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Abstract

The nonradiative conversion of light energy into heat (photothermal therapy, PTT) or acoustics
(photoacoustic imaging, PAI) have been intensively investigated for the treatment and diagnosis of
cancer, respectively. By taking advantage of nanocarriers, both imaging and therapeutic functions
together with the enhanced tumour accumulation have been thoroughly studied to improve the pre-
clinical efficiency of PAl and PTT. In this review, we first summarize the development of inorganic
and organic nano photothermal transduction agents (PTAs) and strategies for improving the PTT
outcomes, including applying appropriate laser dosage, guiding the treatment via imaging
techniques, developing PTAs with absorption in the second NIR window, increasing photothermal
conversion efficiency (PCE), and also increasing the accumulation of PTAs in tumours. Second,
we introduce the advantages of combining PTT with other therapies in cancer treatment. Third, the
emerging applications of PAI in cancer-related research are exemplified. Finally, the perspectives
and challenges of the PTT and PAI for combating cancer, especially regarding their clinical
translation, are discussed. We believe PTT and PAI having noteworthy features would become
promising next-generation non-invasive cancer theranostic techniques and improve our ability to
combat cancers.

1. Introduction

Cancer is a major cause of morbidity and mortality worldwide. Each year, there are about 14
million new cancer patients and 8 million people die from cancer-related diseases. Given the
high risk and death rate of cancer, researchers around the world have been struggling to
develop more accurate and rapid diagnostic strategies and effective therapies to fight against
cancer.! The most traditional cancer therapies include chemotherapy, radiotherapy, and
surgery, in which the patients may suffer from serious side effects and unsatisfied treatment
outcomes.2~> These treatment failures have motivated the development of precise and more
effective treatment strategies to deal with cancer. The emerging therapies in cancer treatment
include but are not limited to immunotherapy,5 7 gene therapy,8 @ photodynamic therapy
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(PDT),10 photothermal therapy (PTT),11: 12 which have improved or can potentially improve
the therapeutic outcomes. PTT makes use of the photothermal effect of photothermal
transduction agents (PTAs) that can harvest the energy from light and convert the energy into
heat to increase the temperature of the surrounding environment and trigger the death of
cancer cells.13: 14 Among different therapies, PTT offers certain advantages: the use of
external laser irradiation with adjustable dosage allows precise targeting at tumours so that
the damage to surrounding healthy tissues could be minimized; more notably, PTT is a
highly effective and non-invasive therapy that is capable of eliminating various types of
cancers.1®

Exogenous PTAs with higher accumulation in tumours than surrounding normal tissues are
expected to enhance the PTT outcomes.16: 17 An ideal PTA should have higher photothermal
conversion efficiency (PCE), an absorption that does not overlap with the tumour
background and good accumulation in tumours. The occurrence of a variety of PTAs
accelerates with the advancement on PTT study.18-22 In particular, nano PTAs that can
accumulate in tumours through enhanced permeability and retention (EPR) effect and active
targeting are noteworthy.23-26 |n addition, nano PTAs can achieve higher PCE than small
molecular PTAs and potentially integrate multiple imaging modalities and therapeutic
functions into one platform for advanced applications.2’=2° In the following part of the
review, PTAs are considered as nano PTAs unless otherwise stated. Tremendous efforts have
been made toward improving the PTT performances, due to the presence of certain
disadvantages or biological barriers that limit the effectiveness of PTT on cancer treatment.
The biggest problem of PTT is the limited depth of light penetration, which may lead to
incomplete ablation of tumours outside the scope of irradiation. Besides that, other
disadvantages include relatively low delivery efficiency of PTAs in tumours, overheating of
the tumour area for unnecessary damage to normal tissues, and development of resistance to
PTT due to the overexpression of heat shock proteins in certain cancers.1# A lot of progress
has been made to overcome these shortcomings, such as adopting proper laser dosage,30-32
determination of the best treatment time after administration of PTAs,33 improving the PCE
of PTAs,34-36 developing PTAs with absorption in the second NIR window,37-41 and
enhancing the delivery efficiency of PTAs in tumours by modulation of nanoparticles’
(NPs’) shape, size, and surface chemistry or tumour microenvironment (TME).4247 In
addition, combinations of PTT with other therapies have shown improved treatment
outcomes. In many cases, the treatment outcomes of combined therapies are not a simple
sum of the effect of each therapy alone, but rather a synergistic effect. PTT can directly kill
cancer cells or augment other therapies by improving drug delivery efficiency, stimulating
the drug release, modulating TME, eliciting tumour-specific antigen release, or influencing
other biological related responsiveness.*8-53 With these achievements, improved treatment
outcomes have been observed.

In addition to killing cancer cells, the photothermal effect can generate acoustic waves that
can be detected and converted into imaging signals, which is called photoacoustic imaging
(PAI).54 This technique not only provides us an alternative imaging modality for tumour
diagnosis, but also enables the detection of several biologically relevant signals in a TME,
such as acidic pH, certain enzymes, and reactive oxygen species (ROS).5% 56 Furthermore,
PAI can be useful to assist the operation of surgery by providing instant diagnostic functions.
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57 In most cases, PTAs can be used for PTT and PAI simultaneously, thus could be intrinsic
theranostic platforms.

The past few decades have witnessed rapid advances in NP synthesis and the development of
efficient and “smart” PTAs for PTT and PAIl. Many comprehensive reviews have already
been published on these topics, demonstrating the importance and potentials of PTT in
scientific research and clinical practice.11-15.58-63 Qur review includes the most up-to-date
reports in photothermal cancer therapy and PAL. In this review, we summarize different types
of materials as PTAs and strategies to enhance the efficiency of PTT, discuss examples of
combinational therapies by using PTT together with other therapies and introduce the
emerging applications of PAI in cancer-related research. Finally, the perspectives and
challenges of the PTT and PAI for combating cancer are discussed.

Classification and characteristics of PTAs

PTASs can transfer energy from absorbed light into heat to increase the temperature of the
surrounding environment. Ideally, PTAs are expected to only increase the temperature
locally to reduce the damage to healthy tissues, where the PTA is absent or outside the scope
of laser irradiation. To achieve this goal, the absorptions of PTAs are usually adjusted to the
tissue-transparent window between 750 and 1350 nm, including both first (750-1000 nm)
(NIR-I) and second (1000-1350 nm) (NIR-11) NIR windows.15 PTAs can be divided into
inorganic materials and organic materials (Figure 1). The inorganic materials include noble
metal materials,54 65 metal chalcogenide materials,¢ carbon-based nanomaterials (e.g.,
graphene and carbon nanotubes),?% and other two-dimensional (2D) materials (e.g., black
phosphorus, nanosheets, boron nitride, and graphitic carbon nitride, MXenes).87: 88 The
organic PTAs include NIR-responsive small molecules and semiconducting polymer NPs
(SPNPs).55: 69 Generally, inorganic PTAs own higher PCE and better photothermal stability
than their organic counterparts. But organic PTAs may win out in terms of biodegradability
and biocompatibility. Even with these pros and cons, no conclusion has been drawn
regarding which type of PTA is the best for PTT yet. Scientists have made great efforts to
further improve the photothermal properties and overcome the shortcomings of different
types of materials.

Noble metal materials

Noble metal materials, which are known to be strongly resistant to oxidation, are one type of
most studied inorganic PTAs. Noble metal PTAs, including Au, Ag, Pt, and Pd, can absorb
laser light to excite electrons from the ground state to the excited state, followed by the
release of energy in the form of heat through nonradiative decay.!® Among different
materials, Au-based PTAs are most studied, due to the advances in their synthesis, their
finely tuned absorption, ease of surface modification, and good stability in biologically
related conditions.”? On the surfaces of Au NPs, free conduction band electrons can be
polarized by laser irradiation as long as the optical absorption of Au NPs is resonant with the
wavelength of incident light, which is called localized surface plasmon resonance (LSPR).14
The wavelength of LSPR peak is highly sensitive to the structures and sizes of Au NPs.
Spherical Au NPs have their absorption peak at about 520 nm. The absorption peak of Au
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NPs can be red-shifted by increasing their sizes or changing the structures from spherical to
non-spherical shapes or introducing coupling within nanostructures. We have seen a variety
of Au nanostructures reported, such as Au nanorods,’! Au nanoshells,’? Au nanocages,’3
Au nanorings,*3 Au nano vesicles,’ and chiral Au NPs,”® with their LSPR wavelengths
ranging from visible to NIR region.”® Since the first report of PTT with Au NPs in

2003,76: 77 many literatures have been reported on this topic, demonstrating the importance
of Au nanomaterials in PTT. One of the most studied Au-based PTAs is Au nanorods, which
have aspect ratio-dependent absorption peak positions and excellent PCE.”8 Au nanorods
have two absorption peaks, corresponding to the longitudinal peak in the NIR range and the
transverse peak at about 520 nm. The advancement in Au nanorod synthesis, such as
improving the yield and purity and adjusting sizes and aspect ratios,”9-83 has led to many
successful examples of PTT with Au nanorods.12 84-86 The seed-mediated synthesis of Au
nanorods was initially developed by Murphy et a/87 Then El-Sayed et a/. improved the
synthesis yield of Au nanorods by using cetyltrimethylammonium bromide (CTAB) capped
Au seeds and achieved well-controlled lengths and aspect ratios.88 Later, Murray et af.
further improved the monodispersity and expanded the dimensions of synthesized Au
nanorods with well-defined lengths and diameters by combining CTAB with another
surfactant, sodium oleate, during the synthesis (Figure 2a-i).8% The longitudinal peaks can be
tuned between 800 to 1200 nm by changing the aspect ratios (Figure 2j). However, Au
nanorods exhibit relatively large size distribution, which results in the broadening of their
longitudinal peaks with the full width at half maximum values between 100 to 200 nm and
impaired photothermal effect. More recently, Guerrero-Martinez et al. reported the synthesis
of Au nanorods with extremely narrow LSPR band via a reshaping process, in which the Au
nanorods were irradiated by a femtosecond laser.8% As an alternative to Au nanorods, Au
nanobipyramids with sharper tips on both ends have been developed (Figure 2k). These Au
structures are expected to have higher monodispersity, smaller width at half maximum
values, and stronger electric field enhancement, which lead to improved photothermal
performances.®%: 91 Though with many advantages, the application of Au nanorods or Au
nanobibypramids in PTT has some limitations, including the use of toxic CTAB as
stabilizing ligands, unsatisfied photothermal stability, or lack of payloads holding space. To
address these issues, Au nanostructures free of CTAB with anisotropic shapes or sharp
branches or internal gaps, such as Au nanorings, Au nanostars, Au nanoshells, have been
reported, providing alternative choices for PTAs.43: 72:92-97 Tg provide space for drug
loading, hollow Au nanostructures, such as Au nanocages and Au vesicles, or Au
nanomaterials coated by additional materials, such as polymer or silica (SiO,), have been
developed.47: 73, 98-101 For example, Xia et al. developed hollow Au nanocages through
galvanic reaction by using silver nanocubes as templates (Figure 2I). The Au nanocages
were modified by the thermal sensitive polymers, poly(N-isopropylacrylamide) (opNIPAAmM)-
co-poly acrylamide (AAm), to cover the openings on their surfaces for photothermally
controlled drug release. Upon irradiation by a NIR laser, the temperature increase induces
the collapse of polymer valves and exposure of openings on Au nanocages, from which the
encapsulated payload could leak out.%8 Li er al. prepared hollow Au nanospheres through
galvanic reaction with cobalt NPs as templates.102 Because of the high surface area of
hollow Au NPs, exceptionally high amount of doxorubicin (Dox) was able to be loaded into
NPs. Nie et al. reported the amphiphilic block copolymer-mediated self-assembly of Au NPs
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into hollow vesicles, which were able to simultaneously hold hydrophilic and hydrophobic
payloads in their central void and hydrophobic membrane, respectively. The release of
payload from Au vesicles was triggered by laser irradiation, which destabilized the integrity
of vesicles.%5: 97

Other noble metals, such as Pd or Pt, have also been applied as PTAs for PTT. Compared to
Au-based PTAs, Pd and Pt-based PTAs have better photothermal stability and some catalytic
properties. The NIR responsive Au-based PTAs, such as Au nanorods, would melt into
spherical Au NPs under NIR irradiation due to the low melting point of Au, which reduced
their PCE due to the shift of absorption peaks away from the wavelength of the laser. On the
contrary, the Pd or Pt-based PTAs can maintain their structures better under laser irradiation
due to their higher melting points.193 Scientists have been trying to further improve the
performances of Pd or Pt-based PTAs by enhancing the absorption in the NIR range. Zheng
et al. synthesized the free-standing Pd nanosheets with a thickness of 1.8 nm with tunable
NIR absorption peaks from 826 nm to 1068 nm by increasing their edge lengths (Figure
2m,n). These Pd nanosheets not only generated a significant photothermal effect but also
maintained their shapes and absorption peaks and intensities even after being exposed to a
NIR laser for a long time.193 More notably, these PTAs can have NIR absorption even at a
smaller size than an Au-based PTAs. NPs with sizes smaller than 5 nm are able to clear from
kidneys and have a higher chance for clinical translation. Unlike Au-based PTAs, Pd
nanosheets can keep their strong absorption in the NIR range even with size below 5 nm. In
another study from the same group, Zheng et a/. developed small-sized Pd nanosheets with
an average diameter of 4.4 nm. The small Pd nanosheets not only had good photothermal
property, but also demonstrated prolonged circulation time, good tumour uptake, and renal
clearable property.104 Besides Pd nanosheets, small-sized Pt NPs can also be used as PTAs,
even though they don’t have an absorption peak in the NIR range. Cheng et a/. developed a
dendrimer mediated wet-chemical synthesis method to prepare CuS, Pt, and Pd NPs with
ultra-small sizes. Among them, the Pt NPs with an average diameter of 1.5 nm measured
from TEM, showed the best photothermal properties. Coupled with tumour targeting
ligands, these ultra-small sized Pt NPs showed high tumour accumulation at 24 h
postinjection and led to significant tumour regression after PTT.105 In addition to good
photothermal properties, Pd or Pt-based PTAs have some catalytic properties, which can be
incorporated with PTT to enhance the overall treatment outcomes.19¢ Overall, the noble
metal-based PTAs have shown great potential in PTT due to their excellent photothermal and
optical properties. However, the noble metal-based PTAs are facing high cost and
nondegradable issues, which must be overcome for clinical translation.

2-2. Graphene and graphene analogue-based PTAs

The limitations of noble metal-based PTAs in PTT have motivated scientists to seek other
inorganic materials as PTAs. Alternatively, carbon-based materials, such as carbon
nanotubes, graphenes, graphene oxides, carbon dots, which have broad optical absorptions
and reasonable photothermal properties, have attracted great attention.197: 108 particularly
notable is the graphene, exfoliated by Novoselov and Geim et a/. in 2004 (Nobel Prize
2010), has many unique characteristics, including large surface-to-volume ratio, excellent
electrical and optical properties.6” Although there is still room to improve their PCE, the
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emergence of these carbon-based PTAs have accelerated the development of other graphene
analogues, such as transition metal dichalcogenides (TMDs),109 110 transition metal oxides
(TMOs),111 MXenes,22: 68 hexagonal boron nitride (#BN),112 carbon nitride (g-C3N,),113
black phosphorus,114-116 which either have improved photothermal properties,
degradability, or biocompatibility.113

Carbon nanomaterials, such as graphene oxide and carbon nanotubes, have been intensively
studied as PTAs, due to their elongated conjugation bands with strong NIR light absorption.
Compared to carbon nanotubes, graphenes are expected to have better photothermal
anticancer activity.11’ Graphene is a single-atom-thick graphite, in which carbon atoms
covalently link to other neighbouring carbon atoms into a hexagonal-packed 2D network. Its
atomic thickness and the surface-confined and conjugated electrons have endowed the
materials with some compelling electronic and optical properties, both excellent mechanic
properties and flexibility, and high surface area.5” Because of its unique structure and
electronic properties, graphene shows plasmonic properties, which can convert energy from
the laser into heat through plasmonic photothermal effect.29 Graphene can be prepared by
exfoliation through mechanic force or thermal treatment, epitaxial growth, and chemical
vapour deposition. The most common method to produce graphene is the chemical reduction
of the exfoliated graphene oxide made from graphite oxide. Both graphene oxide and
reduced graphene oxide have been applied in PTT.118. 119 | jy er a/. first investigated the /n
vivo behaviours of PEGylated graphene oxide nanosheets and their application in PTT. The
graphene oxide nanosheets showed better accumulation in tumours compared to other
reported results of carbon nanotubes, which may be related to its 2D structural property. No
noticeable toxicity was observed from the graphene oxide nanosheets after their systemic
administration and complete tumour regression was observed after PTT.118 Compared to its
oxidized form, the reduced graphene oxide significantly increases its absorption in both
visible and NIR regions. Dai et al. prepared water-soluble single-layer reduced graphene
oxide nanosheets with a diameter of 20 nm by reducing the PEGylated graphene oxide with
hydrazine monohydrate (Figure 3a).120 The resulted reduced graphene oxide maintained its
water solubility and showed 6 times enhancement of light absorption at the wavelength of
808 nm (Figure 3b). The enhancement was due to the improved 1 conjugation of the
electrons in reduced form compared to its oxidized counterpart. Owing to the large surface
area, the reduced graphene oxide nanosheets are capable of delivering chemotherapeutics
with high loading efficiency v7a non-covalent interactions to achieve enhanced treatment
outcomes. One problem associated with reduced graphene oxide as PTAs is that it is water
insoluble and requires additional surface modification before it can be applied for /n vivo
applications.

