bonded electronic orbitals and anti-bonded electronic orbitals in the
molecule. In a conjugated system, adjacent m electrons overlap or the
interaction between m bonds and p electrons makes the electron cloud
density on each bond in the system equal, so the difference between ad-
jacent single bonds and multiple bonds disappears partially or completely,
producing a conjugation effect (delocalization effect). In addition to the
conjugation effect of the n-n system, p-m system, and p-p system with
greater conjugation, there is also co-existence between ¢ and «, ¢ and p, and
o and o interactions.

As an immerging new photothermal conversion material, carbon-based
photothermal materials are also very rich. Different forms of carbon nano-
materials, such as carbon nanotubes (CNTs), graphene derivatives, carbon
nanospheres, etc., have been successfully developed as solar thermal ma-
terials. Band transition and a n structure make CNTs have UV-vis and near-
infrared region absorption based on their conjugated degree. The unique
structure and properties of CNTs make it more suitable for solar energy
absorption and efficient photothermal conversion and are regarded as effi-
cient photon traps and molecular heaters.”” The conjugation effect provides
opportunity for electrons to flow and absorb energy through the electron
transitions in-between molecular orbitals. This type of carbon material
converts the absorbed light energy into heat energy, showing a photothermal
effect. Such photothermal materials have large conjugated m bonding or-
bitals, and n anti-bonding molecular orbitals have a hyper-conjugation effect
and a small orbital energy gap. After absorbing the energy of light, the =
electron on the bonding molecular orbital would transit to the m anti-
bonding molecular orbital. When the excited electrons fall back to the
ground state, part of the energy is released in the form of heat, resulting in a
photothermal effect, using the ability of conjugated molecules to conduct
electrons and holes quickly, and carbon materials as well.

The single-layer structure of the surface layer is more conducive to the
separation and migration of carriers; the conjugation effect provides a good
channel for the transfer of photogenerated carriers and improves its visible
light absorption capacity. In addition, some organic polymer photothermal
materials also have a m-electron delocalized conjugate structure and a narrow
band gap, which can transfer energy through changes in electrical conduct-
ivity or photothermal conversion under near-infrared light irradiation.

10.1.1 Photo-thermal Catalytic Conversion

Volatile organic compounds (VOCs) are an important part of atmospheric
environmental pollutants. In the control and treatment of VOCs, catalytic
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combustion treatment technology is the most extensively used, but the high
energy consumption of fossil fuels used in catalytic combustion has caused
an energy crisis and environmental pollution problems as well. Solar pho-
tocatalytic degradation is a new and green treatment method that has
emerged in recent years. High energy consumption is an important factor
restricting the development of traditional catalytic combustion technology.
Using solar energy to convert and store heat energy to drive the catalytic
reaction is expected to replace traditional thermal catalytic technology,
thereby realizing low-energy industrial applications. However, the tradi-
tional solar photocatalytic degradation of VOCs is limited by the band gap
energy of semiconductor materials. Only ultraviolet and part of visible light
are used. For example, for the most widely studied TiO, semiconductor
photo catalyst, its light absorption is limited to only ultraviolet ray (which
accounts for only 3% of sunlight), and a lack of highly active sites and high-
charge carrier recombination on the catalyst surface make its photochemical
conversion efficiency low.* In order to improve the utilization of sunlight,
various strategies have been adopted,>® such as doping with metals and/or
non-metals, using organic sensitizers or compounding with other developed
semiconductors to enhance the catalytic efficiency of TiO,.

Most of the infrared light, which accounts for 48% of solar energy, is lost
in the form of thermal radiation. Therefore, the key point lies in the research
and development of high-efficiency photothermal conversion materials, so
as to achieve a wider capture of solar energy, reduce the loss of solar energy
quality, and convert it into heat to be introduced into the catalytic reaction.

To achieve high photothermal conversion efficiency, the materials must
absorb a large amount of infrared light, couple the collected photons, con-
vert them to thermal energy and active the catalysis sites. In order to max-
imally use infrared light, many infrared light-induced photo catalysts have
been developed. Among them, due to low photon energy and inappropriate
band structure, narrow energy gap semiconductor materials are considered
to lack photocatalytic activity.” Up-conversion rare earth materials can trig-
ger a photocatalytic reaction by converting near-infrared (NIR) light to UV or
visible light emission,®® but the efficiency of the up-conversion process is
subject to very narrow light absorption and rapid depletion of energy lim-
its.'” In addition, carbon quantum dots (CQD) have been developed as an
upconversion material as well,""'?> and the light absorption wavelength is
relatively wide.

Graphene has the advantages of broad-spectrum absorption properties
and excellent light-to-heat conversion performance. Graphene is an infin-
itely expanding two-dimensional nanomaterial with six-membered ring
benzene units formed by sp” hybrid carbon atoms. In addition to the large
specific surface area and porosity, there is strong n-n interaction between
graphene and toluene reactant molecules. Thus, a large amount of toluene
can be adsorbed and enriched on the surface of graphene through a n-n
function, increasing the retaining time of reactant molecules on the catalyst,
thereby improving catalytic activity. Combined with the traditional thermal
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catalyst Pt-TiO,, a new type of graphene assembly Pt-rGO-TiO, was
designed through optical, thermal, and catalytic reaction sites to achieve
14.1% light-to-heat conversion efficiency by Hongpeng Jia and co-workers
(see Figure 10.1)."* Efficient conversion of VOCs was achieved under the
following conditions: infrared light intensity 116 mW em ™2, light heating
temperature 150 °C. Toluene was found to be converted to harmless CO, at a
rate of 95%, and yield of 72%, see Figure 10.1A and B). Compared with
graphene-supported platinum-titanium dioxide (Pt-rGO-TiO,), toluene
penetration experiments and temperature-programmed desorption experi-
ments confirmed that the graphene adsorption layer-supported platinum
catalyst (Pt-rGO) was still at infrared light temperature and shows a higher
saturated adsorption capacity (see Figure 10.1C). The innovative con-
struction of Pt on the rGO adsorption layer achieves 17.6% light-to-heat
conversion efficiency and complete harmless conversion of toluene under
non-condensing conditions (infrared light intensity 146 mWem 2, light-
heating temperature 180 °C, toluene conversion rate 98%). It is concluded
from the O, temperature-programmed desorption (O,-TPD) result that the
oxidation of a given VOC is determined by the activated oxygen, namely
lattice oxygen and/or adsorbed oxygen. Under anaerobic conditions, the
surface lattice oxygen of 1% Pt-rGO-TiO, reacts with adsorbed toluene
through the Mars-van Krevelen mechanism. Carboxylate intermediates
will be generated before the final product CO, comes out. Under infrared
radiation, the 1% composite material shows broad absorption and heat
utilization. The heat generated by rGO is increased by phonon-phonon
coupling to increase the local temperature of the system, leading to the
oxidation of toluene with the assistance of Pt.