Encouraged by the rapid progress of graphene in PTT, many other graphene analogues have
been developed to further enhance the PTT efficacy. These materials have similar chemical
structures as graphene and, therefore, excellent optical and electronic properties and large
surface area, comparable to or even better than graphene. Especially, many of them can be
dispersed in water directly after preparation, which is suitable for biomedical applications.
Among these materials, 2D TMDs, TMOs, and MXenes have attracted a lot of attention due
to their excellent photothermal properties.22 111. 121 TMDs or TMOs are made from a
transition metal, such as molybdenum (Mo), tungsten (W), titanium (Ti), and chalcogen
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atoms, such as sulfur (S), selenium (Se), tellurium (Te), or oxygen (O) atoms. These
materials display strong optical absorption in the NIR region and good photothermal
properties, due to their thickness-dependent quantum size effect and tuneable crystal
structures, leading to their well performance in PTT and other related applications.6” For
instance, a single layer MoS, nanosheet is composed of a sandwich-like structure, with a
layer of positively charged Mo between two layers of negatively charged S connected via
covalent interactions. In bulk materials, MoS, nanosheets are bonded through weak van der
Waals interactions.122 The exfoliation of raw materials will produce MoS, nanosheets,
accompanied by the occurrence of some new properties, such as photoluminescence and
strong NIR absorption.2! In addition, both Mo and S are life-containing elements, which
render MoS, nanosheets relatively good biocompatibility. Dravid et a/. chemically exfoliated
MoS, nanosheets by intercalating MoS, nanosheets with lithium, followed by their
ultrasonication in water. The oxidization of alkali metals and formation of H, gas broke the
MoS, powder into nanosheets. The obtained thin MoS, nanosheets were water soluble and
demonstrated NIR absorption at 808 nm comparable to that of reduced graphene oxide and
higher than graphene oxide and Au nanorods.123 The chemical exfoliation method, so-called
‘top-down’ method is time and energy consuming. As an alternative, the MoS, nanosheets
can also be prepared by chemical synthesis, so-called ‘bottom-up” method. Shi et a/.
reported the synthesis of MoS, nanosheets in an aqueous solution of polyethylene glycol
(PEG) via a solvothermal method (Figure 3c). The PEG chain can bind to the surfaces of
MoS, nanosheets during their synthesis to enhance their stability and water solubility.
Through this method, the MoS, nanosheets can be produced with high yield and have good
dispersion in water, inherent stability under physiological environment, and adjustable sizes.
124 MoS, nanosheets with piece diameters of 50.4, 79.2, 103.1, 194.9, and 297.5 nm were
produced (Figure 3d-h), of which MoS;, nanosheets with a diameter of 79.2 nm showed the
highest photothermal efficiency. The 80 nm MoS, nanosheets were applied to PTT against a
4T1 tumour model, leading to complete elimination of tumours.

Recently, MXenes, a new type of graphene analogue, have been used as PTAs. The MXenes
have a general formula of M1 X, in which M and X represent transition metal elements
(e.g., Ti, tantalum (Ta), Mo, niobium (Nb), vanadium (V), and zirconium (Zr), etc.) and
carbon (C) or nitrogen (N), respectively.8: 107 Compared to reduced graphene oxide,
MXenes have higher light absorption, probably due to the higher electronic conductivity.
Many examples of photothermally induced ablation of tumours derived from MXenes have
been demonstrated, such as, Nb,C, Ti3C», and TasC3.12% 126 MXenes are prepared by
selectively etching away the A-layer from raw MAX phases, in which A stands for element
from group I11A or IVA.57 The etching is usually achieved by introducing acidic media, such
as hydrogen fluoride or fluoride containing acid. More recently, Geng et a/. made use of a
new etchant, tetramethylammonium hydroxide, to prepare Ti3C, nanosheets terminated with
Al(OH),~. This strategy not only facilitated the delamination of TizAlIC, into the thin-
layered structure but also introduced Al oxoanions on nanosheets, enhancing their NIR
absorption and photothermal properties.126 The obtained Ti3C, nanosheet showed an
extinction coefficient of 29.1 L g~tcm™1, which was higher than Au nanorods and some
TMD materials. Later, Shi et al. reported the synthesis of ultrathin 2D MXene named as
tantalum carbide (Ta4C3), which showed even higher PCE than traditional Ti3C, nanosheets
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and could serve as X-ray computed tomography (CT) contrast agents due to the presence of
high Z element of Ta.22 In another work of Shi et a/,, a biodegradable ultrathin Nb,C
nanosheets were reported (Figure 3i-k). The Nb,C nanosheets exhibited absorption in both
NIR-I and NIR-Il windows and outstanding photothermal conversion efficiencies of 34.9%
and 46.65% upon irradiation by an 808 nm and a 1064 nm laser, respectively. Their unique
enzyme-responsive biodegradability to human myeloperoxidase is another advantage over
other inorganic PTAs. 127

Recently, black phosphorus has gained more and more attention as PTASs or in other
biomedical applications, due to its unique structure and properties, good biocompatibility,
and biodegradability.114-116. 128,129 Fach of its layer is a bilayer structure in the zigzag
direction, in which one phosphorous atom is connected to three adjacent phosphorus in two
different planes. It exhibits tuneable bandgap and absorption range, good photothermal
performances, and can be degraded into non-toxic intermediates, such as phosphate and
phosphonate, upon reacting with water and oxygen.116: 130 As an example, Cao et a/. have
developed a black phosphorus-based hydrogel, from which controllable drug release was
achieved through manipulation of external laser stimuli. The entire black phosphorus-based
drug delivery hydrogel was nontoxic and completely degraded /n vivo.11° The degradation
rate of black phosphorus can also be adjustable. For example, Chu et al. prepared black
phosphorus quantum dots loaded nanospheres by wrapping the black phosphorus quantum
dots in poly (lactic-co-glycolic acid) (PLGA). The formation of PLGA shell outside black
phosphorus quantum dots reduced access of black phosphorus toward water and, therefore,
the degradation rate.129

inorganic PTAs

Besides above introduced materials, many other examples of transition metal-based PTAs,
such as quantum dots, metal oxide NPs have been reported. The light harvested by quantum
dots can be partially converted into heat through non-radiative decay besides fluorescence
emission, the process of which is related to NP structures. For example, Chen et a/. prepared
Ag>S quantum dots with different sizes and found that Ag»S quantum dots with the largest
diameter of 9.8 nm had the optimal PCE.131 Copper chalcogenides, such as CuS, Cu,.,S,
and Cu,_xSe have also been applied as PTAs due to their good PCE.29: 132-135 Chen et 4/,
reported the synthesis of the CuS NPs in the cavity of ferritin with an average size of 8 nm
and uniform size distribution.2® The obtained NPs had good biocompatibility and PCE.
Metal oxide NPs, such as iron oxide NPs, show black colour and can be used as PTAs. Wu et
al. reported the solvothermal synthesis of Fe30,4 nanoflowers with controllable size.138 The
NPs were demonstrated to be both PTAs and magnetic resonance imaging (MRI) contrast
agents. In another example, the same group investigated the optimization of titanium oxide-
based materials as PTAs.137 Traditional TiO, NPs have wide bandgap and do not absorb in
the NIR region. In their work, TigO15 NPs with Magnéli phase were prepared by an arc-
melting technique and compared with anatase and rutile TiO, materials. The TigO15 NPs
with Magnéli phase had NIR absorption and better photothermal effect.
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2—-4. Small molecule-based PTAs

Organic molecules having longer wavelength especially in the NIR-1 range and beyond are
suitable for biomedical applications including imaging (photoacoustic) and therapy (PTT).17
Ideally, design and fabrication of organic PTAs should encompass some basic prerequisites
for effective PTT: (i) high level of safety and ease to modify formulation, (ii) ability to tune
the optical properties in the NIR region v/a dedicated synthesis, (iii) high PCE achieved by
reducing singlet oxygen generation yield/fluorescence quantum yield (QY), (iv) excellent
biodegradability for the clearance /in vivo, and (v) light-specific toxicity in the selected
regions, e.g. tumour cells only.16: 17. 138 So far, significant progress has been made in the
design of organic molecular PTAs together with improved photophysical and chemical
properties. To date, NIR-absorbing organic PTAs based on (i) small molecules (cyanine,
porphyrin, BODIPY, phthalocyanine, croconaine), and (ii) SPNPs have demonstrated
excellent therapeutic efficacy and are studied extensively as a potential PTT agent. Organic
small molecule-based PTAs, such as cyanine dyes and porphyrin, have been frequently used
in both imaging and therapy of cancer.139 140 But they share the same disadvantages,
including poor aqueous solubility, limited tumour accumulation, bioavailability,
photobleaching, and low photothermal efficiency. Unlike delivery of small molecules in free
forms, nanocarriers based delivery tools outperform therapeutic efficacy viaimproved
solubilization and pharmacokinetics, enhanced tumour penetration and retention /n vivo,
resistance to photobleaching, and increasing the photothermal efficiency.141

2-4-1. Cyanine—Cyanine dyes basically comprise of two aromatic nitrogen-containing
heterocycles interconnected by a polymethine chain (also known as “push-pull”
configuration).142 The final characteristics of these dyes depends upon the number of
aromatic rings and the polyenes length.143 Interestingly, unlike other small molecules,
cyanine structure is relatively flexible and allows facile modification at different positions of
the carbon backbone. For instance, Cy3 having absorption and emission nearly in the visible
region can be modified further by the addition of double bond resulting in a red-shift of
~100 nm or by extension of the nitrogen-containing heterocycles to redshift by ~20 nm.
138,144 This can finely tune excitation/emission wavelength of cyanine dyes (Cy5/Cy7 > 650
nm) to fall in the NIR region. Nevertheless, the increase in the polyenes length or aromatic
rings would make cyanines more susceptible to photobleaching and more hydrophobic. To
overcome such limitations, various design strategies such as; implementation of a rigid
chlorocyclohexenyl ring in the methine chain for better stability, 14> modification with
sulfonate groups for enhanced solubility, 14> and conjugation with a small-molecule triplet-
state quencher4® for reduced photobleaching have already been proposed. Together with
improved photophysical properties, excellent biocompatibility of cyanine dyes makes them
an attractive candidate for biological applications including sensing and imaging.147: 148
Similarly, cyanine dyes having strong NIR absorbance can also be used as molecular PTAS,
provided that the incoming light energy is maximally converted into heat instead of
fluorescence or singlet oxygen generation. To this end, cyanine molecules such as ICG,
IR825, IR780 and Cypate endowed with excellent photophysical abilities (higher molar
extinction coefficient: >2 x 10° M~1em~ but weak fluorescent QY: 1-18%) have emerged
as a potential candidate for PTT.5% Among several cyanine dyes, only ICG has received
Food and Drug Administration (FDA) approval and can be administered directly for
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diagnostic purposes.149 Nevertheless, these dyes are prone to degradation after prolonged
and repeated exposure of NIR laser resulting in poor photothermal efficiency. This limitation
was further addressed by the synthesis of new NIR absorbing dyes IR780 and IR825 having
superior photostability over ICG/Cypate.150. 151 The design of these dyes mainly has a rigid
cyclohexenyl ring in the heptamethine chain that enables excellent photothermal abilities
even after repeated exposure to NIR laser. This confers improved photostability of cyanine
dyes for both fluorescence imaging and photothermal treatments of tumours. Although the
Stokes shift and QY of cyanine dyes have great tuning flexibility for the relevant
applications, it is important to note that the free dyes do not readily accumulate in the
tumours and they are washed out quickly from the targeted regions. Therefore, further works
related to the /n vivoPTT of tumours using such small molecules are explicitly based on the
delivery viananocarriers. To date, plethora of findings have highlighted the relative
improvement in the photophysical properties of cyanine dyes by harnessing the potential of
NPs mainly because (i) NPs loaded with many chromophores have higher absorption cross
section compared to single organic dye, (ii) NPs can reduce photobleaching of small
molecules via activated quenched state possibly due to intermolecular dye interactions, (iii)
NPs can increase aqueous solubility and (iv) improve blood-circulation time of small
molecular PTAs.152 So far, organic nanocarriers such as polymeric micelles, vesicles, and
liposomes have been mostly used for cancer theranostics including PTT. For instance, IR825
dye has a higher absorption coefficient and lower fluorescence quantum yield that makes it a
suitable PTA. However, its therapeutic application is largely restricted due to its very low
water solubility and minimal tissue uptake. By taking advantage of nanocarriers, Zhao et al.
incorporated IR825 in thermoresponsive liposomes to enhance bioavailability and
photothermal effect /7 vivo.153 The simple fabrication strategy to yield liposomal NPs
eliminates substantial modification of cyanine dyes at the molecular level and endows
additional advantage to co-encapsulate other drugs for combination therapy as well. In
addition to this, liposomes are also used to load amphiphilic cyanines such as ICG. The
lipophilic polyaromatic polyene tail of amphiphilic ICG molecules can be inserted into the
hydrophobic bilayer while the hydrophilic sulfonate head can face both interior aqueous core
and the exterior hydrophilic environment. Such spatial arrangement of small molecules may
differ according to the class of nanocarriers and are often implicated with varying degrees of
photothermal efficacy. To this end, Park et a/. recently reported that the arrangement of ICG
in the lipid bilayer and subsequent interaction with phospholipids was able to regulate the
PCE in phototherapeutic applications.1>* The optimized ICG-liposomal composition
(DMPC:PEG-PE:ICG=950:50:4) showed better antitumour effect /n vivothan the free ICG
and other liposomal formulations. The relatively large size of liposomes may result in
compromised tumour retention and uptake. Therefore, smaller sized nanocarriers such as
micelles have comparative advantages of improved circulation time, higher tumour retention
and enhanced PTT outcomes /n vivo. To this goal, Wu et al. recently prepared nanomicelles
by the self-assembly of IR825 conjugated amphiphilic block copolymers
methoxypoly(ethylene glycol)-block-poly(L-aspartic acid sodium salt) (PEG-PLD-IR825).
155 Besides excellent PCE, photothermal ablation, and tumour specificity, these micelles had
high drug loading (~21%), sustained tumour retention, prolonged circulation half-life,
mitochondrial accumulation, and negligible premature release of cyanine while in
circulation /n vivo (Figure 4a). Notably, mitochondrial localization of micelles favoured
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higher PTT after NIR irradiation at a relatively low drug concentration (50 pg mL™1) as
observed in the HelLa cells /n vitro. However, most of the cyanines including aforementioned
IR825 are prone to photobleaching as observed by the change from coloured to colourless
sample solution after repeated laser irradiation. Therefore, a more versatile micellar system
that can possibly reduce photobleaching and enhance PCE is desirable. In a recent example,
Chen et al. fabricated polymeric micelles encapsulating Cypate as PTAs (CA-Micelles)
(Figure 4b).156 |t was observed that the micelles could reduce the photobleaching of Cypate
after encapsulation, enhance cellular uptake via co-loaded 17-AAG (HSP90 inhibitor),
resulting in better tumour accumulation and PTT. In brief, cyanine based nanoprobes for
PTT have received considerable attention and improvisation, however, some fundamental
limitations ascribed to compromised PCE, photo-stability and tumour specificity requires
further investigation.