Since Akira Fujishima and others achieved photocatalytic water splitting
in 1970, semiconductor photocatalysis as a clean and pollution-free tech-
nology has been widely studied by the academic community. The research
field of semiconductor photocatalysis mainly involves the energy, environ-
ment, and many other fields. However, thermodynamic analysis shows that
some complex chemical reactions have high Gibbs free energy and can only
be excited via ultraviolet light, which greatly limits the use of the solar
spectrum. In order to broaden the use of the solar spectrum as much as
possible, there are two main considerations. One is to expand the absorption
edge of semiconductor catalysts and develop visible light catalysis. But even
under the premise of making full use of visible light, the utilization rate of
the full spectrum of the sun does not exceed 50%. The energy in the infrared
region is mainly dissipated in the form of heat dissipation and is wasted.
How to efficiently make use of the energy in the infrared region has become
a problem that must be considered.

It can be roughly divided into three categories. One is photocatalysis and
thermocatalysis in series mode; the second is a light-driven thermocatalytic
reaction, in which light only serves as a heat source. In terms of the reaction
mechanism, the essence of the reaction is a thermocatalytic process.
The third is the thermally assisted photocatalytic reaction. Light plays a
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Figure 10.1 (A) Conversion of toluene and (B) CO, yield that was photocatalyzed by x% Pt-rGO-TiO, (x=0, 0.1, 0.5, 1 and 2), 1% Pt-TiO,,
and TiO, under different IR irradiation (95, 106 and 116 mW cm™?). (C) The temperature increases with the IR irradiation.
(D) Schematic illustration of the proposed Pt-assisted mechanism of photo-thermal catalysis.
Reproduced from ref. 13 with permission from Elsevier, Copyright 2018.
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decisive role in the reaction, and heating can promote an increase in the
reaction rate.

The plasmon carrier generated by the oscillation of free charge on the
surface of certain metals can drive the catalytic action of the photocatalyst
surface. However, traditional noble metal-based plasma photocatalysts are
high in cost. Although copper (Cu) is a non-noble metal, it has catalytic
properties similar to noble metals and excellent optical properties except for
the disadvantage of being easily oxidized. Piyong Zhang et al.'* prepared a
non-noble metal CuCo bimetal-based photocatalyst. After alloying Co, the
oxidation of Cu can be suppressed and the photocatalytic activity would thus
be improved. At the same time, the introduction of carbon dots (CD) into the
photocatalyst can improve the separation of photoinduced electron-hole
pairs, thereby enhancing the photocatalytic activity. Scanning electron mi-
croscopy (SEM) suggested a dendrite-like morphology of the bimetal (see
Figure 10.2A). Composites with different contents of CD have similar ab-
sorption spectra (see Figure 10.2B) because of the low CD content and weak
absorption. CuCo.; bimetal and CuCo-.;/CD show the characteristic SPR
absorption band of Cu at 600 nm. The absorption and utilization of sunlight
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Figure 10.2 (A) CuCo,.; bimetals, where 7:3 indicates the molar proportion of Cu
and Co. (B) UV-visible absorbance of the pure metal and composites.
CuCo.3/CDs zwt% indicates that the content of CDs is zwt% in the
composite. (C) Photocatalytic activity of CuCo,.3/CDs 2wt% in 20 hours.
(D) Quantum efficiency (QE) of CuCo,.3/CDs 2wt% for H, evolution as a
function of the incident wavelength.
Reproduced from ref. 14 with permission from American Chemical
Society, Copyright 2020.
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are greatly improved due to the full spectrum absorption of Co in ultraviolet,
visible, and near infrared light. The prepared CuCo/CDs composite material
has an excellent and stable photocatalytic water decomposition ability, the
highest gas escape rate of H, is 459.3 umolg "h™', and the highest gas
escape rate of O, is 221.6 pmol g~ " h ™" (see Figure 10.2C). The trend of QEs is
in good agreement with the absorption spectrum, indicating that the
photocatalyst undergoes a photocatalytic reaction through light absorption
(see Figure 10.2D).

10.1.2 Photothermal Seawater Desalination

Converting solar energy into heat energy for water evaporation is considered
to be an efficient and energy-saving method of salt water desalination and
clean water production. However, the efficiency of water evaporation under
natural sunlight is very low. The direct solar distillation method can only
reach a total conversion efficiency of 30-40%. Only by increasing the local
temperature of the water-gas interface and promoting the evaporation of
water can we achieve efficient salt water desalination. The efficiency of
photothermal desalination is closely related to the performance of photo-
thermal conversion materials. Under light conditions, the precondition for
the photothermal conversion material to convert light irradiation into heat
energy through the photothermal conversion principle is the radiation of
sunlight.

The solar radiation energy occupied by infrared light is almost the same, it
can directly produce a photothermal effect, and almost 90% of the energy is
concentrated in the near infrared light region. Therefore, at present, the
absorption of infrared light, especially near-infrared light, by light-to-heat
conversion materials is particularly important to improve its light-to-heat
conversion performance. The main impact factor relies on the surface of the
material to absorb solar radiation and transfer the accumulated heat directly
or through an intermediate heat transfer fluid to the water body.

The radiation energy is efficiently absorbed. A good photothermal con-
version material should have a broad-spectrum absorption capacity from
ultraviolet light to the near-infrared range (250~2500 nm), not limited to
the visible light range. In order to alleviate the shortage of fresh water re-
sources, seawater desalination has always been the focus of attention of
scientists. On the other hand, due to the environmental pollution caused by
the use of fossil fuels, the development of new forms of energy is urgently
needed. The use of photothermal materials to convert solar energy into high-
quality thermal energy with high efficiency can not only be used in seawater
desalination but also can further convert thermal energy into electrical en-
ergy through the thermoelectric power generation effect, providing auxiliary
energy for small and medium-sized all-weather intelligent power supply
systems. At present, scientific researchers have made significant progress in
the study of photothermal materials, but single-component materials cannot
meet the actual needs due to their limited photothermal conversion
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efficiency. Therefore, through further design and control, the preparation of
composite materials with higher light-to-heat conversion efficiency is the
focus of current research. A nanocomposite material composed of noble
metals, semiconductors, and carbon dots was prepared by chemical meth-
ods."” Because of the synergistic effect of the three components and good
charge transfer channel, the composite material realized an improvement in
the photothermal conversion efficiency.