2—-4-2. Porphyrin—Porphyrins with four pyrrole subunits interconnected by methane
bridges and their subsequent derivatives (including chlorins and bacteriochlorins) having
well-suited photophysical properties are pivotal in clinical phototherapy and imaging.1%7
Such porphyrins have gained huge attraction in both diagnostic imaging such as MR,
fluorescence imaging; and therapies such as PDT, radiotherapy and sonodynamic therapy
(SDT).158-160 At present, two porphyrin constituents, Photofrin, a complex mixture of
hematoporphyrin derivatives, and benzoporphyrin derivative verteporfin (Visudyne) are
approved by FDA as photosensitizers (PS) for PDT in the USA.161. 162 Nevertheless,
monomeric porphyrin structures are susceptible to poor aqueous solubility, limited tumour
accumulation, bioavailability, and adverse skin photocytotoxicity. To overcome challenges of
monomeric porphyrin delivery and enhance their biological/physiochemical properties, a
robust supramolecular based approach where these monomers can assemble via
intermolecular forces have been studied extensively.163. 164 The design of supramolecular
structures such as dendrimers, liposomes, microbubbles (MBs), polymers, micelles, films
and inorganic NPs (silica, metals) are routinely investigated to enhance the penetration
ability of deeply-suited tumours, phototherapeutic killing /7 vivo and other several
combination therapies.2’- 165. 166 Recently, Zheng et a/. have summarized advancements in
the design of porphyrin supramolecular chemistry for enhanced therapeutic outcomes. 139
For instance, higher therapeutic killing at a relatively low dose of porphyrin, long circulation
time, excellent biocompatibility even at high dosing, and increased uptake by tumour cells
were successfully validated by using different porphyrin-based supramolecular structures.
167-170 gpecially, porphyrins and derivatives having large extinction coefficients have been
mostly investigated for PDT.171 The ability of these molecules to generate a large number of
reactive oxygen species (ROS) viatype-11 mechanism (dominant) have been successfully
translated for cancer theranostics. Although porphyrins have been the foundation of PDT,
Zheng et al. recently reported the novel application of porphyrin as an organic PTA that has
comparable optical absorption to Au NPs depicting high photothermal efficiency.1® These
phospholipid-porphyrin conjugates could self-assemble to form a liposome-mimicking
structure denoted as ‘porphysomes’, having a high loading capacity of porphyrin, excellent
biocompatibility, and high NIR absorption ability. The porphysomes demonstrated high
extinction coefficient (eggo) of 2.9 x 109 M~1em™1 due to the dense packing of porphyrins
(~8 x 104 porphyrins in a single porphysome). Self-quenched porphysomes, therefore, could
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release energy mainly in the form of heat instead of fluorescence or singlet oxygen
generation with an efficiency to that of plasmonic NPs such as Au. Such mechanism is not
applicable to monomeric porphyrins and is solely result of highly-quenched state viathe
self-assembly of high-density porphyrins in a form of the organic nanostructure. Zheng et al.
further successfully compared the PTT vs. PDT efficiency of these porphysomes especially
considering the hypoxic and hyperoxic tumours.172 The results showed clear evidence of
complete tumour eradication and overall survival for the mice treated with porphysomes as a
PTT in both hypoxic and hyperoxic situations. To pursue excellent phototherapy, more
robust nanocarriers having stimuli-responsive properties are also being investigated.
Recently, Li et al. reported a self-assembled polymeric micelle (poly(ethylene glycol)-block-
poly(diisopropanol amino ethyl methacrylate cohydroxyl methacrylate) (PEG-b-PDPA,
referred to as PDPA)) conjugated to Ce6 that can function as a both PTT and PDT agent
under single laser irradiation of 655 nm (Figure 4c).173 The phototherapeutic ability was
mainly dependent upon the intracellular acid-switchable property of PDPA micelles in TME.
Under acidic environment, the responsive core-shell micelles switched from PTT mode
which was mainly from the packed porphyrin structures to PDT after disintegration to the
monomers (pH < 6.2). Interestingly, the PCE of micelles was independent of the pH change
(only dependent upon micelle concentration or the power density) but the singlet oxygen
generation was highly pH dependent as observed with a ROS indicator (9,10-
anthracenediylbis(methylene)dimalonic acid (ABDA)) /n vitro (Figure 4d). Collectively,
significant hyperthermia combined with singlet oxygen generation demonstrated excellent
synergistic therapy both /n vitroand in vivo. Recently, Hedley et al. have reported the
feasibility study of porphysomes as a PTA for successful treatment of pancreatic cancer in a
well-established patient-derived orthotopic xenograft model.1”# This envisages the potential
role of porphysomes for future PTT-related pre-clinical studies.

2-4-3. Other Small Molecules—Beside porphyrins and cyanines, there have been a
variety of other organic molecular PTAs reported exhibiting photothermal activities.16
Phthalocyanines having higher molar absorption and excellent optical stability are a good
choice for PDT but are less studied for PTT.17® Recently, Huang et a/. reported the design of
new copper phthalocyanine (PcC1) based small molecules that induced severe hyperthermia
regardless of aggregation.1® Although these small molecules have shown elevated
temperature compared to ICG and methylene blue at 685 nm laser irradiation, the detailed /n
vivo studies are further required. In another experiment, Chen et a/. investigated a
wavelength dependent photoconversion characteristics of BODIPY fluorophore to trigger
PDT and PTT under 660 nm and 785 nm laser irradiation respectively.1’” The polymeric
vesicles loaded with high concentration of BODIPY revealed both J- and H-type aggregates
resulting in the shift of absorption peak towards NIR region and a protective functional
shield against photobleaching. No tumour regrowth was observed /in vivo owing to the
enhanced tumour accumulation and effective phototherapy of BODIPY NPs. In 2013, Smith
et al. introduced the use of croconaine (Croc) dyes for effective PTT and negligible singlet
oxygen generation at 780 nm laser irradiation.1® The croconaine dyes having high molar
absorption (~800 nm) and low fluorescence QY's collectively make them a suitable candidate
for PTT. Moreover, ultralow singlet excited state lifetimes endowed resistance to
photobleaching at repeated laser irradiation. Liu et a/. recently reported the fabrication of
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NPs assembled by human serum albumin (HSA) and croconaine dyes self-assembled NPs
(HSA-Croc NPs) for pH-dependent PTT.17® The HSA-Croc NPs with pH responsive NIR-
absorption peak (~ 790 nm) at its zwitterionic acidic form showed enhanced photothermal
efficacy towards large tumour compared to the pH-inert counterparts /n7 vivo. Notably, this
new design has possibly overcome past limitations such as high laser power and low
hyperthermia that hindered effective PTT based on the use of Croc-dyes. However, more
studies related to the biodistribution and clearance of these dyes /in vivo are required to
further validate the suitability for clinical PTT.

2-5. NIR-absorption SPNPs for PTT

Among several organic nanoplatforms, SPNPs with excellent optical property have gained
immense popularity recently.189-184 The large r-conjugated backbone and high electron-
delocalized structure of SPNPs allow excellent light-amplifying and light-harvesting
properties in the NIR region and therefore offer new opportunities especially in the field of
imaging and phototherapy.185. 186.187 Besjdes, other properties such as photostability,
brightness, cytotoxicity, particle size, absorption and emission spectra are also largely
responsible for the excellent PCE of SPNPs. So far, this may be attained by careful
modification of backbone structures, selecting the right SPs during the process of
fabrication, or via surface modification of SPNPs.152 Several classes of polymers such as
polyaniline (PANI),188 polypyrrole (PPy),3> PEDOT:PSS,189 and conjugated donor-acceptor
(D-A\) structuresi® are extensively studied for the photothermal applications. Among these,
polyanilines are the first of its type to be reported for the PTT of cancer. The molecular
configuration of PANI allows a facile switch from emeraldine base (EB) to emeraldine salt
(ES) in the presence of dopants such as transition metals, strong acids, alkali ions and Lewis
acids.191 This transition can induce significant red-shift in the optical absorbance peak (NIR
range) viaa change in the inter-band gap state between conduction and valence bands.
Doped-PANI can therefore absorb incoming NIR light and generate a substantial amount of
heat energy that can be used for cancer-cell ablation. In 2011, unlike the use of external
dopants, Haam et a/. reported the feasibility of using intrinsic biological dopants to induce
PANI-triggered PTT in epithelial cancer.192 Unlike normal cells, cancer cells are slightly
acidic and are a rich source of oxidative species that can complement the dopants necessary
for the protonation of PANI for effective PTT in tumours. So far, only a handful of PANI
based purely organic nanostructures are available for PTT.193 This may be due to the
complexity in the modification of PANI that requires conductive materials such as Au, Ag to
shift the transition from extremely low pH (<3) to a high pH environment mimicking TME.
194,195 The SPNPs having higher absorbance and facile light-to-heat conversion ability are
desirable for enhanced photothermal killing of cancer. Moreover, such NPs should also
encompass better pharmacodynamics when injected /n vivo. In 2012, Liu et al. fabricated a
class of NIR-absorbing conducting polymer mixtures based on
poly(3,4ethylenedioxythiophene):poly(4-styrenesulfonate) PEDOT:PSS for effective PTT.
196 After series of surface modification, the “stealth-like” PEGylated PEDOT:PSS NPs
demonstrated high blood-circulation half-life of ~21 h resulting in excellent tumour
accumulation and effective PTT /n vivo. Since then, various multifunctional PEDOT:PSS
NPs capable of delivering chemotherapeutic drugs and simultaneously performing PTT have
been investigated for combination therapy.189 Liu er a/. reported the feasibility of PPy, also a
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family of SPs that were previously used for optical coherence tomography (OCT),197 as a
potential candidate for the PTT of cancer.198 The poly(vinyl alcohol) (PVA) stabilized PPy
NPs having a smaller size (~60 nm) and absorption in the NIR-region was successfully
utilized for PTT both /in vitroand in vivo. Since then, PPy NPs having good photostability,
biocompatibility, and high conductivity have emerged as a potent PTA in cancer
theranostics. Dai et al. reported the fabrication of a uniform PPy NPs having excellent
photothermal ability /n vitro and later investigated the photothermal effect of PPy both /in
vitro and in vivo in a mouse tumour model.3% 199 Compared to the PANI NPs, PPy
demonstrated excellent PTT effect after exposure to an 808 nm laser (1.5 W cm=2 for 10
min) by spontaneous temperature rise (At = 20 °C) within 2 min /n vivo, leading to complete
ablation of tumours at 20 days post-therapy. Currently, the design of SPNPs has achieved
remarkable progress for enhanced photothermal ablation of tumours. The emerging designs
usually capitalize on facile energy transfer of excited photons that can be maximally
channelized for the generation of heat. Herein, the diketopyrrolopyrrole (DPP) derivatives
having high photostability and planar structure are gaining popularity. Because of a typically
high electron-deficient core, these polymers can be successfully attached to an electron-
donating substitute such as triphenylamine (TPA) resulting in a donor-acceptor—donor (D-A-
D) topology (Figure 5a).200 The modified D-A topology not only improved the
semiconductive property but also enhanced the NIR-absorption essential for effective PTT
(Figure 5b). Together with enhanced PTT, the biodegradability and biocompatibility of
SPNPs should be carefully considered to meet the clinical requirement. Recently, Pu et al.
proposed a promising theranostic SPNPs with excellent biodegradability and photothermal
properties.291 As SPs have vinylene bonds that can densely pack or coil within NPs, it is
possible to increase the mass absorption coefficients thus enhance PCE/amplified PTT
(Figure 5c-e). At present, this PCE (~71%) is the highest compared to the previously
reported TBD-based SPs (68.1%) and many other inorganic NPs including Au and quantum
dots.202 Moreover, the enzymatic degradation of vinylene bonds in the presence of oxidative
species (peroxidase) allowed facile degradation of SPNVs in the biological environment
thereby eliminating the risk of long-term toxicity /n vivo (Figure 5f). In addition to this,
Tang et al. developed a photothermally stable and ROS resistant D-A organic NPs (ONPs)
for the enhanced phototheranostic application (Figure 5g).203 Importantly, highly quenched
molecular topology in water as observed in the photoluminescence spectra at 1020 nm
combined with highly efficient D-A structure that can facilitate facile intramolecular charge
transfer (ICT) contributed for the ROS-resistant, reduced photobleaching, highly stable and
maximized PCE of ONPs (Figure 5h-j). The summary of these molecules and their
corresponding therapeutic activities are listed in Supplementary Table I.

3. Approaches to enhance photothermal treatment outcomes

The success of photothermal cancer therapy is related to many issues, including the use of
appropriate radiation dosage, determining the best treatment time, and enhancing the PCE
and tumour accumulation of the PTAs. The laser power intensity can influence the cell death
mechanism after PTT and laser irradiation overdose may cause overheating and unnecessary
damage to normal tissues.32 Depending on the PTAs’ structures and physical properties,
their time-dependent accumulation in tumours after systemic administration vary from case

Chem Soc Rev. Author manuscript; available in PMC 2020 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Liuetal.

Page 15

to case. Therefore, imaging techniques should be combined to determine the best time point
for treatment. Also, laser light intensity attenuates significantly with the penetration depth,
leading to a lower temperature rise of tumours buried deeper in the body.294 Enhancing the
PCE of PTAs and developing NIR-11 PTAs can be beneficial to treat such tumours. Last, the
concentration of PTAs in the tumours is critical for determining the PTT outcomes.
Increasing the accumulation of PTAs in tumours results in more efficient treatment.

3-1. Controlling the appropriate laser dosage

In general, laser light with longer wavelength and stronger intensity has deeper penetration.
However, it is important to apply appropriate laser dosage to achieve better PTT outcomes
and avoid damage to normal tissues. Studies have shown that photothermal can trigger cell
death through either necrosis or apoptosis, depending on the intensity of radiation.32 205
Fuente et al. has demonstrated that the PTT induced cell death pathway v7a necrosis or
apoptosis can be controlled by adjusting the laser irradiation intensity.29% More specifically,
lower laser power density leads to a higher population of cells death from apoptosis and
higher laser intensity usually causes necrosis. During necrosis, the cell membrane will be
destabilized and broken, followed by the release of intracellular contents. The advantages of
necrosis include the efficient and immediate killing of the cancer cells and receiving less
resistance to PTT.14 32 However, necrosis may also impair the treatment outcomes by
triggering pro-inflammatory responses and promoting tumour growth. On the contrary, the
integrity of the cell membrane will be preserved during apoptosis. The process is
characterized by cell shrinkage, oligonucleosomal fragmentation of nuclear DNA, swelling
and leaky mitochondrial membrane, and chromatin condensation. Yet, due to the integrity of
the cell membrane, the dying cells can be recognized and uptaken by phagocytic cells in a
timely manner, decreasing the undesired inflammatory responses and enhancing treatment
performances.14 32 The potential problem of photothermally induced apoptosis is that cells
may develop resistance to the PTT similar to chemotherapy or radiotherapy. Considering the
differences in biological responses due to the dissimilar cell death mechanisms, it is
recommended to change the laser dosage for different applications or therapies.

In most of the PTT studies, thermal cameras have been used to monitor the temperature rise
in the tumours to regulate the irradiation dosage and avoid overheating. However, this
strategy is insufficient to provide temperature mapping for the entire tumour and avoid
overheating for specific tumour regions. Thermal camera records the overall temperature of
entire tumour tissues, which does not consider the nonuniform distribution of PTAs in
tumours and attenuation of laser light with increasing penetration depth. Thus, it is difficult
to completely avoid the damage to adjacent normal tissues during PTT caused by the
overheating and massive heat transfer, especially for tissues located closer to the surfaces.
New methods should be developed to provide extra regulation on the energy input from the
laser. For this purpose, Zheng et a/. developed the photothermal enhancing auto-regulated
liposomes (PEARL) with photothermal feedback control function by introducing
bacteriopheophorbide-lipid dye conjugates in a thermoresponsive lipid bilayer.2% More
specifically, the lipid-conjugated dyes initially formed J-aggregation in the liposomes,
leading to strong light absorption and efficient temperature rise under laser irradiation. When
the phase transition temperature of the thermoresponsive lipid bilayer is achieved upon laser
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irradiation, the PCE of the PEARL decreased due to the disruption of the J-aggregation,
preventing further temperature rise and avoiding potential overheating during PTT. Based on
these automatic PEARLS, deeper and more homogeneous heating was achieved in a 3D
polyacrylamide hydrogel model. In addition, more accurate temperature monitoring can be
achieved by introducing nano thermal meters into PTAs, thus, providing better control over
the laser dosage in PTT. For instance, Li ef al. developed one type of PTAs with temperature
monitoring function by wrapping core-shell upconversion NPs with a carbon-layer
(csUCNP@C) (Figure 6a-c).3! The localized temperature was reported by the temperature-
dependent fluorescence signals of the UCNPs. The authors also designed a special set-up,
which was able to measure the temperature of a macroscopic solution by a thermal probe
and determine the microscopic temperature at the nanoscale with a spectrophotometer
(Figure 6d). The PTAs made use of the relationship between the fluorescence ratio (525 nm
to 545 nm) and a function of temperature to obtain the temperature changes at the nanoscale
(Figure 6e). With the special set-up, they found that significantly higher eigen-temperature
rises of csSUCNP@C were obtained compared to macroscopic temperature rises in solution
under laser irradiation at each time point (Figure 6f). Then through /n vitro experiment, they
found that the csUCNP@C internalized cancer cells could be killed under laser irradiation (5
min 0.3 W/cm?) with the only 1.4 °C increase of the macroscopic temperature (Figure 6g).
The fluorescence characterizations indicated an intracellular temperature rise of 23 °C for
cancer cells with csUCNP@C internalized upon laser irradiation. But the cancer cells
without csUCNP@C remained alive with 1.4 °C increase of the macroscopic temperature by
external heating and were dead only when the macroscopic temperature increased by more
than 3.6 °C (Figure 6g). In addition, the authors demonstrated that PTT with low laser
intensity was able to Kkill cancer cells containing PTAs but leave adjacent cells without PTAS
alive (Figure 6h-j). Based on this mechanism, the authors used lower power density laser to
irradiate tumours for multiple times to achieve successful ablation of tumours. In short, the
laser power density and temperature change profiles in PTT can determine the different cell
death mechanisms, and eventually the final treatment outcomes. More work should be done
to monitor and regulate the input of laser energy for improved therapeutic performances.

Determining the best treatment window

In many preclinical studies, the systemically administered PTAs go through the blood
circulation system and accumulate in tumours through EPR effect. The pharmacokinetic
behaviour of PTAs varies from each other, due to the differences in their physical properties.
Usually, the treatment outcomes can be better if PTT is performed when PTAS reach the
highest accumulation in tumours. PTAs having imaging modalities can monitor the
accumulation of NPs in tumours in real-time after systemic administration and provide
guidance to PTT, which is called imaging-guided therapy.33: 207 Many imaging modalities,
such as positron emission tomography (PET),298-210 single photon emission computed
tomography (SPECT),211 MRI,212-214 flyorescence imaging,®®: 215 afterglow luminescence
imaging,216 PAI,217 ultrasound imaging,2’: 99: 218 OCT,219 and CT,220. 221 have been
combined with PTAs to assist the conduction of therapies.222 In some cases, multiple
imaging modalities have been combined to provide more information for tumour diagnosis
and therapy monitoring. In this section, we will summarize recent examples of how imaging
techniques could be used to guide PTT for better treatment outcomes.
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3-2-1. Fluorescence and afterglow luminescence imaging-guided PTT—
Fluorescence imaging refers to the collection and recording of optical signals emitted from
any form of matter when illuminated by another light with a different wavelength. It offers
high temporal-spatial resolution images and short imaging acquisition time. Compared to
MRI or PET, which takes longer acquisition time or requires high-cost facilities,
fluorescence imaging technique has certain advantages. However, the /n vivo biomedical
applications of fluorescence imaging is limited by the short penetration depths of both
fluorescence excitation and emission and interference from the autofluorescence and strong
light scattering of tissues in the UV-vis range.215 This limitation triggered the development
of fluorescence contrast agents in the NIR window, which not only improves its penetrating
ability but also reduces the interference of the autofluorescence and scattering from the
tissues, leading to the enhanced signal-to-noise ratio. Many small molecular fluorescent
dyes, such as ICG, can generate both fluorescence and thermal effect under the laser
irradiation, which makes them good choices for fluorescence imaging-guided PTT. Cai et al.
synthesized cell membrane-camouflaged NPs containing ICG and poly(lactic-co-glycolic
acid) (PLGA) in the core.223: 224 After intravenous injection, the accumulation of NPs in
tumours can be clearly observed from the NIR fluorescence imaging of ICG molecules
under fluorescence microscope. The cell membrane cloaked NPs had excellent tumour
accumulation and targeting effect, leading to complete regression of tumours under imaging-
guided therapy. In another study reported by Zhang et a/., carbon-iron oxide hybrid NPs
loaded with ICG were prepared.22> Compared to free ICGs, the loading of ICG in the NPs
improved its photostability due to the absorption of light by carbon NPs, leading to
improved fluorescence and photothermal properties. The imaging-guided PTT was achieved
in the /n vivo experiment. More recently, fluorescence materials in the NIR-11 window, such
as SPNPs, quantum dots, and carbon nanotubes, have attracted great attention, due to the
deeper penetration ability and lower background interference of NIR-II fluorescence
imaging.37- 55131, 215, 226 Chen et a/, reported the fabrication of Ag,S quantum dots with
well-defined sizes and size-dependent fluorescence and photothermal properties.231 The NPs
of three different sizes of 4.1, 7.9, and 9.8 nm, were synthesized by using human serum
proteins as templates and carefully adjusting feeding ratios of reactants (Figure 7a). Of three
sizes, 9.8 nm Ag,S quantum dots showed the strongest fluorescence peak at around 1060 nm
and led to the largest temperature rise after being exposed to a 785 nm laser (Figure 7b-d).
After injection, the NIR-11 fluorescence signal in the tumour reached a peak at 24 h
postinjection, indicating the best time for PTT (Figure 7e,f). Successful PTT outcomes were
obtained by injecting Ag,S quantum dots at a dose of 50.0 pmol kg~ of Ag (Figure 79).

Afterglow luminescence is another light emission phenomenon, in which the materials can
continuously emit long-lasting luminescence even after the excitation has been removed.
Compared to fluorescence imaging, afterglow luminescence is better to overcome the
interference signals from background.216. 227 Especially, materials having NIR afterglow
luminescence and certain responsive functions can further decrease the signal-to-noise ratio
for imaging. Yan et al. reported a responsive multifunctional nanoprobe by linking copper
sulfide (CuS) NPs onto afterglow luminescent NPs through matrix metalloproteinases
(MMPs)-cleavable peptide linkers (HoN-GPLGVRGC-SH).228 The core of afterglow
luminescent NPs had a luminescence peak at around 695 nm after being illuminated by a
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650 nm LED light. In the absence of MMP, the luminescence from the afterglow
luminescent NPs was quenched by the adjacent CuS NPs. In TME, where MMPs were
present, the cleavage of peptide linkers released the CuS NPs from the surfaces of afterglow
luminescent NPs and restored the luminescence for tumour imaging. With the imaging
signals, PTT was conducted by making use of the photothermal effect of the released CuS
NPs.

Despite the progress on the development of fluorescence or luminescence probes for PTT
guidance, the penetration depth is still a limitation compared to other imaging techniques,
such as MRI or PET. Furthermore, NIR fluorescent NPs usually have low quantum yields
and provide limited fluorescence signals. More work should be done to solve these
problems.

3-2-2. PET or SPECT imaging-guided PTT—PTASs with nuclear imaging functions,
such as PET and SPECT, enable deeper imaging of tissues or disease sites than fluorescence
imaging. Both PET and SPECT detect radioactive signals from radioisotopes to provide the
imaging information. While SPECT detects the single gamma ray from each decay, PET
detects the photons formed after the annihilation of two oppositely charged intermediate
positronium. PET is mainly used for cancer detection due to its ability to reveal changes of
certain biological subject, such as biomolecule metabolism and expression of certain
receptors. The pharmacokinetics of the PTAs can be monitored by these imaging techniques
if radioisotopes have been stably labelled on PTAs with good radiochemical yields and
unaltered surface chemistry of PTAs.210: 229 Since most NPs have longer blood retention
time than small molecules, radioisotopes with longer decay half-lives are preferred for
tracking the NPs /n vivo. For example, 84Cu, 72As, and 89Zr have half-lives of 12.7, 26.0,
and 78.4 h, respectively. The radioisotope labelling method can be divided into two groups,
which are a chelator introducing method or a chelator free labelling method. The chelators
bind with radioisotopes through coordination interactions and examples of chelators include
1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid (DOTA), 1,4,7-
triazacyclononane-1,4,7-triacetic acid (NOTA), diethylene triamine pentaacetic acid
(DTPA), and so on. For example, Chen et al. prepared perylene diimide NPs with different
sizes for PTT, on which DOTA was introduced for 84Cu labelling.? The PET imaging data
revealed that the highest tumour uptake of 60 nm perylene diimide NPs occurred at 24 h
postinjection, indicating the best time to make use of the photothermal properties of
perylene diimide NPs for PTT. The chelator introducing method usually requires
conjugation chemistry to introduce chelators and may suffer from unstable labelling due to
the detachment of chelators or replacement of radiometals by other metal ions present /n
vivo.222 As an alternative, many chelator-free labelling methods have been developed.
29,132, 208, 209, 230-234 | 3 study by Li er al,, the researchers introduced $4Cu during the
synthesis of citrate-stabilized and PEGylated [#4Cu]CuS NPs.230 To facilitate the labelling,
the reactions were done under an elevated temperature condition to shorten the reaction
time. The authors compared the pharmacokinetics of two types of CuS NPs through PET
imaging and found that PEGylated [#4Cu]CuS NPs showed a longer circulation half-life and
higher uptake in the tumour at 24 h postinjection. Finally, PTT function of PEGylated
[64Cu]CuS NPs was demonstrated. In another study, Chen et a/. reported a chelator free
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post-labelling method to chemically reduce $4Cu on PEGylated Au NPs of different shapes
and sizes (Figure 7h).29 This labelling method was not only fast and efficient but also more
stable than the labelling by DOTA chelators in the control group. The control group had
stronger radioactive signals in the bladder at 1 h after injection due to the detachment of
radiometals from chelators. The authors compared the tumour uptake of Au nanorods with
and without RGD functional groups on the surfaces with this quantitative imaging technique
and found that RGD targeting could enhance the tumour accumulation of Au nanorods.
Finally, the authors used PET imaging of 84Cu labelled PEGylated Au nanorods to guide the
ablation of the tumour v7iaPTT (Figure 7i-k). Besides %4Cu, other radioisotopes have also
been labelled using chelator free method. Cai et a/. reported the labelling of mesoporous
SiO, NPs with 89Zr based on the interaction between 89Zr and abundant adjacent
deprotonated -Si-O~ groups in the pores.23! In a later study from the same group, they
combined this system with CuS NPs and meso-tetrakis(4-carboxyphenyl)porphyrin (TCPP)
and realized the multimodal imaging-guided phototherapy.232 In another example, Gao et a/.
reported the self-assembly of Fe3* ions, gallic acid, and polyvinyl pyrrolidone (PVP) in
aqueous solution through coordination interactions into stable ultra-small NPs with an
average size of 2 nm.211 The presence of a phenolic group of gallic acid enabled the
labelling of 125] to NPs through iodogen method. This labelling allowed the study of the
pharmacokinetics of NPs through SPECT-CT imaging technique, and highest tumour uptake
(5.3 %ID/g) was observed at 2.5 h postinjection due to the ultra-small size. Following this
result, the successful photothermal ablation of tumours was conducted at 2.5 h postinjection.
In short, through radiolabelling, PET and SPECT can monitor the distribution of NPs in
organs or tumours and facilitate the PTT. The problem with PET imaging is the requirement
for high-cost instruments. The instruments for SPECT are cheaper but produce images with
relatively lower resolution. Both techniques require the handling of the radioactive materials,
which may also limit their availability. PET and SPECT are usually combined with CT or
MRI to provide more detailed anatomical information.

3-2-3. MRI-guided PTT—MRI is another real-time, non-invasive, and high-resolution
imaging technique that can acquire anatomic images from deep tissues or organs in the body.
The combination of MRI probes with PTASs can realize the MRI guided PTT.

208, 212-214, 235-241 The MRI probes can be divided into two groups, which are 7,-weighted
and 71-weighted MRI contrast agents. 7,-weighted MRI contrast agents change the
transverse relaxivity () and lead to darkening of images. On the contrary, 7;-weighted MRI
contrast agents change the longitudinal relaxivity (r1) and enhance the brightness of the
images. Superparamagnetic iron oxide (Fe304) NPs are traditional 7,-weighted contrast
agents, of which the 7, values are related to their sizes and aggregation states. For example,
Nie et al. reported the co-assembly of Fe304 NPs, polymer-tethered Au NPs, and free
amphiphilic block copolymers into Janus hybrid vesicles.214 In the vesicles, the assembly of
Fe304 NPs and aggregation of Au NPs into half of the vesicles with enhanced plasmon
coupling led to 4 times enhancement of 7, values than individual Fe304 NPs and strong
absorption in the NIR range, respectively. After intravenous injection, the accumulation of
vesicles in tumours could be enhanced by applying an external magnet close to tumours and
monitored through MRI and PAL. In another study by Chen et a/. double-layered vesicles
were prepared from dumbbell-shaped Janus amphiphilic Au-Fe304 NPs, which led to the
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increase in 7, values from 53 mm~ s71 to 193 or 295, or 405 mm~1 s=1 depending on the
orientation of and coupling state of Au-Fe304 NPs in the vesicle membranes.2!3 Due to the
coupling between Au domains of its building blocks, the vesicles also showed NIR
absorption. After injection, significant tumour darkening was observed. These platforms can
potentially be used for PTT, which were proved from their excellent PAI performances. The
development in synthesis has enabled the access to magnetic NPs other than
superparamagnetic Fe3O4 NPs. In a recent study, Hou et a/. reported the synthesis of 12 nm
Au-Fe,C Janus NPs with a 7, value of 210.6 mm~1 s™1, which is higher than that of 14 nm
superparamagnetic Feo,C NPs and Au-Fe304 NPs and commercially available 7,-weighted
MRI contrast agent, Resovist (174 mM~1 s71).239 Dye to the presence of Au and Fe, the NPs
had a broad absorption including the NIR range. The authors found that Au-Fe,C NPs
modified by affibody proteins (Zygr2:342), Which bound to HER2 receptors on MDA-
MB-231 cells, showed better tumour uptake compared with PEGylated Au—-Fe,C NPs. The
time-dependent 7>-weighted MRI results were used to guide the conduction of PTT to
remove the tumours.