Wan Yanfen and Yang Peng et al. designed and prepared a nano-solar
energy absorption composite material with a bionic coral structure. The
composite material Au@Bi,M0O¢-CDs includes three components of Au
nanocones, Bi;Mo00Os semiconductors, and biomass carbon dots (CDs),
which were used to realize the packaging of Au nanocones inside the 3D
Bi,M00Og and the adsorption of a large number of carbon dots on the outside
of a Bi,MoOg coral-like structure (see Figure 10.3A). Compared with pure
Au nanocones, Bi,MoO, and CDs, the ternary composite material achieves
effective charge transfer, facilitates the separation of photogenerated
electron-hole pairs, and improves the photothermal conversion efficiency
of the material (under solar radiation) (see Figure 10.3B). The light-to-
heat conversion efficiency is 97.1%, and the water evaporation rate is
1.69 kgm >h~'. At the same time, the whole structure on the surface of
the material provides many points for the collection of sunlight, and the
light absorption rate of 70% is achieved through the multi-level reflection of
light by the holes. In addition, the composite material was deposited on a
commercial thermoelectric power generation sheet to make a solar ther-
moelectric power generation device (see Figure 10.3C). The results show
that the device has enhanced thermoelectric power generation performance,
and its output power is as high as 97.4 yWem ™ ? (see Figure 10.3D).
This research provides an important experimental basis for the research
of efficient light-to-heat conversion materials, and at the same time brings
new ideas for the research and development of seawater desalination and
new energy devices and systems.

10.1.3 Photothermal Therapy

Cancer is a major threat to human life. Currently, surgery, radiotherapy, and
chemotherapy are widely employed in cancer treatment. However, the above-
mentioned treatment methods can destroy normal tissues and the immune
system while killing cancer cells, or cause cancer cells to become more re-
sistant to the treatment, thereby worsening the condition. In recent years,
photothermal therapy (PTT), as a new tumor treatment method, has at-
tracted wide attention due to its advantages of small trauma to the body and
resistance to cancer cells. Its technical principle is injecting medicinal ma-
terials with photothermal conversion function into a human tissue or body,
and using targeted recognition technology to gather them near the tumor.
Laser irradiation of an external light source (usually near-infrared light)
converts light irradiation into heat energy to kill cancer cells.
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Figure 10.3 (A) Transmission electron microscope (TEM) image of a Au@Bi,M0O4-
CDs nanocomposite. (B) Energy band scheme of Au@Bi,M00¢-CDs
with and without contact. (C) Photograph of the fabricated device for
thermoelectric measurement. The upper surface was coated with the
composite material. The bottom was connected to the water circulation
to amplify the temperature difference. (D) Open-circuit voltage (V,.) of
the blank sample and Au@Bi,M0Os-CDs generator. The temperature
gap between the Au@Bi,M0O¢-CDs thermoelectric devices generated a
voltage output of 203 mV compared to a voltage output of 88 mV for the
blank device.

Reproduced from ref. 15 with permission from Elsevier, Copyright
2020.

PTT usually uses materials with high light-to-heat conversion efficiency to
enrich the tumor area and then generates a high temperature locally to kill
cancer cells via irradiation with an external near-infrared light source (due to
penetration depth). What are the advantages of photothermal materials?

First of all, the most important thing is to have good photothermal con-
version efficiency, which is the key to the application of this material.

Secondly, it should be non-toxic or have only low biological toxicity, as this
material is to be applied to organisms. If it is more toxic, the consequences
would be disastrous.

Third, the material should possess rich functional groups for further
modification, and other molecules such as drug molecules and photo-
sensitizers can be modified on its surface.

However, when a laser is irradiated, the photothermal material often
emits fluorescence. The more the fluorescence emitted, the less the heat
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energy can be converted. To solve this problem, researchers have developed
a “fluorescence quenching” technology, which “induces” the fluorescence
between molecules to be extinguished and ‘“concentrates” on heating.

To improve the thermal conversion efficiency of the material, recently,
Liang Gaolin et al. adopted simultaneous intra- and intermolecular fluo-
rescence quenching of Biotin—Cystamine-Cys-Lys(Cypate)-CBT (photo-
thermal agent). They designed and synthesized a new type of organic small
molecule material and applied an in-situ self-assembly-induced fluorescence
quenching technique to the PTA. When this material is internalized by
cancer cells, it will be reduced by intracellular glutathione “intelligently”
first quenching ‘“intramolecular fluorescence” and then quenching “inter-
molecular fluorescence” by self-assembly to form nanoparticles.'® Through
theoretical calculations and experiments, they have shown that compared
with the commonly used “induced fluorescence quenching” technology, the
conversion efficiency is more than doubled, and the photothermal treatment
effect on living tumors is greatly enhanced.

The core of PTT is the preparation of photothermal reagents (PTAs).
Although a variety of organic and inorganic PTAs have been developed, most
organic PTAs are unstable under light or have unsatisfactory photothermal
conversion rates. Inorganic PTAs usually contain heavy metals, and their
long-term accumulation in the body may cause safety problems. Therefore,
the development of new PTAs is of great significance in tumor diagnosis
and treatment. A variety of carbon materials (such as carbon nanotubes,
graphene oxide, some carbon quantum dots, nanodiamonds, etc.) have good
biocompatibility and absorption in the near infrared region, so they are used
as PTAs.

Recently, Wu Fugen et al. reported a water-dispersible carbon nano-onion
cluster (CNOCs) derived from candle ash and used it for image-mediated
photothermal treatment of tumors. The cluster-shaped carbon nano-onions
are obtained by ultrasonically treating candle ash which was generated
during the burning of candles. Well-dispersed carbon nano-onions were
obtained via treating in a mixture of sulfuric acid and nitric acid with a
volume ratio of 3:1 at 50 °C for 4 hours. It can be stably dispersed in
phosphate buffered saline (PBS), water, and cell culture media for more than
one year without precipitation, which is beneficial for their biomedical ap-
plications. In addition, the CNOCs showed an extinction coefficient as high
as 15.0 Lg 'em ™', a photothermal conversion rate as high as 57.5%, good
light stability and biocompatibility. In order to increase endocytosis, the
authors used short-chain polyethyleneimine (PEI, Mw= 600 Da) and poly-
ethylene glycol (PEG, Mw =~ 5000 Da) to modify the surface of CNOCs. The
obtained CNOCs-PEI-PEG on the one hand inherited the excellent photo-
thermal properties (photothermal conversion rate of 56.5%) and bio-
compatibility of CNOCs, on the other hand, it greatly promotes endocytosis.

Observed by confocal microscopy, CNOCs-PEI-PEG will aggregate in
the lysosome after being endocytosed by cells. Subsequently, through the
dual mediation of photothermal imaging/photoacoustic imaging in vivo
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experiments, the authors proved that CNOCs-PEI-PEG can passively target
tumors through the enhanced permeability and retention (EPR) effect, and
heat up the tumor area under near-infrared light irradiation. Then, complete
ablation of the transplanted tumor under the skin of the mouse is realized."”

10.1.4 Photoacoustic/Fluorescence Imaging

The use of light converted into heat (photothermal therapy, PTT) or acoustic
energy (photoacoustic imaging, PAI) to treat and diagnose cancer has been
studied in depth. Through nanocarriers, scientists have fully studied im-
aging and therapeutic functions. Liu Xiaojing and others gave a good over-
view of the development of inorganic and organic light and heat transfer
agents (PTA), including small molecules, semiconducting polymer nano-
particles, and metal and carbon-based nanoparticles.'® The strategies for
improving PTT and the emerging applications in cancer-related research of
combining PTT with other therapies in cancer treatment have been dis-
cussed as well.

Basically, infrared thermal imaging technology needs to meet two factors,
namely infrared and thermal difference, based on the two to finally form an
image. It is understood that all objects above absolute zero (—273 °C) emit
infrared radiation, and because of the difference in temperature of each part of
the object, different energies of infrared rays are radiated out, and then a
special electronic device is used to surface the object. The temperature distri-
bution is then converted to the image that is visible to the human eye, and the
surface temperature distribution of the object is displayed in different colors.

Photothermal imaging is an optical method to detect the change in re-
fractive index of absorbing nanoparticles caused by photothermal effect in a
local environment. Carbon nanotubes (CNTs) are widely used photothermal
materials for different applications, including photothermal therapy and
imaging. To explore the degradation potential of CNT by photothermal
imaging technology, Julie Russier et al'® produced cationic nanotubes
(MWCNT-NH; ") through 1,3-dipolar cycloaddition reaction in microglia
cells. The cells were kept in culture for different periods of time. Before
photothermal imaging, on different days (1, 7 and 14 days), the CNT-loaded
cells were fixed before they were embedded in resin and sectioned. On the
first day, a large amount of MWCNT-NH; " existed inside the cells. After
14 days, they were more dispersed and more personalized, indicating that
they were partially degraded or eliminated in the cell.

Carbon nanotubes were also used in combination with noble metals as
multimode photothermal or photoacoustic agents.?® Xiaojing Wang et al.
modified DNA functionalized single-walled carbon nanotubes (SWCNT) with
precious metals (Ag or Au) to realize surface-enhanced Raman scattering
imaging together with photothermal therapy.”' The SWCNT adsorbed gold
seeds before it underwent further seed-growing and was modified by
polyethylene glycol (PEG). SWCNT-metal nanocomposites are stable in
physiological environments. The surface enhanced Raman scattering (SERS)
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effect was found to be dependent on the concentration and excitation
source. When a near-infrared (NIR) laser was used as the excitation source,
targeted Raman imaging of SWCNT-Au nanocomposite (SWCNT-Au-PEG-
FA) cells labeled with folic acid (FA) was achieved. Due to the contribution of
the SPR absorption of the gold shell, the effect of photothermal killing of
cancer cells is significantly improved.

Carbon dots (CD) with low biological toxicity and high photostability are
another good optical bioimaging agent. Since the visible/first near-infrared
(NIR-1) emission of most CDs is shorter than 820 nm, the penetration
depth during imaging is reduced. Youbin Li et al.** reported a CD with
NIR-II emission prepared from watermelon juice, which can significantly
reduce the scattering loss, so that deeper biological tissues in living animals
can be observed. Under excitation of an 808 nm laser, the prepared lumi-
nescent CD has a high quantum yield (QY-0.4%) and high photothermal
efficiency (30.6%) at 900-1200 nm. It is irradiated at a high power density
(1.4 Wem™?). The temperature of the CD solution increases by 25 °C
at 8 minutes, making it an ideal material for imaging and cancer thermal
ablation. Within 1 minute of the injection, a strong NIR-II emission signal
appeared in the mouse kidney, and 6 hours after the injection, the CDs can
be quickly eliminated from the mouse kidney.

10.1.5 Others
10.1.5.1 Photothermal-responsive Oil/Water Separation

Oil-contaminated wastewater, especially when stabilized by surfactants,
threatens our environment and health. For nanoemulsions stabilized by
surfactants, conventional separation methods become ineffective due to
their nanometer-scale droplets and extremely high stability.>® In the petro-
chemical, food, and pesticide industries, emulsified nano-oil/water mixtures
or nano-emulsions are often encountered in the particle size range of
2-200 nm. Due to its very stable properties, there is usually a trade-off be-
tween throughput and selectivity.

According to the Hagen-Poiseuille equation, an ideal membrane with an
ultra-thin selective separation layer and a maintained effective pore size is
advantageous. J = er”Ap/8uL (where J is the flux of liquid passing through the
membrane, ¢ is the surface porosity, r is the effective pore radius, Ap is the
pressure, u is the liquid viscosity, and L is the thickness of the membrane).>*
In order to better separate emulsions, Liang Hu et al.>” reported an ultra-thin
film with light modulated aperture. The film is composed of gold nanorod
(ANR)/poly(N-isopropylacrylamide/acrylamide) (pNIPAm-co-AAm) hybrid
ultra-thin single-walled carbon nanotubes (SWCNT) (see Figure 10.4). Ultra-
fast separation of an O/W nanoemulsion can be switched by laser irradi-
ation. pNIPAm-co-AAm makes the ultra-thin SWCNT network membrane
hydrophilic and has ultra-fast separation and potential antifouling prop-
erties. The copolymer of PNIPAm is used to achieve the reversible
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Figure 10.4 Preparation of a photothermal responsive gold nanorod (ANR)/poly(N-
isopropylacrylamide-acrylamide) (pNIPAm-co-AAm) hybrid ultra-thin
film. SWCNT is used to indicate single-walled carbon nanotubes.
Reproduced from ref. 25 with permission from American Chemical
Society, Copyright 2015.

transformation of the thermally-induced concept, resulting in an adjustable
pore radius. The ANR is anchored in the membrane to achieve uninterrupted
and remote-controlled pore size.