Currently, the clinical translation of 7,-weighted contrast agents has been unsuccessful,
mainly due to some limitations of 7,-weighted contrast agents. For example, the 75-
weighted contrast agents decrease the brightness of images, which is not preferred for
observation. The 71-weighted contrast agents have attracted intense research interest
recently, as they can increase the sensitivity of MRI by making the images brighter.23% For
example, gadolinium (Gd)—chelator complexes, and other metal ions like Mn(Il) have been
frequently studied.298. 237 Gd—chelator complexes have been used in the clinic, even though
it has low longitudinal relaxivity and some toxic effect. Efforts have been made to improve
the performance of Gd—chelator complexes.242 For example, Marangoni reported that
encapsulation of Gd—chelator complexes in the silica layer of Au core-silica layer—Au shell
NPs increased r; from 3 mM~1 571 to 24 mM~1 s-1 characterized by a 4.7 T MRI scanner.230
The NIR absorption of Au core-silica layer—Au shell NPs due to the coupling between Au
core and shell indicated the potential PTT applications of the NPs. In another example, Chen
et al. developed core—satellite NPs with the core of Dox-loaded polydopamine (PDA) and
satellites of Gd-metallofullerene. Each metallofullerene contained three Gd ions in one-
carbon cage.208 The encapsulation of Gd ions in metallofullerene led to enhanced r; and
lower toxic Gd ions release. Determined by MRI and other imaging modalities, the best time
to perform PTT was at 24 h post injection. Other ions have also been demonstrated as MRI
imaging contrast agents to assist PTT. Feng et al. made use of the coordination between
metal ions and tannic acid to form a shell outside the NP templates, such as PLGA
polymeric nanospheres and nanovesicles and mesoporous SiO, NPs (Figure 8a).237
Interestingly, when Fe!'l, VIl ‘and Ru'' were used, the obtained NPs showed good
photothermal effect with the PCE of 40%. The polymer NP@ Fe!!l/tannic acid shell had an
r1 of 4.19 mM~1 s71. Introducing Mn'! into polymer NP@ Fe!'l/tannic acid led to 6 times
increase of 1. The polymer NP@ Fe!!' Mn!! /tannic acid could serve as both 7>-weighted
and 7;-weighted contrast agents. In addition, the polymer NP@metal ion/tannic acid shells
could be used for PAI or NIR fluorescence imaging with Cy5.5 encapsulated. After
intravenous injection of polymer NP@ Fe!'!/tannic acid NPs, the highest brightness of
tumour area was observed at 4 h postinjection (Figure 8b). The MRI results were consistent
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with results from other imaging modalities. Because of the imaging results, PTT was also
conducted at 4 h postinjection, leading to significant temperature rise compared to the
control groups (Figure 8c). Recently, fluorine-19 (1°F) MRI has attracted intense attention
because it can provide a better signal-to-noise ratio than 1H MRI, owing to the high
background signal of 1H MRI from water in the body. Wang et a/. reported the synthesis of
Cu7S4-Au NPs stabilized by polymers with absorption in the NIR window (800-900 nm)
(Figure 8d-f).241 The absorption of Cu;S4-Au NPs in this range was achieved by coupling
the LSPR between Au and Cu;S, NPs. 19F was grafted to the polymers on the surfaces of
NPs. Before injection, no background signals from 19F labelled NPs was observed in
tumour. After injection, a very bright MRI signal from 19F labelled NPs was seen (Figure
89). Better PTT outcomes with Cu;S4-Au NPs were demonstrated than the PBS control
(Figure 8h,i).

Other imaging techniques, such as OCT, ultrasound imaging or CT, have also been used to
guide the PTT.27. 99, 218, 219, 243-245 Each jmaging technique has its own pros and cons. For
example, MRI is mainly used for soft tissues, but its resolution is lower than CT. The
combining of multiple imaging modalities into one PTA system can provide more detailed
information regarding tumour and lead to a better plan for PTT.

3-3. Enhancing PTT outcomes by NIR-Il PTAs.

Recently, photothermal conversion from the second NIR window (NIR-11) (1000-1350 nm)
has attracted much attention for biological applications.37-39: 127, 246-249 The merits of NIR-
Il in biological applications are their deeper penetration than commonly used NIR-1 laser
and larger maximum permissible exposure (MPE).40: 127 potentially, conducting PTT in the
NIR-11 window can treat tumours deeper in bodies and improve treatment outcomes. This
advantage has promoted the development of PTAs with absorption in the NIR-11 window.
For example, plasmonic NPs with absorption in the NIR-11 window have been developed,
due to their flexible LSPR depending on the structures. In many cases, the NIR-11 absorption
has been achieved by generating strong plasmonic coupling within nanostructures.41: 246, 250
Duan et al. developed compact plasmonic blackbodies with many branches through a simple
seedless and surfactant-free method by mixing dopamine and Au precursors (Figure 9a).246
Due to the strong plasmonic coupling between Au branches within nanostructures (Figure
9b), the plasmonic blackbodies had broad absorption from 400 to 1350 nm. The PCE of such
nanostructures irradiated by a 1064 nm laser was determined to be 80.8%, which was
comparable to that irradiated by an 808 nm laser (88.6%). By covering samples with a piece
of 10 mm chicken breast to mimic the light attenuation by the interference of tissues,
photothermal effects from NIR-1 and NIR-II lasers were evaluated. The irradiation of
blackbodies solution by a 1064 nm laser at 1.0 W/cm? for 15 min reached a final solution
temperature of 3.2 °C higher than that of solution irradiated by an 808 laser. Though this
temperature rise is not sufficient to improve the PTT significantly, the 1064 nm laser had a
higher MPE than the 808 nm laser and allowed higher laser dosage for 1064 nm laser in
PTT, which could improve PTT outcomes. Then, an /7 vivo PTT with both 808 and 1064 nm
lasers was conducted on 4T1 tumour-bearing mice with the tumours covered by 5 mm
tissues (Figure 9¢). At the MPE dose, the temperature rise in tumours resulted from the
photothermal effect of blackbodies v7athe illumination of a 1064 nm laser was significantly
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higher than that from an 808 nm laser (Figure 9d), leading to improved PTT outcomes
(Figure 9e). The results demonstrated the advantage of using NIR-11 lasers for PTT. Besides
plasmonic NPs, other inorganic PTAs, such as Nb,C, have also been developed.12’

In addition to inorganic PTAs, organic PTAs with NIR-I1 absorption has also been
investigated in PTT. To this end, Pu ef a/. have reported the synthesis of organic PTAs
semiconducting polymer NPs (SPNP,_;;) having dual absorption peaks in the NIR-1 and Il
windows for cancer PTT.248 The synthesis of SPNPs based on poly[(diketopyrrolopyrrole-
alt-cyclopentadithiophene)-ran(diketopyrrolopyrrole-alt-thiadiazoloquinoxaline)] (PDCDT)
was thoroughly optimized by controlling feed ratio of three monomers. At a molar ratio of
2:1:1, PTAs with nearly identical dual absorption peaks at 1064 and 808 nm were obtained.
The optimized PDCDT SPNPs were subsequently transformed into water-soluble
copolymers via nanoprecipitation with amphiphilic triblock copolymers (PEG-b-PPG-b-
PEG). Despite similar PCE of SPNP,_;;, elevated temperature (58.0 °C) was much more
obvious for NPs irradiated with 1064 nm laser even at the depth of 5 mm. Such a high
penetration ability of NIR-11 absorbing SPNPs optimized within MPE dose (1 W cm™2 for
1064 nm, t = 10 min) eventually led to better antitumour efficacy in a xenograft model. In
stark contrast to this, optimized 808 nm laser dose within MPE did not show adequate
temperature increase required to trigger cell apoptosis.

3-4. Enhancing PCE of PTAs through NP engineering

The ability of PTAs to transduce energy from light to heat is described by PCE. In most
cases, the light energy can only be partially converted into heat, with the presence of other
competing energy conversion pathways. Upon illumination, PTAs can both absorb and
scatter the light, and the sum of the two is called light extinction (Figure 10a,b).251 252 For
plasmonic PTAs, their absorption, scattering, and extinction coefficient can be obtained from
theoretical simulation or experimental studies, which are related to NP size, shape, and
composition.2%1: 252 Only the energy from absorption can be partially converted into heat.
Thus, the enhancement of PCE can be achieved by increasing the absorption and decreasing
the scattering of PTAs.14: 36. 253, 254 Fyrthermore, the excited electron of PTAs by absorbed
light may relax and release energy through both nonradiative and radiative decay pathways,
in which the former one induces heat generation and the latter one leads to luminescence
emission.>5: 216 For example, the impingement of photons to small molecular chromophores
usually results in the excitation of an electron from its ground state (S0) to a higher energy
state (S1) followed by subsequent relaxation to the lowest excited state vi/a internal
conversion. The relaxed molecules in the lowest vibrational level of the excited state can
undergo one of the three processes, (i) return to the ground state by emitting photon (known
as fluorescence), (ii) follow non-radiative relaxation pathways (heat generation), or (iii) exit
from singlet to triplet state (T1) via intersystem crossing (known as phosphorescence)
(Figure 10c).152 Therefore, to improve PCE, PTAs should be carefully designed to increase
light absorption, decrease light scattering, and promote the energy conversion through
nonradiative decay.

3-4-1. Enhancing light absorption—The PCE of PTAs is directly related to their
ability to absorb light, which can be defined by the molar absorption coefficient.25
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Engineering NP structure for stronger absorption coefficient is beneficial for improved PCE.
For plasmonic NPs, their absorption will be significantly enhanced when the illumination
light is the same as their LSPR peaks. Because of the preference for NIR light in PTT,
different methods have been investigated to obtain NIR absorbing plasmonic NPs. On the
one hand, with the development of synthetic techniques, many plasmonic structures, such as
Au nanoshells, Au nanocages, Au nanorods, Ag nanodisks, have been prepared with their
LSPR peaks tuned to desired wavelengths.43: 80. 94,98 On the other hand, self-assembly of
plasmonic NPs have also been intensively studied, which induces the shift of the absorption
to NIR range via plasmon coupling.> Plasmonic assemblies with different nanostructures
such as clusters and vesicles have been prepared through different assembly strategies to
obtain the strong absorption in the NIR range.95-97: 255 For instance, Nie et a/. assembled 40
nm Au NPs with amphiphilic block copolymer ligands into vesicles which generated
stronger coupling between Au NPs than vesicles made from smaller Au NPs and led to
strong absorption in the NIR range.®” Nie et a/. controlled the block copolymer density on
Au NPs and generated much stronger coupling between 15 nm Au NPs when they
assembled into vesicles. The obtained vesicles showed good PAI enhancement due to their
photothermal properties.9°

In addition to tuning the plasmon wavelength, some reports have shown that plasmon
coupling can enhance the absorption of PTAs. Joshi ef a/. compared the PCE of Au
nanomatryoshkas and Au nanoshells and found that the nanomatryoshkas had higher PCE
(63%) than that of nanoshell (39%).256 The Au nanoshell is composed of a SiO- core and an
Au shell. In the Au nanomatryoshka, the SiO, core was changed to an Au NP@SiO» hybrid
core structure, thus leading to additional coupling between the Au core and the Au shell. The
absorption of both structures was tuned to around 800 nm for comparison. The calculated
results indicated that the absorption cross-section in a nanomatryoshka is ~1.3 fold larger
than a nanoshell, which explained the higher PCE of Au nanomatryoshka. Duan et a/.
developed the hyperbranched blackbody plasmonic NPs with strong intraparticle coupling.
Their simulated results indicated that absorption contributed to 98.5% of total extinction.246
In another example, Yan et a/. developed a type of porous Pd NPs, which showed higher
PCE than Pd nanocubes.25” Neither of the Pd nanostructures had obvious absorption peaks
in the NIR range, but the porous Pd NPs showed stronger absorption throughout the entire
NIR range.

The absorption cross-sections of plasmonic PTAs are also related to their shapes. Xia et al.
reported the comparison of PCE of Au nanohexapods, Au nanorods, and Au hanocages.2>8
Among them, Au nanocages showed the highest PCE per Au atom, followed by
nanohexapods and nanorods. Considering that the three samples had the same extinction of
1.0 at 805 nm, their different absorptions should be contributed to the variation in PCE.
However, due to the inconsistent experimental conditions and results, it is hard to conclude
what shape of plasmonic structures would show the strongest absorption cross section and
highest PCE.14

In addition, the absorption of PTAs can be enhanced through hybridization with other
materials. Kohane et a/. reported that hybridization of Au nanoshells or Au nanorods with
reduced graphene oxide can enhance the PCE.259 As we introduced in the previous section,
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though reduced graphene oxide has a photothermal effect, the lack of absorption peak in the
NIR range makes it an imperfect PTA. The hybridized Au nanoshells or Au nanorods on
reduced graphene oxide served as local nanoantennae to increase the optical absorption at
their LSPR peaks. As a result, the higher temperature rise of the solution under laser
irradiation was achieved by the hybridized NPs compared to Au NPs or reduced graphene
oxide alone. More recently, Chen ef al. made a carbon nanotube ring coated with Au NPs
(CNTR@AuU NPs) by reducing Au precursors on CNTR surface assisted by the surface
attached redox-active polymers.260 The obtained nanostructures had enhanced absorption
and PCE, because of the existence of the complex coupling modes, such as coupling
between CNTR with Au nanostructures and coupling between Au NPs.

The absorption of organic PTAs such as SPs having conjugated structures can also be
increased by engineering the nanostructures. For example, absorption coefficients and
electron charge transfer of SPNP can be enhanced by tailoring the CP structures to improve
the D-A strength. Recently, Liu et a/. reported a comparative study on the PCE of three
different water-dispersible CPNPs having D-A strength in the order of CP;<CP,<CP3.261
The order of the D-A strength and the mass absorption coefficients matched quite well with
the corresponding photothermal efficiency, 7.e. the CP3NPs had the highest photothermal
activity compared to CP; and CP, NPs. In addition, the CP3 NPs further revealed the lowest
ICsq value of 0.88 pg/mL in U87 glioma cells at 808 nm laser irradiation (0.8 W/cm?2, 5 min)
indicating excellent PTT J/n vitro. In vivo study in a U87 xenograft mouse model showed
complete tumour elimination with a 100% survival rate and no tumour recurrence until 30
days. In brief, the absorption of NIR light and subsequent conversion of light energy to heat
is closely related to the absorption coefficients of the NPs.

3-4-2. Decreasing light scattering—Within the extinction of light, the scattered light
usually does not contribute to the generation of heat. Thus, the decrease of scattering part of
light can improve the PCE. It has been shown that the degree of light scattering increases
with the volume of NPs.36: 254 Wang et a/. prepared three different sized Au nanorods and
five different sized Au nanobipyramids with all of their longitudinal absorption peaks at
around 800 nm.38 Before the laser irradiation, the absorption at 808 nm for all NPs were
adjusted to the same. After laser irradiation, NPs with larger volumes led to lower
temperature rises of the solution, indicating decreased PCE for larger NPs. This was
explained by the higher light energy consumption v7a light scattering specially in larger NPs.
Therefore, smaller PTAs with similar structures would be more efficient in photothermal
conversion. Yet, some exceptions also exist. For example, El-Sayed et a/. reported that Au
nanorods with median size AuNR (28 x 8 nm) showed better PCE than their larger (38 x 11
nm) or smaller counterparts (17 x 5 nm).2%4 The lower PCE for the smallest Au nanorods
may be due to their short decay of the field from the surfaces.

3-4-3. Promoting the energy conversion through nonradiative decay and
intermolecular coupling—The light-material interaction is usually accompanied by the
dissipation of energy via nonradiative or radiative decay pathways, in which the former one
accounts for the light-to-thermal energy conversion. In this regard, promoting the conversion
of energy through nonradiative decay pathway seems plausible to enhance PCE. However, it
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requires in-depth knowledge of the various molecular interaction/photophysical processes
such as photoinduced electron transfer, fluorescence resonance energy transfer (FRET), or
exciton coupling.152 Specifically, in light-based thermal therapies, this has been thoroughly
met by modulating the photophysical processes and spatial interaction of chromophores
when arranged in a nanostructure to achieve effective fluorescence quenching, reactive
oxygen species (ROS)/singlet oxygen deactivation, and reduced photobleaching.262: 263
Herein, we take account of various engineering strategies, for instance, synthesis of the D-A
NPs, insertion of the light-harvesting unit, packing of PTAs in a close proximity and so on,
that have been investigated thoroughly for improving the PCE in therapeutic applications
both /n vitroand in vivo.