In their work, a series of O/W nano-emulsions, including n-hexadecane-
sodium dodecyl sulfate (SDS) stabilized nano-emulsion (H/W), are used to
test the separation performance of the composite membrane. Once the H/W
is filtered through the membrane, a transparent liquid with a droplet size of
less than 5 nm can be collected in the filtrate. The principle of separation is
that when H/W emulsion droplets contact the membrane, n-hexadecane is
basically repelled due to the oleophobicity under water. The nano-sized
pore radius hinders the penetration of H/W micelles into the membrane.
When water passes through the membrane, the H/W micelles decompose
at the same time due to the imbalance of the oil/water/emulsifier phase,
leaving n-hexadecane above the membrane. The droplet size in the com-
bined filtrate is consistent with the size of the SDS micelles in the water,
indicating that a small amount of emulsifier has penetrated the membrane
during this process.

They next moved to study how light beams influence the permeation flux,
or J, using a smaller vacuum filtration system under 0.015 MPa. With in-
creasing illumination time, relative flux of the membrane increases to 2.22
(0.12). The enhanced J for the cohybrid membrane under light illumination
can be mainly due to the change in r.

10.1.5.2 Photothermal Reusable and Recyclable Mask

The new coronavirus (COVID-19) pandemic that broke out at the end of 2019
mainly relies on droplets to spread to the human respiratory tract and cause
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infection. However, the current general surgical masks cannot be reused
through self-sterilization or simple sterilization, causing major economic
and environmental problems to the society. Based on this, Guijun Li and
co-workers developed an innovative method for functional modification
of disposable medical masks so that ordinary medical masks have both
self-cleaning and photothermal properties (see Figure 10.5). The surface of
the original mask with polymer fibers is nano-smooth and has no super-
hydrophobic properties. Graphene can be produced at low cost by a laser
induction method using commercially available precursors (such as poly-
imide, SPEEK, and Bakelite).”® Also, the surface hydrophobicity can be
modulated by controlling the laser processing environment.*’

A graphene protective layer is prepared and deposited on the surface of the
low melting point non-woven fabric on the outer layer of the ordinary mask.
Studies have shown that the static water contact angle of the nanoporous
graphene layer prepared by this method is as high as 140°, and water
droplets can bounce off the surface of this hydrophobic material, making
it difficult to adhere to the outer layer of the mask (see Figure 10.5B).
Moreover, due to its excellent light and heat performance, the surface
temperature of the mask can quickly rise to above 90 °C, which can be used

Figure 10.5 (A) Roll-to-roll production of a graphene coated mask. The black arrow
indicates the direction of scrolling movement, and the white arrow
indicates the direction of laser movement. (B) The contact angle of
water droplets on the graphene coated mask after 5 minutes of light
exposure. (C) Thermal imaging camera image coated with graphene
and (D) original surgical mask.

Reproduced from ref. 28 with permission from American Chemical
Society, Copyright 2020.
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as a self-sterile coating (see Figure 10.5C), which is much higher than the
pristine one (38.5 °C) (see Figure 10.5D) under the sun. This temperature can
effectively kill the virus, and the mask after self-disinfection can be worn and
used repeatedly. This kind of disposable medical surgical mask functiona-
lized by the dual-mode laser-induced forward transfer method makes up for
the three shortcomings of ordinary disposable masks on the market: 1. The
hydrophobic surface of the mask will still have residual virus in attached
droplets; 2. The melting point of polypropylene non-woven fabric limits the
disinfection and reusability of ordinary masks; 3. A large number of dis-
carded masks are difficult to reuse and cause environmental problems.>®

10.2 Conclusion

In summary, carbon-based materials with excellent light-to-heat conversion
ability usually have a rich microporous structure and a large specific surface
area. Most of them have the characteristics of broad-spectrum solar
absorption, good light absorption stability, high thermal conductivity,
biodegradability, and low toxicity, which are beneficial to various summar-
ized applications: photo-thermal catalytic conversion, seawater desalination,
photothermal therapy, photoacoustic/fluorescence imaging, etc. In addition
to converting solar energy into thermal energy, carbon-based materials can
also convert solar energy into electrical energy to further assist heating
materials; thereby broadening their photothermal conversion performance.
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11.1 Introduction

Photothermal nanomaterials have the potential to have a tremendous im-
pact on medical applications. On one hand, heat generated by photothermal
nanomaterials is one of the main factors to achieving the therapeutic ef-
fects." On the other hand, these nanomaterials can be used for diagnosis by
tracking cells that facilitate disease diagnoses and measure therapeutic ef-
ficacy.? In addition, photothermal nanomaterials are commonly applied as
delivery vehicles for targeted delivery of drugs to reduce cytotoxicities.?
However, there are distinct challenges that must be considered in the de-
velopment and application of these materials, including careful analysis of
the distribution and clearance of nanomaterials, as well as the unpredictable
off-target effects.* By carefully designing materials early in their concept of
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proof phase, scientists may be able to find successful approaches through to
the clinic more rapidly, which is indeed the ultimate goal of this research
area. There are still many unmet needs using the current diagnoses and
treatments, and photothermal nanomaterials have the potential to fill that
gap for oncological hyperthermia.’ To successfully translate these promising
technologies to clinical application, researchers from different disciplinaries
should collaborate to overcome the challenges. Preclinical and clinical
testing is necessary to address all these concerns. Eventually, all this dedi-
cation will contribute to new diagnoses and therapies.®’

11.2 Recent Development of Photothermal
Nanomaterials for Oncological Hyperthermia

Photothermal nanomaterials have been in use for oncological hyperthermia
for decades due to their preferential tumor accumulation, the fact that they
are monitorable upon application of external light energy, and their minimal
invasiveness with better therapeutic effects.” Near-infrared (NIR) light-
triggered hyperthermia utilizes nanomaterials such as carbon nanotubes,
gold nanorods, and graphene oxide sheets to enhance photothermal thera-
pies and target the effect on the tumor.® Photothermal nanomaterial-
mediated hyperthermia has revealed promising results in numerous
preclinical and pilot clinical studies. Not only material scientists but also
oncologists look forward to having this new technique in clinical appli-
cation. Indocyanine green (ICG), an FDA-approved medical contrast agent
with excellent photothermal effect upon NIR, has been applied as an effec-
tive NIR-absorbing hyperthermia agent for cancer treatment.”'® In 1996,
photothermal effects using ICG were investigated to address the efficacy of
the photothermal interaction for tumor cell destruction in a controllable
method using a mouse breast tumor model."" In 2011, ICG was assessed for
the feasibility to treat metastatic breast cancer in a preliminary safety and
efficacy clinical trial."* Local injection of ICG and immunoadjuvant (glycated
chitosan) for immunological stimulation, followed by 805 nm laser irradi-
ation at a power density of 1 Wem ™ > were performed in 10 patients with
advanced-stage metastatic breast cancer. An objective response rate of 62.5%
and a clinical benefit response rate of 75% were achieved, while no sig-
nificant side effects were observed after treatment."?

Gold nanoparticles have been utilized in various biomedicinal appli-
cations."® Colloidal gold nanoparticles possess localized surface plasmon
resonance (LSPR), so can absorb light energy, resulting in photothermal
properties, rendering them promising for oncological hyperthermia for can-
cer treatments."* The photothermal properties can be enhanced by adjusting
the shape, size, and components of the gold nanoparticles.'”> Naomi Halas
and Jennifer West invented a technique using gold-silica nanoshells (GSN)
which are composed of a silica core and a gold shell with a diameter of 150
nanometers, called AuroLase Therapy.'® This photothermal nanomaterial
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Table 11.1 List of photothermal nanomaterials for oncological hyperthermia in
clinical trials.

Nanoparticle type Indication Reference

Indocyanine green for selective thermal  Late-stage breast 12
effect, and immunoadjuvant (glycated cancer (pilot clinical trial)
chitosan) for immunological
stimulation

PEG-coated silica-gold nanoshells Thermal ablation of solid 16
for near infrared light facilitated primary tumors
thermal ablation

Heat-sensitive liposome that releases Breast cancer, liver cancer, 22
doxorubicin and other refractor solid

tumors

Iron-oxide nanoparticle, external Advanced soft tissue 23

radiation source to enhance cell sarcoma

death at the radiation site

was designed to absorb energy from NRI light and convert it to heat, resulting
in selective hyperthermic cell death without affecting adjacent non-tumorous
tissue. The treatment was previously proved to be safe and effective in cell
studies and animal models."”'® There are a total of 4 clinical trials using this
novel therapeutic approach including metastatic lung cancer, head and neck
cancer, as well as prostate cancer. In a recently initiated pivotal study, it was
proven to be feasible and safe for use in men with low- or intermediate-risk
localized prostate cancer using a custom-built MR US fusion guided platform
in collaboration with Philips Healthcare.'® Gold-silica nanoshell-mediated
focal laser ablation was successfully achieved in 94% (15/16) of patients, with
no significant difference in The International Prostate Symptoms Score (IPSS)
and the Sexual Health Inventory for Men (SHIM) observed after treatment.'®

Despite the enormous amount of nanomaterial research articles pub-
lished in the oncological field, there is a despondent disbalance between the
large number of preclinical nanomaterial papers and relatively small num-
ber of nanomedicine drug products applied in clinical settings.'® In 2016, it
was reviewed that 25 Food and Drug Administration (FDA) or European
Medicines Agency (EMA) approved nanomedicines and over 45 other na-
noparticle technologies were in the clinical trial phase.?® Until 2019, only two
new intravenously administered nanoparticle technologies had been ap-
proved by the FDA and EMA.”' Among the above updates, there have been
very limited clinical trials for photothermal nanomaterials for oncological
hyperthermia (see Table 11.1).

11.3 Advantages of Photothermal Nanomaterials for
Oncological Hyperthermia

Photothermal nanomaterial-mediated oncological hyperthermia has many
advantages to overcome the unmet needs for clinical cancer treatment.
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Photothermal nanomaterials have been applied to treat tumor metastasis
which is the leading cause of cancer-related deaths.>* Photothermal effects
using Arg-Gly-Asp (RGD) peptide-functionalized gold nanorods upon re-
ceiving NIR light can target integrins and deregulate their downstream
regulators of oral squamous cell carcinoma cells.>® Considering the critical
role of integrins in controlling cell functions, this targeted oncological
hyperthermia approach remarkedly affects cell morphology change and cell
migration. This strategy provides a potential application for controlling
cancer metastasis.”® There is increasing evidence implying that cancer stem
cells (CSCs) account for cancer metastasis and that targeting CSCs therapy is
a potential approach to overcome metastasis.'**® Paholak and colleagues
demonstrated that oncological hyperthermia mediated by polymer-coated
highly crystallized iron oxide nanoparticles (HCIONPs) could effectively
eliminate breast cancer stem cells in a mouse model.”” Polymer-coated
HCIONPs selectively target epithelial-like ALDH" breast cancer stem cells
compared to mesenchymal-like CD44"/CD24~ breast cancer stem cells
in vitro and dramatically inhibited metastasis to the lung and lymph nodes
in an in vivo model.*’

Therapeutic resistance is another clinical challenge for cancer treat-
ment.”® Enhancing therapeutic efficiency through improved drug delivery
using photothermal nanomaterials would facilitate treatment of chemore-
sistant cancers. Gold nanoparticle-modified polylactic acid (PLA) stereo-
complex micelles have been proved to synergize chemotherapy with
photothermia®® (see Figure 11.1).

Figure 11.1 Illustration showing the design approach of gold nanoparticle-
modified PLA SC micelles (PLA SC@Au) to synergize chemotherapy
with photothermia.

Reproduced from ref. 29 with permission from John Wiley and Sons,
Copyright © 2021 Wiley-VCH GmbH.
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Increasing biological rationale suggests that heat could enhance the effect
of radiotherapy in cancer treatment.*® Li and his colleagues demonstrated a
hyperthermia strategy to enhance radiotherapy by decreasing tumor hypoxia
and preventing irradiation-induced DNA damage repair which account for
radioresistence.’" In this study, the tumor hyperthermia temperature was
well-controlled by an NRI with minimal side effects using PEGylated nano-
bipyramids (PNBys). PNBys have a narrow longitudinal localized surface
plasmon resonance peak in the NIR-II window with a high extinction co-
efficient (2.0x10"" M "em™ ') and an excellent photothermal conversion
efficiency (44.2%). PNBys-induced mild hyperthermia (MHt) prior to radio-
therapy enables vessel dilation, blood perfusion, and hypoxia relief, re-
sulting in an increased susceptibility of tumor cell response to radiotherapy.
On the other hand, MHt after radiotherapy inhibits the repair of DNA
damage generated by irradiation. The PNBys exert hierarchically superior
antitumor effects by the combination of MHt pre- and post-radiotherapy in a
murine mammary tumor model.*!