The photoinduced electron transfer is basically realized by pairing a donor radical cation and
acceptor radical anion within the same (intramolecular) or different molecules
(intermolecular).264 This normally requires careful alignment of the donor molecules having
molecular orbitals higher than those of the dopants (acceptor). Such well-suited energy
levels are highly conducive to facilitate energy transfer resulting in a highly quenched
fluorescence and nonradiative channelization of energy after the light irradiation and have
subsequently shown higher accountability for the amplification of PTT. In an example of
small molecule-based PTAs, Zhao et al. chemically introduced a dimethylamine (DMA) unit
(Donor) in the aza-BODIPY core (Acceptor) (obtained by substituting a nitrogen atom in the
8-position carbon atom of naive BODIPY)) resulting in the formation of a D-A pair and
further solubilized with amphiphilic polymer, DSPE-mPEGsqq, to yield PEGylated-aza-
BODIPY NPs (A1).2%5 The facile intramolecular photoinduced electron transfer mechanism
was successfully established between the aza-BODIPY and DMA unit contributing largely
to the enhanced PCE w/a nonradiative decay of excited photons. Both theoretical calculation
and steady-state and time-resolved photoluminescence (TRPL) spectra validated that the
intramolecular photoinduced electron transfer mechanism can increase the probability of the
excited photons to follow nonradiative decay path for enhanced photothermal conversion.
The short TRLP decay rate of the A1 molecule (with DMA unit) was obvious compared to
the control (without DMA unit). In contrast to the small molecules, additional efforts are
placed to understand the molecular chemistry of SPNPs that are primarily involved in
improving the PCE. Recently, Pu et al. have proposed an intraparticle molecular orbital
engineering approach to enhance both imaging (PAI) and therapeutic (PTT) ability of SPNPs
in living mice.25¢ The simple and facile design strategy incorporating D-A type SPs and an
electron-withdrawing carbon dot (fullerene: PC70BM) having energy level ideally suited in
the range to favour photoinduced electron transfer could effectively result in complete
fluorescence quenching and conversely promote heat generation after irradiation of laser
(Figure 11a). This was mainly achieved by careful optimization in the amount of dopant
necessary to quench the fluorescence of SPNPs at different doping ratios (Figure 11b). The
final concentration of 20 w/w% PC70BM (dopant) was found to be the effective formulation
in the preparation of SPNPs. In comparison to the non-doped SPNPs, the fluorescence
quenched SPNP,q demonstrated enhanced PA-brightness and increased PTT (48 to 62 °C) /in
vivo (Figure 11c,d). Indeed, D-A architecture comprising both small molecules or SPNPs
have found overwhelming photothermal application recently and is still in the process of
improvisation. For instance, Lee et al. reported a porphyrin—pyrene (light-harvesting unit)
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functionalized D-A SPNPs [5,5"-dibromo4,4’-bis(2-octyldodecyl)-2,2” -bithiophene (D);
5,6-difluoro-4,7-bis[5-(trimethylstannyl) thiophen-2-yl]benzo-2,1,3-thiadiazole (A)] (PPor-
PEG SPNPs) for enhanced PTT.190 The functionalization of D-A structures viaa light-
harvesting unit showed excellent improvement in the PCE (62.3%) of SPNPs. In addition to
a facile intramolecular charge transfer and effective fluorescence quenching after NP
formation, the porphyrin—pyrene pendant further augmented the red light-absorbing capacity
of PPor-PEG SPNPs for enhanced PTT.

In contrast to nonradiative decay, it is also possible for an excited chromophore (triplet state)
to enter the intersystem crossing pathway which is responsible for the generation of ROS
(Type-1 PDT) or singlet oxygen (Type-11 PDT).287 For instance, small molecule agents such
as porphyrin are well-documented to follow the aforementioned pathway for the generation
of singlet oxygen instead of the nonradiative pathway. Therefore, effective design strategy to
minimize intersystem crossing can ultimately reduce the generation of singlet oxygen but
conversely maximizes the PCE. In an early attempt, Zheng et a/. proposed direct insertion of
Mn3* ions to the porphysome structure resulting in improved photostability, minimum
photobleaching and high photothermal efficiency over free-base porphysomes (Figure 11e).
268 The Mn-chelation into the porphyrin nanostructure greatly quenched the generation of
ROS and activated PTT, presumably due to the increased probability of excited photons to
follow nonradiative decay pathway (Figure 11f). The enhanced photostability was verified
after irradiating metal-chelated porphysomes by 680 nm laser for 5 min where more than
95% of the Q-band absorbance was still maintained compared to free-base porphysomes
(less than 20%). Importantly, over repeated irradiation Mn-porphysomes were still able to
induce appreciable hyperthermia regardless of the disrupted or intact NP structure. It is
therefore possible to quench the porphyrins photochemistry intramolecularly via metal
chelation and activate PTT mode, irrespective of the integrity of the supramolecular
assembly. Unfortunately, singlet oxygen quenching solely by molecular engineering of PS is
relatively complex and very least explored. Therefore, an alternative mechanism such as
FRET is also reported to minimize the singlet oxygen generation of a PS.2%9 In general, the
small molecules in very close proximity to the PS packed together in a nanostructure can
smartly convert the incoming NIRF energy to heat instead of singlet oxygen via FRET
mechanism.27% The maximum benefit of such mechanism has been pursued in the design of
synergistic combination therapy such as PTT/PDT.27!

The photophysical processes in small molecules can also be revisited by engineering their
spatial arrangements within a nanostructure. As such, NPs can harness the advantage of
higher drug loading to accommodate many individual chromophores within each particle
resulting in a highly quenched molecular state via strong m-stacking, such as J-type or H-
type aggregates.2’2 Kasha er al. observed that the higher concentration of the small
molecules in an aqueous solution is often accompanied by the aggregation resulting in the
bathochromic or hypsochromic absorption shift.273: 274 This bathochromic shift was
attributed mainly to the J-aggregates (head to tail stacking) while the hypsochromic shift to
the H-aggregates (head to head). Such highly ordered molecular stacking is often reported as
an effective strategy to reduce the rate of photobleaching, improve photostability, and
promote nonradiative decay pathway by quenching fluorescence and ROS. In an example,
Yan et al. demonstrated the fabrication of highly stable photothermal nanodots (PPP-NDs)

Chem Soc Rev. Author manuscript; available in PMC 2020 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Liuetal.

3-5.

Page 27

via peptide-modulated self-assembly of photoactive porphyrin (Figure 12a).27° The self-
assembled colloidal nanodots (~25 nm), unlike irregular porphyrin aggregates, showed broad
and red-shifted absorption peak indicating strong rt-stacking of tetraphenylporphyrin (TPP)
(Figure 12b). Such strong mt-stacking interactions (J-aggregates) in the assembled nanodots
contributed mainly to the higher PCE especially by ROS inhibition and fluorescence
quenching. The PPP-NDs revealed almost 99% quenching of singlet oxygen quantum yield
in vitro. Similarly, Chen et al. further reported that J-type aggregates of Cypate inside silica
nanochannels can dramatically enhance photothermal efficacy together with relatively less
photobleaching compared to the free Cypate.2’6 Moreover, these J-aggregates also worked
as a protective shield to prevent the degradation of unsaturated bonds of Cypate by the ROS.
In summary, all of these findings clearly indicate that the distribution of small molecules
within a spatially limited compartment of nanostructures can induce J and H-type
interactions that might have a potential role for effective PTT. However, detailed mechanism
based on the individual conformation of J- or H-type aggregates for the enhanced PCE in
photothermal applications, so far to our knowledge, has not been reported yet. The
intermolecular coupling based (J- and H-type) photothermal applications are still in its
infancy and demands more future work.

Increasing the tumour accumulation of PTAs

The key to successful PTT is to increase the delivery efficiency of PTAs in tumours and
achieve sufficient tumour accumulation. Some researchers indicated that high concertation
of Au nanorods in solution impaired temperature rise in the deep region of phantoms, due to
the strong light absorption by Au nanorods at the top region of phantoms. But this can
possibly be achieved /n vivo only at exceptionally high injection dose of Au nanorods,
which is beyond the scope of this discussion.2’” Generally, the accumulation of
nanomaterials in tumours is based on EPR effect, which is described by the enhanced
penetration of NPs into tumours through abnormal tumour blood vessels with leaky cell-to-
cell junctions and extended retention of NPs in tumours due to the impaired lymphatic
systems.23: 26 However, systemically administered NPs would encounter many biological
barriers before they reach the target and participate in PTT. These barriers include clearance
by mononuclear phagocyte system (MPS), penetrating blood vessels into tumours, resistance
for NPs diffusion in tumours, and expelling of NPs from tumours due to the elevated
intratumoural pressure.2’8 Many strategies have been investigated to improve the delivery of
PTASs in tumours, which include changing the coatings or protecting layers outside NPs,
introducing targeting ligands to NPs, optimizing the NP size and shape,42-46. 279, 280

offering PTAs with responsiveness,281-293 modulating TME with NIR light or photothermal
effect 47, 294-298

3-5-1. Changing the surface chemistry of PTAs for enhanced tumour
accumulation—The interface between NPs and biological systems is where a complicated
set of interactions acts together to determine the /n vivo fate of NPs.2%° The surface
chemistry of NPs, including charge, ligands, and coating, is the first part to interact with
biological systems. Usually neutral or slightly negatively charged NPs have longer
circulation time. The surface coatings of NPs are essential to maintain the dispersity and
stability of NPs in a biological medium and prevent NPs from protein adsorption and
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clearance by MPS. All these factors contribute to the enhanced tumour uptake of NPs. The
most commonly used stabilizing ligands for NPs is PEG. The PEG can provide steric
hindrance to NPs in order to maintain their dispersity in a biological environment. PTAs
such as Au NPs, MoS,, graphene oxide, SP micelles, and many others, stabilized by PEG
have demonstrated good photothermal outcomes.#3: 120. 124 \wjithout proper stabilizing
ligands, NPs may easily aggregate due to the screened electrostatic repulsion forces in a
biological environment with high ionic strength. Both PEG densities and lengths can affect
the blood circulation and biodistribution of PTAs, which is believed to be related to the
antifouling property of PEG.300. 301 Chan et al. systematically studied how variable PEG
densities on different sized Au NPs would influence their protein adsorption and
macrophage uptake. They found that when the PEG density was below 0.5 PEG/nmZ, the
protein absorption and internalization of Au NPs by macrophages decreased as the PEG
densities increased.3%0 In a more recent study, Pu et a/. reported the self-assembly of
amphiphilic PEG containing poly(p-phenylenevinylene) (PPV) derivatives into NPs
(SPPVN) (Figure 13a).392 Compared to the NPs made by poly[2-methoxy-5-(2-
ethylhexyloxy)-1,4-phenylenevinylene] (MEH-PPV) and amphiphilic triblock copolymer
(PEG-b-PPG-b-PEG), the SPPVN had higher PEG densities, leading to their enhanced
tumour uptake than MEH-PPV NPs. The afterglow luminescence from SPPVN generated
higher signal-to-background ratios than fluorescence imaging, which obtained fast tumour
imaging at 40 min postinjection and detected tumour metastasis as small as 1 mm3. A lot of
studies have shown that introducing PEG on NP surfaces can decrease or prevent the
formation of protein corona on their surfaces due to the strong hydration on PEG.301. 303
Some recent reports have indicated that instead of complete prevention of serum protein
adsorption, the PEG ligands actually selectively suppress adsorption of certain proteins, such
as immunoglobulins and complement factors, as well as enrich the adsorption of certain
proteins, such as clusterin, both of which contribute to the “stealth effect” of PEG.304
Besides PEG, other coatings such as zwitterionic ligands have also been used to provide
PTAs with stability and antifouling properties.287. 305-310 However, there is a dilemma
regarding the use of PEG or zwitterionic ligands as the coating materials, as both
interactions between NPs with MPS and cancer cells will be reduced due to the coatings.
Therefore, other strategies are needed to selectively enhance PTAs’ interactions toward
cancer cells.

Introducing targeting groups on PTAs can increase the cancer cell uptake efficiency of PTAs
and promote the higher accumulation and longer retention of PTAS in tumours, and
eventually minimize damage to normal cells and improve treatment performances.2* The
targeting groups make use of their specific affinity toward molecules or receptors that are
overexpressed on the cancer cells or tissues, to enhance the interactions between PTAs and
cancer cells or TME. The commonly used targeting groups include antibodies, peptides,
nucleic acids, polysaccharides, and small molecules.! In the presence of targeting groups,
the cell uptake efficiency of PTAs is significantly increased. For example, Yang et al.
reported using small peptide targeting groups, arginine-glycine-aspartic acid (RGD), to
enhance the uptake of TizCo@mesoporos SiO, NPs by interacting with the a3 receptors
expressed on HCC cell membranes, which showed higher uptake than PTAs stabilized by
PEG observed from their fluorescence signals under confocal microscopy.3!! The
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TigCo@mesoporos SiO, NPs were used as drug carriers for combination of PTT and
chemotherapy. Wang et al. prepared one type of PTAs (PFOB@IR825-HA-CY5.5) by
encapsulation of perfluorooctylbromide into hyaluronic acid (HA) NPs, which were
conjugated with Cy5.5 and IR825 on the surface or in the core, respectively (Figure 13b).
The obtained PTAs combined triple modal imaging and PTT functions.312 The HA can bind
to CD44 that are overexpressed on many types of cancer cell membranes. Their study
indicated that NPs were internalized much more by HT-29 cancer cells than HUVEC normal
cells after 1 h of incubation time. The surface conjugated Cy5.5, which was initially
quenched by IR825, turned on the fluorescence after it was released from the HA backbones
by reacting with hyaluronidases in tumours. The fluorescence imaging was used to guide the
PTT with IR825 as PTAs to eliminate tumours. Furthermore, the interactions between NPs
and cells can be further enhanced by introducing multiple types of targeting groups in a
single PTA nanostructure. Tae et al. investigated the uptake of graphene oxide PTAs with
both folate and cyclic-RGD targeting ligands by KB cells compared with PTAs with a single
type of targeting ligands.313 The folate and cyclic-RGD can bind to overexpressed folate and
ayf3 receptors, respectively. Both flow cytometry and confocal imaging results indicated
that the dual-targeting PTAs showed 1.9- and 2.4-fold increased internalization by cells than
PTAs with single cyclic-RGD or folate ligands, respectively. /n vivo results showed that only
the dual-targeting graphene oxide PTAs achieved the complete removal of tumours under the
same laser irradiation condition.

Many studies have demonstrated that the enhanced cellular uptake of PTAs with targeting
ligands can lead to higher tumour accumulation of PTAs and improved treatment
performances. An overall 50 % increase in tumour accumulation of NPs with targeting
ligands than their passive targeting counterparts has been reported from the analysis of
previous data.314 However, there are also some reports indicating that PTAs with targeting
groups do not significantly change their tumour accumulation level compared with PTAs
without targeting groups.31® Chan er a/. compared the tumour accumulation of different
sized Au NPs (15, 30, 60, 100 nm) through active targeting and passive targeting. The NPs
were conjugated with either PEG or PEG in conjunction with transferrin. An MDA-MB-435
orthotopic tumour model was used to evaluate their differences in tumour accumulation.
Among four different sized Au NPs, only the 60 nm Au NPs with targeting ligands showed 5
times faster and about 2 times higher tumour uptake than NPs without targeting ligands on
their surfaces. No significant difference was observed for other sized Au NPs. This
discrepancy may be resulted from the short circulation half-lives of NPs and loss of binding
ability of targeting ligands to receptors on cell membranes after the change of NPs’ identity
in in vivo environment, indicating the complexity of active targeting for enhanced tumour
accumulation. In addition, the densities of targeting ligands on NP surfaces should be
carefully adjusted to achieve both enhanced targeting efficiency and avoid potential
destabilization of NPs, especially in a biological environment.

Recently, cell membrane camouflage, initiated by Zhang et a/. has been developed as a new
coating strategy for NPs and has attracted broad attention.316: 317 The coating martials can
be derived from cancer cells,223: 318, 319 macrophage cells,320: 321 red blood cells,322-327 and
so on. PTAs with such biologically derived coatings are evasive to immune systems and
possess the intrinsic self-targeting ability, thus will be able to achieve long blood circulation
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and cancer cell-selective targeting simultaneously.328 For example, Liu et a/. used cracked
cancer cell membranes (CCCM) from Hela to encapsulate NPs made from Dox and ICG to
prepare Dox NPs@ICG@CCC NPs (DICNPs) (Figure 13c).318 The obtained DICNPs had
high drug loading efficiency, excellent photothermal properties, and good tumour
accumulation. /n vitro experiments showed that the DICNPs had selectively higher uptake
by Hela cells than other control cells, including COS7 cells, L929cells, HepG2 cells, and
macrophage Raw 264.7 cells. Especially, the low uptake by macrophage cells demonstrated
the advantages of cell membrane camouflage in selective targeting and “stealth effect”. Due
to the CCCM coating, the DICNPs had high stability and low premature drug release.
Compared with the CCCM-free Dox NP@ICG NPs (DINPs), significantly higher
fluorescence signals in tumours were observed for DICNPs after intravenous injection,
which was the overall effect of less premature drug release and higher tumour uptake of
DINPs. The ability of DICNPs to target Hela cells selectively was also evaluated in a mouse
model with Hela and HepG2 tumours inoculated on the left and right hind limbs,
respectively. After intravenous injection, the Hela tumours on the left hind limbs had higher
fluorescence signal than that in HepG2 tumours. Finally, the DICNPs showed the best
treatment performance in a combination therapy with PTT and chemotherapy. In another
example, Liu ef al. used a macrophage membrane to modify the surface of iron oxide NPs.
320 This coating not only endowed NPs with good immune evasion but also provided NPs
with active targeting to breast cancer cells due to the cell-cell adhesion between
macrophages and cancer cells. Finally, effective PTT was conducted to treat the breast
cancer /n vivo. Overall, cell membrane camouflage is a more advanced coating strategy, but
production of cancer membrane may take certain efforts.

3-5-2. Engineering the sizes and shapes of PTAs for enhanced tumour
accumulation—Both size and shape of PTAs can influence their circulation half-lives,
biodistribution in different organs, and accumulation level in tumours, since they can
influence many biological processes, such as cellular uptake, crossing blood vessels,
diffusion in tumour tissues, and so on.2”8 Through analysis of previously reported results,
NPs with a hydrodynamic size smaller than 100 nm showed higher tumour accumulation.314
NPs larger than 100 nm could be cleared from blood circulation rapidly by MPS organs like
liver or spleen and compromised their uptake in tumours. Yet, NPs smaller than 5 nm may
go through renal clearance pathway, which shortens their circulation time and decreases
their accumulation in tumours.2’8 For NPs between 5 and 100 nm, smaller NPs usually show
faster accumulation and better diffusion in tumours. However, the fast accumulation does not
necessarily lead to higher accumulation, as larger NPs stay in tumours for a longer period of
time due to their better retention, while smaller NPs can be pushed back into blood vessels
from tumour tissues more easily by high intratumoural pressure. The best NP size that
balances high tumour accumulation and good diffusivity may vary from case to case.
Regarding NP shapes, non-spherical NPs differ from their spherical counterparts in the
interactions toward cell membrane, tumbling under the shear force of blood flow, and many
other biophysical processes.** Many studies have shown that non-spherical NPs, especially
rod-like or cylindrical NPs, demonstrated some advantages in tumour uptake than spherical
NPs.329 However, this conclusion is not solid as there are many factors influencing the in
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vivo fate and contradictory results may be obtained. The conclusion would be even harder to
make when both the size and shape of NPs are considered simultaneously.

In vitro experiment is helpful to understand the size and shape effect on cellular uptake in a
simplified model. One aim to investigate the shape and size effect of NPs on cell uptake is to
seek for the best structure that can enhance the tumour accumulation. As most NP sizes for
in vivo studies lie in the range of 5 to 100 nm, NPs in this size range mainly enter the cells
through endocytosis.330 The endocytosis is a process integrating the adhesion energy
between NPs and cell membrane through specific or non-specific interactions, membrane
deformation against membrane tension, and the entropy penalty from clustering of receptors.
The changing of NPs’ sizes or shapes would influence these interactions and change their
cellular uptake efficiency. In one study, Chan et a/. investigated uptake of Au NPs with sizes
of 14, 30, 50, 74, and 100 nm and Au nanorods with the length by the width of 40 x 14 nm
and 74 x 14 nm in Hela cells.331 The results indicated a strong relationship between the
uptake efficiency of NPs and their shapes. Among different sizes, 50 nm Au NPs showing
the highest cell uptake. The changing of shape from spherical NPs to rod-like NPs led to
reduced cell uptake. The possible explanation is that non-specific protein adsorption on NPs
dictated the endocytosis of NPs. Smaller NPs had fewer interactions toward cell membrane
receptors while larger Au NPs or rods depleted the available receptors on membrane due to
the larger contact area. Chu et al. compared the macrophage (RAW?264.7) uptake of BSA-
coated smaller (7 x 30 nm) and bigger Au nanorods (14 x 56 nm) with similar aspect ratios
and found that smaller Au nanorods had higher macrophage uptake and better
biocompatibility.332 After observing this phenomenon, they injected Au nanorods containing
macrophages intratumourally and made use of the better tumour penetration ability of
macrophages in tumour hypoxic environment to enhance the diffusion of smaller Au
nanorods in tumours. Compared to the injection of Au nanorods alone, more uniform
heating and larger temperature increase were observed in tumours with the injection of Au
nanorods containing macrophages upon laser irradiation.

The features of a good structure include decreased MPS clearance during circulation and
enhanced uptake of NPs by cancer cells. To some extent, these two features may be
contradictory to each other. The actual effect of size and shape has to be verified /n vivo.
42,43, 46, 279, 280, 333-335 Chen et a/. assembled amphiphilic perylene diimide (PDI)
derivatives into a series of PDI NPs with sizes of 30, 60, 100, and 200 nm and studied the
size effect of NPs on tumour accumulation.*2 The NPs were labelled with 4Cu and their
tumour accumulation was monitored by PET imaging and PAI. Among different sizes, 60
nm PDI NPs showed the highest tumour uptake, with about 10.63 + 1.54 %ID/g in the
tumour at 24 h postinjection. The PDI NPs had excellent photothermal properties and were
used in PTT. Chen et al. evaluated the size effect of Au nanorods on biodistribution and
tumour accumulation.2”® The results indicated that smaller Au nanorods had longer blood
circulation time due to their slower clearance by MPS organs. Yet, Au nanorods with longer
aspect ratio demonstrated better tumour accumulation. The overall results indicated that the
volume and aspect ratio, the two important features of Au nanorods, must be balanced for
better tumour delivery. Xia et al. compared the biodistribution and tumour uptake of four
different shaped Au nanostructures with similar diameters, which included Au nanospheres,
nanodisks, nanorods, and cubic nanocages.28% All nanostructures were labelled with 198Au
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and their biodistribution was monitored with the imaging signals from Cerenkov radiation.
Their results demonstrated that Au nanospheres were the best in terms of tumour uptake,
however, Au nanorods and Au nanocages had better diffusivity, leading to deeper
penetration in the tumour area. More recently, Chen et a/. compared the macrophage uptake
of 2D Au nanostructures, including nanorings and nanoplates with Au nanospheres (Figure
14a-c).*3 Different Au nanostructures with or without preformed protein corona were
incubated with macrophage cells (Raw 264.7) at 37 °C for 8 h, followed by the analysis of
Au content being internalized by an inductively coupled plasma optical emission
spectroscopy (ICP-OES). The macrophage uptake was the highest for Au nanoplates,
followed by Au nanospheres and Au nanorings (Figure 14b). The results were explained by
the reduced interactions to cell membrane due to the decreased contact area of NPs with the
shapes changing from plate to ring. This explanation was evidenced by the similar trend for
the uptake of different Au nanostructures by macrophages cells at 4 °C. Under this condition
the NPs preferred to stick to the membrane of cells instead of being internalized through
endocytosis (Figure 14c). The /n vivo liver and tumour uptakes of Au nanorings, Au
nanoplates, and Au nanosphere of 50 nm labelled with 64Cu were then evaluated via PET
imaging (Figure 14d).43 Because of the lower macrophage uptake of Au nanorings, they had
the longest blood circulation time and the lowest liver and spleen uptake, which led to the
highest tumour accumulation (Figure 14e-g). The authors also evaluated the size effect of Au
nanorings on tumour uptake by injecting 30, 50, and 130 nm Au nanorings. The largest Au
nanorings were cleared from the blood circulation very rapidly. The 30 nm Au nanorings
showed faster tumour accumulation but also shorter tumour retention than 50 nm Au
nanorings. Therefore, 50 nm Au nanorings were the best for photothermal ablation of
tumours due to their good accumulation in tumours and PCE.

To improve the accumulation of PTAs in tumours via controlling the coating or shape or size
of NPs requires a deeper understanding of nano-bio interactions. Limited by our observation
method, we can’t obtain a full picture of how NPs interact with biological systems /in vivo,
which results in an insufficient understanding of the nano-bio interactions and sometimes
may conflict the conclusions. More efforts and better observation techniques are still
demanded for advancing our knowledge about nano-bio interactions.

3-5-3. Responding to TME for enhanced tumour accumulation of PTAs—In
many cases, there is no single condition that can fit for every purpose. For example, larger
NP size is good for tumour retention, but smaller NP size is good for tumour penetration.
Developing “smart” nanomaterials that can change their physicochemical properties in
different /n vivo environments is a promising strategy to achieve high tumour accumulation
and retention but with relatively good penetration at the same time. PTAs that can increase
their sizes in response to the TME is one way to balance tumour retention and penetration.
PTAs with initial relatively smaller size are good for blood circulation, penetrating leaky
blood vessels into tumours, and diffusing into deep tumour regions. After entering tumours,
the smart PTAs can intelligently aggregate to increase their sizes in response to certain
intrinsic stimuli within TME in a time- and concentration-dependent manner. This allows the
enhancement of tumour retention with improved tumour penetration ability than intrinsically
large PTAs. One character of TME is the acidic pH, due to anaerobic glycolysis and hypoxia
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conditions in the tumour.336 This character can be used to trigger the aggregation of NPs in
tumours by breaking the charge balance that stabilizes NPs. Ji et a/. prepared 16 nm
zwitterionic Au NPs stabilized by mix-charge ligands, 11-mercaptoundecanoic acid and (10-
mercaptodecyl) trimethylammonium bromide.?8” The obtained zwitterionic NPs had several
features: good stability in blood or normal pH conditions, capable of assembling into large
aggregates with NIR absorption in acidic pH environment, enhanced uptake by cancer cells
in the acidic environment, and preferred uptake by cancer cells than macrophages.
Compared with Au NPs stabilized by PEG, the zwitterionic NPs had similar blood
circulation time but about two-fold higher tumour uptake and much longer tumour retention.
Because of higher tumour uptake and NIR absorption of assembled zwitterionic NPs,
improved PTT treatment outcomes were obtained. The decreased charge repulsion due to pH
change can also come from NPs themselves instead of stabilizing ligands. Shi et a/. reported
a Mo-based polyoxometalate (POM) clusters that can assemble under acidic environment
into large aggregates, in which the electronic repulsion forces between NPs were
significantly decreased due to the protonation of POM macroanions (Figure 15a).284 The
hydrogen bonding interactions would overcome the electronic repulsions to induce the
aggregation of POM clusters in tumours. Moreover, the acidification and reduction
environment in tumours can enhance their absorption at 808 nm, increasing the
photothermally induced temperature rise of POM clusters (Figure 15b,c). The POM clusters
had a hydrodynamic diameter of 1.8 nm, providing them renal clearance ability (Figure
15d). The POM clusters reached the highest uptake in tumours at 1 h postinjection. Despite
of such small sizes, a significant amount of POM clusters remained in tumours for 2 days
after injection, which was mainly attributed to the aggregation induced prolonged tumour
retention time (Figure 15d). POM clusters efficiently removed tumours via PTT due to their
acidic and reductive environment induced-enhancement of absorption at 808 nm (Figure
15¢). The interactions between complementary DNA can also be used to assemble PTAs
elicited by pH change. Tang et a/. designed one type of nanomachine capable of aggregating
in the acidic environment by making use of host-guest chemistry and pH responsiveness.
Two groups of Au NPs around 20 nm diameter were stabilized by two complementary
single-strand DNAs, respectively.281 Each DNA sequence was terminated by a pyridine-2-
imine group, which was capped by alpha-cyclodextrin (a-CD) under neutral pH initially.
The a-CD prevented the hybridization of complementary DNAs to keep the two types of Au
NPs separated. When these nanomachines entered tumour, a-CD caps would be released
due to the acidic pH-triggered protonation of the pyridine-2-imine at the end of DNA
ligands, restoring the hybridization interactions between complementary DNASs on two types
of Au NPs to induce their aggregation. Compared to DNA-stabilized Au NPs without
capped a-CD, the nanomachines showed enhanced tumour uptake and retention after
intravenous injection and better PTT performances.

In addition to pH, some enzymes that are overexpressed in tumour region can also be used to
trigger the aggregation of PTAs in tumours.283. 285, 286 For example, Chen et a/. reported an
alkaline phosphatase (ALP) responsive system in which small micelles assembled from ICG
and NapFFKYp (ALP-responsive peptide) would reassemble into long fibres due to the
change of the amphiphilic balance after dephosphorylation of NapFFKYYp.286 Compared to
free ICG which cleared from the body in 4 h, this strategy significantly increased the
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retention of ICG in Hela and 4T1 tumours even at 48 h postinjection. The higher
accumulation of ICG in the tumour region facilitated enhanced PTT outcome.
Metalloproteinase-2 (MMP-2) is another type of enzyme that is overexpressed in many
tumour types. Li et al. reported one type of MMP-2 responsive PTAs made by linking a
mixture of two types of peptides, CPLGVRGDDRGD (peptide 1, MMP-2 cleavable) and
CKKKLVFF (peptide 2, assembly motif) to 13 nm Au NPs (Au NPs@Pepl/Pep2), with a
defined ratio through interactions between thiol groups in Cys and Au.283 The peptide 2 can
induce the aggregation of Au NPs by forming hydrogen bonds (Figure 15f). Under normal
conditions, the monodispersity of Au NPs was maintained by the peptide 1 ligands. In the
presence of MMP-2, the PLGVRGDD part of the peptide 1 was cleaved, leading to the
destabilization and aggregation of Au NPs. As a result, the tumour accumulation of MMP-2
responsive PTAs increased 3 times compared to the control group with only peptide 1 on Au
NPs (Ctrl 1) and control group with MMP-2 irresponsive peptide 1 and peptide 2 on Au NPs
surfaces (Ctrl 2) (Figure 15¢g). The aggregation of Au NPs in tumour induced red-shift of
their absorption to NIR range and improved the PTT efficiency in U87MG tumour model
(Figure 15h).

PTAs that can intelligently switch its surface charge from neutral or negative to positive in
TME is another promising way to enhance the accumulation and retention of PTAs in
tumours.288-293 Because of the intrinsic negative charge of cell membranes, PTAs with
initial neutral or negative charges have weaker interactions toward both MPS or tumour
cells, which usually results in longer blood circulation but also a short tumour retention time.
Switching the surface charge of PTAs into positive in TME will enhance the interactions
between PTAs and cancer cells, leading to higher tumour uptake and better tumour retention.
The charge conversion can be achieved through protonation of functional groups, such as a
primary or secondary amine.290: 291 Chiu er al. reported the synthesis of charge-switchable
drug delivery system by conjugating N-Acetyl histidine (NAcHis) modified D-a-tocopheryl
polyethylene glycol 1000 onto ICG and Dox co-loaded PLGA NPs.29 By changing the pH
of the medium from 7.4 to 5.0, the surface charge of NPs shifted from negative to nearly
neutral and then to positive, due to the gradual protonation of the imidazole groups.
Compared to the control NPs with static negative charge, the charge-switchable NPs showed
enhanced uptake by TRAMP-C1 cells and macrophages, due to the enhanced affinity of
neutral or slightly positively charged NP surfaces to cell membranes. After intravenous
injection, significantly stronger fluorescence signals of ICG delivered by charge-switchable
NPs were observed in tumours than free ICG or ICG delivered by static negatively charged
NPs. Moreover, the charge-switchable NPs showed enhanced tumour penetration than static
negatively charged NPs, due to the combination of NPs’ small sizes and higher uptake of
charge-switchable NPs by tumour-associated macrophages. The PTT results indicated that
the ICG/Dox co-loaded charge switchable NPs showed the most profound photothermally
induced temperature rise in tumours under NIR laser irradiation.