The increasing anti-tumor immunotherapies have made dramatic pro-
gress in clinical application.>® However, single immunotherapy is not ef-
fective for all anti-tumor treatments, owing to the low objective response rate
and the risk of immune-related side effects.>> Combining photothermal
therapy with immunotherapy overcomes the issue that a single photo-
thermal therapy cannot eradicate tumors with metastasis and recurrence.>”
It has been suggested that photothermal therapy improves the therapeutic
effect of immunotherapy by promoting the release of tumor-related anti-
gens, triggering an immune response via immunogenic cell death (ICD).*
Novel photothermal nanomaterials possess unique properties to stimulate
an immune response to increase the therapeutic effect in cancer treat-
ment.*® Palladium nanosheets (Pd NSs) have been applied as the carriers of
immunoadjuvant cytosine-phosphate-guanine oligodeoxynucleotides (CpG
ODNGs), which are recognized by Toll-like receptor 9 (TLR9) in the endosomes
of antigen-presenting cells (APCs), have potent immunostimulatory activities,
and have become a promising immunotherapeutic agent for treating cancer.
Pd(5)-CpG(PS) could significantly increase the uptake of CpG by immune cells
and enhance the immunostimulatory activity of CpG. This novel bifunctional
photothermal nanomaterial inspires scientists to utilize photothermal nano-
materials for a safer and more efficient cancer hyperthermia combined im-
munotherapy.’® Another study investigated an appropriate mixture using
hexapod-like structured DNA (hexapodna) with CpG sequences and gold na-
noparticles, resulting in the formation of composite-type gold nanoparticle-
DNA hydrogels.®” Laser irradiation of the hydrogel resulted in the release of
hexapodna, which efficiently stimulated immune cells to release proin-
flammatory cytokines. Moreover, the treatment significantly retarded the
tumor growth and extended the survival of the tumor-bearing mice.*”

The integration of oncological hyperthermia with imaging guiding in a
nanoparticle system is considered to have remarkable potential for cancer
therapy. In 2020, ICG-conjugated and radionuclide iodine-125 (**°I)-labeled
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Figure 11.2 Illustration showing the design approach of PEGylated Au@Pt nanoden-
drites (NDs) to achieve imaging-guided photothermal/radio-therapy.
Reproduced from ref. 38 with permission from American Chemical
Society, Copyright 2017.

polymeric micelles (PEG-PTyr('*’I)-ICG PMs) were investigated as a non-
invasive imaging-guided photothermal therapy in tumors.*® This study
demonstrated that PEG-PTyr(**°1)-ICG PMs had favorable biocompatibility,
excellent stability, high light-heat conversion efficiency, tumor-targeting
ability, and a fluorescence imaging property after tail intravenous in-
jection. Upon 808 nm NRI light stimulation, tumor size is significantly
shrunk by photothermal therapy with negligible side effects. Liu and col-
leagues designed PEGylated Au@Pt nanodendrites (NDs) as a unique X-ray
computed tomography (CT) and photothermal/radio-therapy enhanced
theranostic platform for cancer therapy.*® The combination of Au@Pt ND-
enhanced radiotherapy with photothermal therapy had a synergistic effect to
suppress cancer cell growth more efficiently than that in other groups. More
importantly, the Au@Pt NDs possess enhanced CT imaging signals that
facilitate precision photothermal therapy® (see Figure 11.2).

11.4 Challenges in Photothermal Nanomaterials for
Oncological Hyperthermia

The majority of nanomaterials possess passive accumulation via the en-
hanced permeability and retention (EPR) effect or active targeting to cellular
receptors in solid tumors.*® Although the EPR effect has been postulated to
carry the nanoparticles and spread inside the cancer tissue, only a small
percentage of the total administered nanoparticle dose is usually able to
reach a solid tumor.*® Physicochemical properties including its size, charge,
pH, and hydrophobicity can dramatically affect its distribution and retention
in tumor tissue. Meanwhile, more attention should be paid to investigate
how their stability in the blood and tumor, cancer cell uptake, and cyto-
toxicity contribute to efficacy once the nanoparticle has reached the tumor’s
interstitial space.*’ A recent study revealed an elaborated nanosystem to
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Figure 11.3 Multistage-responsive clustered nanosystem to improve tumor accumu-
lation and penetration. (A) Schematic illustration for the formation of
Cs-Au-ICG NPs. (B) Size change of Cs-Au-ICG NPs upon different pH
and photothermal conditions.
Reproduced from ref. 42 with permission from Elsevier, Copyright
2021.

adjust particle size upon pH and photothermal effects, which facilitated
tumor accumulation, retention, as well as penetration and renal clearance®?
(see Figure 11.3). More specifically, this size-tunable nanosystem contains
carboxymethyl chitosan (CS) modified Au nanoparticles which encapculate
indocyanine green (ICG) to achieve multi-functionality for applications such
as photothermal therapy, radiotherapy, and photoacoustic and fluorescence
imaging. Interestingly, such nanoparticles can first aggregate in the tumor
around 50 nm taking advantage of the EPR effect to accumulate in the
tumor. Then, these pH-responsive nanoparticles undergo acid-triggered
aggregation to form large-sized aggregates (around 1000 nm) in the tumor
under the acidic microenvironment (pH 5.5) and achieve great tumor
retention. Finally, photothermal treatment was performed, and more
Cs-Au-ICG NPs could penetrate into the tumor after the photothermal
treatment. By combining the PTT and radiotherapy, excellent tumor in-
hibiting efficacy was found in the breast tumor-bearing mice model, showing
excellent potential in clinical tumor therapy applications.

The clearance of nanomaterials by the mononuclear phagocyte system
(MPS) from blood leads to high liver and spleen uptake and negatively
impacts their therapeutic effect. Thakur and colleagues investigated the
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nanomaterial-MPS interactions by evaluating the different shapes of nano-
materials including Au nanorings, Au nanospheres, and Au nanoplates of
similar size. They found that Au nanorings achieved the lowest MPS uptake
and highest tumor accumulation. Especially, Au nanorings with a size of
50 nm exhibited the highest tumor accumulation. Thus, optimized engin-
eering of the shape, surface area, and size of gold nanostructures is critical
in managing nanomaterial-MPS interactions and enhancing nanomaterial
accumulation in the tumor.*?

Laser devices are indispensable components for clinical application of
PTT therapies, because they not only execute thermal ablation by heating
tumor tissue but also stimulate photothermal nanomaterials to achieve
more precise treatment. The US Food and Drug Administration (FDA) ap-
proved two devices involving MRI guidance for the stereotactic laser ablation
of high-grade glioma using Visualase Thermal Therapy™ (150 W, 980 nm
laser) and a NeuroBlate™ laser ablation system (12 W, 1064 nm laser). These
devices may reduce the complexity of PTT therapies. For example, laser
treatment has already been used as a safe and effective approach for several
solid tumors, such as in the liver and prostate tumors, under magnetic
resonance imaging (MRI) guidance.** Recently, many novel photothermal
nanomaterials with excellent photothermal property upon the second NIR
biowindow (NIR-II, 1000-1700 nm) with less absorbance and scattering by
skin, and deep tissue penetration, have recently received increasing atten-
tion for oncological hyperthermia.*’

11.5 Safety and Toxicity of Photothermal
Nanomaterials

Despite the promising properties and therapeutic potential demonstrated by
the approaches based on hyperthermia mediated by nanomaterials, their
translation into the clinic has still been poorly investigated. A major concern
related to biomedical applications of photothermal nanomaterials is long-
term safety and toxicity.*>*’

To date, a majority of the toxicology studies have focused on the assess-
ment of cell viability or cell death using 2D cell culture. Typically, re-
searchers tend to investigate the efficacy of nanoparticle-based oncological
hyperthermia in preclinical studies using in vitro 2D cell cultures, but this
method cannot completely mimic the complex tumor organization, bioac-
tivity, and physiology that all control the complex penetration depth, bio-
distribution, and tissue diffusion parameters of nanomaterials in vivo.**
However, animal models are expensive and time-consuming operations for
researchers. New in vitro and in vivo models for safety and toxicity evaluation
must be the next research topic for biomedical application of photothermal
nanomaterials, such as the in vitro organoids model, which is beneficial for
evaluating nanomaterial therapies and toxicity prior to in vivo study.**°
Organoids recapitulate the three-dimensional organization of human
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organs, such as the kidney®' and liver,’ which is important in detoxifying
the organs of human beings. Astashkina and colleagues used a kidney or-
ganoids proximal tubule model to measure in vitro toxicity of the hydro-
xylated generation-5 PAMAM dendrimer (G5-OH) compared to in vivo rodent
nephrotoxicity. PAMAM nanoparticle dendrimers elicit in vivo-relevant kid-
ney biomarkers and cell viability in a 3D kidney organoid culture that closely
reflects toxicity markers reported in vivo in rodent nephrotoxicity models.”! To
fill this knowledge gap, 3D culture systems have been explored for PTT an-
alysis. These models provide more realistic microenvironments that allow
spatiotemporal oxygen gradients and cancer cell adaptations to be considered.
McCarthy and colleagues applied colorectal tumor organoids to evaluate
semiconducting polymer nanoparticles for oncological hyperthermia.>® Park
and his group conducted systemic assessments on the toxicity of silicon di-
oxide (SiO,) and titanium dioxide (TiO,) nanoparticles using human colon
organoids and an animal model.>® Interestingly, they found more than
2000 mgkg ' LD50 values for both the SiO, and TiO, nanoparticles in an
in vivo acute oral toxicity test, but induced cytotoxicity in 2D cells and 3D colon
organoids was found at relatively low concentrations. The data suggest that
toxicity results may vary between in vivo and in vitro tests.

Most toxicity evaluations measure cell viability and cell death for the de-
tection of plasma membrane integrity or mitochondrial function or assess-
ment of cellular morphology. However, increasing evidence implies that
various toxic effects of photothermal nanomaterials, including ROS gener-
ation, DNA damage, lysosomal damage, mitochondrial dysfunction, and cell
apoptosis or necrosis exist. The cytotoxic effects of photothermal nanoma-
terials can be influenced by specific programmed cell death, such as apop-
tosis, autophagic cell death and regulated necrosis.”® Researchers need not
only to consider whether cells are dead or alive but also to assess which of
the numerous, highly specific pathways of cell death might be involved.
Technically, most nanoparticles are absorbed from the blood by the re-
ticuloendothelial system and accumulate predominately in the liver and
spleen after intravenous infusion. Increasing attention should also be paid
to the potential for unexpected hazardous effects of these nanomaterials
considering their translational application in the future.

The nanoscale size of nanomaterials facilitates them to achieve targeted
drug delivery and passive tumor accumulation, which increase the ther-
apeutic efficacy and reduce side-effects.’® However, this nanoscale size may
be a double-edged sword. The small size may enable nanoparticles to ne-
gotiate various biological barriers in the body which could, in turn, give rise
to unexpected toxicities.”” Compared to larger-sized Pd nanosheets, smaller-
sized Pd nanosheets exhibit more advanced photoacoustic imaging and
photothermal effects upon ultralow laser irradiation. Moreover, in vivo re-
sults indicated that 5 nm Pd nanosheets escape from the reticuloendothelial
system with a longer blood half-life and can be cleared by renal excretion,
while Pd nanosheets with larger sizes mainly accumulate in the liver and
spleen. 30 nm Pd nanosheets exhibited the highest tumor accumulation.
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Although Pd nanosheets did not cause any appreciable toxicity at the cellular
level, we observed slight lipid accumulation in the liver and inflammation in
the spleen. Genomic gene expression analysis showed that 80 nm Pd
nanosheets interacted with more cellular components and affected more
biological processes in the liver, as compared to 5 nm Pd nanosheets. We
believe this work will provide valuable information and insights into the
clinical application of 2D Pd nanosheets as nanomedicines.’®

New insights and developments in nanomaterials science continue to
push nanomaterial-enhanced PTT forward toward clinical application.
However, much work must still be done before this can happen. New
comparative studies between the various nanosystems can help to eluci-
date the optimal treatment regimen, and new biocompatibility studies can
help to determine what qualifies as safe and appropriate usage of these
materials. In addition, many materials have been developed that have ex-
panded the functional tools available for cancer therapy, yet their bio-
logical properties, particularly regarding toxicity and fate after injection,
are poorly understood. Until these materials have been proven to clear after
treatment with no adverse effects, it is unlikely that they will see clinical
application. With future studies, however, it is likely that the capabilities of
nanomaterials to enhance cancer therapy will continue to improve. Many
of the pre-clinical results of nanomaterial-enhanced PTT have demon-
strated strong prospects to present new, low side-effect treatment options
for patients in the future.®

11.6 Conclusions and Future Prospects

Cancer is still one of the leading causes of death worldwide. Photothermal
nanomaterials with unique physicochemical properties have huge poten-
tial to address the unmet clinical needs of cancer treatments. Currently,
oncological hyperthermia using photothermal nanomaterials is still a beta
version, a long way from meeting the requirement of the FDA or other
administrations in other countries. Afterall, safety is the top priority for
drug and therapy development. However, more attention should be fo-
cused on investigating nanomaterial exposure to health hazards. Actually,
it is encouraged to evaluate the potential toxic effects and find out the
related properties that are responsible for toxicity at the beginning of re-
search and development of any photothermal nanomaterials. The current
understanding of nanotoxicity is insufficient relative to the rate of their
emission in the environment and the lack of predictive platforms that
mimic human physiology. This calls for the development of more physio-
logically relevant models, which permit the comprehensive and systematic
examination of toxic properties of nanoparticles. The most recent organ-
on-a-chip models to recapitulate in vivo-like microenvironments and re-
sponses offer a new avenue for nanotoxicological research. Additionally,
it is crucial to clarify the molecular mechanisms of photothermal
nanomaterial-induced cytotoxicity.
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