The charge conversion can also be generated by exposing positively charged groups in an
acidic environment via breakage of chemical bonds.288: 289, 292 For example, in a study by
Liu et al., graphene oxide modified with PEG and 2,3-dimethylmaleic anhydride (DA)
conjugated poly(allylamine hydrochloride) (PAH), was used to load and deliver Dox.293 The
tumour acidic pH environment would trigger the Dox release from graphene oxide as well as
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the DA release from PAH to restore the positively charged surfaces. This led to enhanced
tumour uptake of Dox delivered by graphene oxide than free Dox and improved PTT
outcomes.

3-5-4. Enhancing the tumour delivery of PTAs through the photothermal
effect—The laser irradiation can be selectively targeted at tumour regions and induce
dramatic and fast temperature rise initially from PTAs to entire tumour regions. This highly
targeted stimulus allows the selective modulation of the physicochemical properties of PTAs
in tumour regions or the direct tuning of TME, to further augment the tumour delivery of
PTAs.

The photothermally induced temperature rise, especially with sublethal dose, can modulate
the TME to magnify the uptake of PTAs. The mild temperature rise can increase tumour
vascular permeability, initiate recruitment for certain biomolecules or cells, and enable the
improved diffusion of PTAs in tumours.295: 297, 337, 338 The mild temperature rise, referred
to 40-45 °C, is capable of enhancing tumour blood flow and oxygenation and increase
vascular permeability.294: 295, 337, 339, 340 gjnce PTAs travel through the leaky vessel wall
into tumours, the increase in vascular permeability can enhance uptake of PTAs in tumours.
In a study by Nie et al., the authors demonstrated that the tumour accumulation of an Au
nanoshell-coated mesoporous SiO, with surface-conjugated transferrin (Tf) was enhanced
with the aid of NIR light irradiation.2%* Gemcitabine (GEM) was also encapsulated into the
PTAs for a combination of chemotherapy and PTT. The tumours were irradiated by a laser
for three times (0.5 W/cm2, 1 min x 3 times, 1 min interval) at 24 h postinjection and the
enhanced tumour uptake of PTAs with laser irradiation could be visualized by the stronger
two-photon confocal microscopy imaging signals. Then the tumours were collected and
analysed by an ICP to characterize the Au content in tumours. The results revealed that the
tumour uptake of PTAs increased from 206 + 28 ng/g to 377 £ 40 ng/g with the assistance of
laser irradiation. In addition to mild temperature rise, the higher temperature rise caused by
photothermal effect induces injuries in tumours, which can recruit certain biomolecules or
cells to tumours. Based on this mechanism, researchers have designed some interesting
strategies to enhance the tumour uptake of NPs. Bhatia et a/. reported a very interesting NP
communicating systems, in which Au nanorods disrupted blood vessels to activate the
extrinsic coagulation pathway to recruit fibrins to tumours.2% This can enhance the tumour
accumulation of NPs coated with fibrin-targeting peptides. In another example, Liu et al.
developed the Au nanorods encapsulated platelets (PLTs) PTAs through electroporation
method (PLT-Au nanorod).2% The PTAs with PLT coating can evade the phagocytosis by
immune cells, which endowed the PTAs with a longer circulation half-life /n vivothan Au
nanorods and PLT membrane cloaked Au nanorods (PLT-M-Au nanorod) (Figure 16a). The
PLT-Au nanorods inherited the properties of PLTs that can be attracted to the injury sites. A
self-reinforcing feedback manner was used to enhance the delivery of PTAs by first
intravenous injection of PTAs followed by irradiation of the tumour area with an 808 nm
laser at 2 W/cm™2 for 5 min to cause injuries that recruited more PTAS to tumour area
(Figure 16a). The quantitative results of the Au content in tumours via ICP measurement
indicated higher accumulation of PLT-Au nanorods in tumours after subsequent doses of
injections with laser irradiation than that of injection of PLT-Au nanorods without irradiation
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of tumour regions (Figure 16¢). As a result, a higher temperature rise after each time of PTT
with the injection of PLT-Au nanorods was obtained than the control groups with Au
nanorods or PLT-M-Au nanorods injection, leading to the improved PTT treatment outcomes
with PLT-Au nanorods in a head and neck squamous cell carcinoma (HNSCC) tumour
model (Figure 16d).

Furthermore, the diffusion of PTAs in tumours is hindered by resistance from collagen in
tumour extracellular matrix (ECM), further limiting the delivery efficiency /n vivo. The
photothermal effect can also be used to decrease the resistance in tumours.341: 342 py et al.
constructed an SP/enzyme hybrid NPs by conjugating bromelain (Bro), a temperature-
sensitive collagenase, to the surfaces of nano-assemblies of SP amphiphiles (PCB-Bro)
(Figure 16€).341 The Bro is supposed to have the highest activity in collagen digestion at a
temperature around 45 °C, which is higher than the normal body temperature. Low dose
laser irradiation (0.2 W/cm?) at tumour for three times without exceeding the temperature
above 43 °C after intravenous injection of PCB-Bros was sufficient to enhance the collagen
digestion activity of Bro. The fluorescence signal from PCB-Bro NPs in tumours after
injection with laser irradiation was 1.42 times higher than the control group with PCB NPs
injected, indicating that improved tumour delivery was achieved by digestion of collagen in
tumour ECM (Figure 16f). At 6 h postinjection, the PTT was conducted by exposing the
tumours to an 808 nm laser at 0.3 W/cm?2, in which the group with digested tumour ECM
showed the highest temperature rise and best treatment outcomes (Figure 16g).

Instead of modulating TME, photothermal treatment can serve as an external stimulus to
modulate the physicochemical properties of PTAs in different environments. As we have
discussed above, size-switchable properties can be beneficial for increasing tumour uptake
of PTAs. This can be achieved by introducing thermal sensitive materials into PTAs. For
instance, Poly(N-isopropylacrylamide) (PNIPAM) is a frequently used thermal sensitive
material with low critical solution temperature (LCST). Chen et a/. reported the synthesis of
one type of core-shell nanocomposites with its core of Au nanorod@SiO, coated by a
polymer shell of poly (NIPAM-co-acrylic acid).4” The murine 4T1 tumour model was used
to evaluate the tumour accumulation of PTAs. They found that increasing the temperature of
the tumour area either by immersing the tumour in a water bath or laser irradiation can
increase the uptake of PTAs in tumours. The tumour accumulation of PTAs increased by
more than 7 times at 30 min postinjection when the tumour was exposed to the laser
irradiation. This dramatical increase in tumour accumulation was explained by: first, the
increased vascular permeability due to the photothermal effects of PTAs; and second,
shrinkage of PTA sizes due to the thermally induced collapse of the PNIPAM. The laser
irradiation induced temperature rise and enhanced accumulation of PTAs in tumour formed a
feedback loop cycle, which explained the continuous temperature increase in the tumours
without reaching a plateau during the PTT after injection of the nanocomposite.

4. Combining PTT with other therapies

Monotherapies are normally insufficient to trigger an adequate therapeutic response and PTT
is not an exception. Even with great treatment efficacy, their limitation, such as insufficient
light penetration depth, may cause the incomplete elimination of cancer cells, especially for
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residual tumour cells at the treatment margins, leading to tumour recurrence and metastases
in distant organs.1® Combination of PTT and other therapies can improve the overall
treatment results. In many cases, the combination of different therapies is not a simple
addition. Instead, one therapy may benefit from the outcomes or effects of other therapies,
achieving synergistic treatment outcomes.#3-53 One of the advantages that may apply to all
combination therapies is to lower the dose of each therapy rather than individual therapies to
achieve similar or even better outcomes. Besides this advantage, the efficient thermal
generation in the desired location, one key feature of PTT, can improve the efficiency of
combination therapy in different ways. As we introduced in the previous section,
photothermal treatment can be used to enhance the accumulation and permeability of NPs or
drug carriers in tumours. Furthermore, studies have indicated that PTT, depending on the
laser dosage, can promote the cellular uptake of drug carriers, trigger the drug release from
carriers in irradiation areas, overcome drug resistance, and inhibit DNA repairing, which
would be favorable for any drug delivery involved therapy.49: 343-346 |n addition, PTT can
increase the oxygen perfusion to change tumour hypoxia microenvironment, favoring
oxygen-dependent therapies, such as PDT or radiotherapy.33° The thermal ablation of
tumour cells may also facilitate the combination of PTT with immunotherapy due to the
release of tumour-specific antigens.3*’ Therefore, the combination of PTT with other
therapies has great potential to achieve the synergistic effect and improved treatment
performances.

4-1. Combining PTT with chemotherapy

Uneven heating in different tumour regions has been frequently observed because of the
nonuniform distribution of PTAs in a heterogeneous tumour and attenuated laser intensity at
locations deeper from skins. This heterogeneous heating could result in incomplete
elimination of cancer cells and tumour recurrence. Combining PTT with chemotherapy can
be more effective in cancer treatment due to the synergistic effects and the ability to treat
tumour metastases outside the scope of irradiation. The on-demand, controllable drug
release is demanded in chemotherapies. Chemotherapeutics are loaded into drug carriers
through different mechanisms, which include hydrophobic interactions, coordinating
interactions, electronic interactions, hydrogen bonding, rt-rt interactions, chemical
conjugation, and encapsulation of hydrophilic compounds. There is a balance between stable
drug carriers for preventing premature drug release and fast drug release in tumours, for any
drug delivery carrier. PTT has been demonstrated as an external stimulus to trigger the
tumour-specific and spatiotemporal drug release. The drug release can be triggered by
photothermally mediated disruption of drug carriers, the structure or conformation change
due to the presence of thermally sensitive materials, cleavage of thermal responsive chemical
bonds, or destabilization of the interactions between drug and carriers. In addition, the drug
release rate can also be adjusted by manipulation of laser intensity. Depending on different
drug loading strategies and desired drug release profiles, laser type, and dosage should be
carefully controlled to promote demanded and efficient drug release. For example, Halas ef
al. compared the photothermally triggered drug release mechanism of the two different PTA
drug delivery systems, which were Au nanoshells conjugated with double-stranded DNA
and protein HSA, respectively, under the irradiation of a continuous wave (CW) or a pulsed
laser.346 Two drugs, docetaxel and HER2-targeted lapatinib, were loaded to PTAs through
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the formation of a complex with DNA or binding to HSA. They found that the CW laser
could increase the temperature around PTA to dehybridize double-stranded DNA due to the
disruption of hydrogen bonds and trigger of drug release, while the pulsed laser could break
the thiol-Au bond between DNA and Au surface but maintain the hybridized DNA structure,
preventing the release of free drugs. In the case of HSA, both CW and pulsed lasers could
trigger the release of the drug through either photothermal effect or denatured protein
structure, respectively.

Chemotherapy frequently fails in the cancer treatment, because of poor pharmacokinetics
and insufficient delivery of drugs, and most notably, development of multiple drug resistance
(MDR) by cancer cells.3*8 MDR may be derived from the deficient uptake of
chemotherapeutic drugs by cells, increased drug efflux mediated by pump proteins, and
expression of MDR-associated proteins.49: 348-350 photothermal treatment can potentially
down-regulate the drug-efflux proteins to overcome the MDR for improved treatment. Chen
et al. reported the assembly of Pt(IV) prodrug, cyanine dye (Cypate), and block copolymer
containing PEG and decylamine-grafted poly(l-aspartic acid) (MPEG-6-PAsp) into micelle
NPs (P/C-micelles) for combination of PTT and chemotherapy to overcome MDR of Pt(1V)
prodrug (Figure 17a).3%0 The authors first compared the uptake of Pt(1V) prodrug and
Cypate by A549 and A549R cells, which were normal and cisplatin-resistant cells,
respectively. Both cells showed similar uptake of Cypate, but the cisplatin-resistant cells
only had about 50% uptake of Pt(IV) prodrug of that by normal A549 cells (Figure 17b). By
using micelles as drug carriers, the uptake of Pt(IV) prodrug by A549R cells was
significantly increased, with little differences compared to the uptake of Pt(1\V) prodrug by
A549 cells (Figure 17b). The efflux of Pt(IV) prodrug delivered by P/C-micelles from
ABb49R cells also decreased compared with the efflux of free Pt(1V) prodrug (Figure 17c¢).
These results indicated that the micelle structures can enhance the uptake of Pt(IV) prodrug
by cisplatin-resistant cells. Then, a decreased 1C50 of Pt(I1V) prodrug for A549R from a
value of 24.7 ug/mL for free drug, to 3.0 ug/mL of drug-containing micelles, and to 0.27
pg/mL of drug-containing micelles plus laser irradiation were obtained. Such lowered IC50
value is accompanied by the decreased resistance factors, which could be partially explained
by the inhibition of MDR-associated protein 1 (MRP1) due to photothermal effect. The
following /n vivo study demonstrated that the combination of PTT and chemotherapy can
eliminate the cisplatin-resistant tumour model. In another study from Zhao et a/., the authors
prepared the NPs made by encapsulating MoS, with polyethylenimine (PEI) and HA
(MoS,-PEI-HA) to deliver Dox for the treatment of one type of drug-resistance tumour
model, MCF-7-ADR.349 The Western blot results indicated that through a mild
photothermally induced hyperthermia, the expression of MDR P-glycoprotein (P-gp) can be
downregulated. The HA could target at CD44 overexpressed cells to enhance the uptake of
NPs. Together with the overcoming of chemotherapy drug resistance, the combination of
PTT and chemotherapy dramatically decreased cell viability from around 50% to 2.9%. /n
vivo results demonstrated that about 96% inhibition ratio of MCF-7-ADR tumour model was
achieved through a combination of PTT and chemotherapy by injection of Dox@ MoS,-
PEI-HA, which was much higher than the other control groups.

We have discussed that PTT can modulate TME to enhance the delivery of PTAs. The
synergistic effects of combination of PTT and chemotherapy can also come from
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photothermally mediated enhanced tumour accumulation and penetration of
chemotherapeutic drug carriers for better treatment.2%7 This enhancement can result from the
increased blood flow and blood pressure in hyperthermia area, augmented NP extravasation
from tumour vessels, enhanced diffusion in tumour interstitial matrix and cell uptake of
chemotherapeutics.47: 295, 339, 343 yet, the desired temperatures for different enhancement
mechanisms may not be the same. It has been reported that mild temperature rise between
40 to 42 °C is the favourable range of temperature to enhance liposome NPs extravasation
from tumour blood vessels possibly owing to the formation of larger pores on blood vessels
via the disaggregation of endothelial cell cytoskeleton and cell shrinkage.33” The enhanced
extravasation induced by the mild hyperthermia is not permanent. The blood vessels may
return to the state before hyperthermia has been applied due to the development of vascular
thermotolerance. Below 40 °C, the enhanced extravasation is not obvious, while temperature
higher than 42 °C would cause haemorrhage and stasis in blood vessels and block
extravasation of liposomes. It has also been reported that photothermal treatment can
improve the transportation of NPs in tumour interstitial matrix. Raeesi and Chan et a/.
investigated the effect of photothermal treatment on the collagen structures using a collagen
(1) u-channel setup. They found that by introducing Au nanorods in the collagen channel and
applying laser irradiation to increase the temperature to 45-55 °C, the transformation and
denaturing of collagen fibres occurred, leading to the reduced resistance that prevented the
diffusion of NPs.338 As a result, in their model, the effective diffusivity of the 50 nm and
120 nm Au NPs increased for ~14 fold and ~21 fold, respectively, after the photothermal
experiment. The results indicated that the diffusion of drug carriers in tumour ECM could be
improved with the assistance of photothermal effect.

Although PTT can remove primary tumours efficiently, it can’t eliminate residual cancer
cells or treat tumour metastases outside the scope of laser irradiation. Combining PTT and
chemotherapy can generate improved treatment outcomes.3%1-355 |n this context, Chen and
co-workers developed the supramolecular micelles assembled from polyrotaxane building
blocks as a theranostic platform.3%1 The axle of polyrotaxane was amphiphilic PDI
terminated block copolymer of PEG-b-poly(e-caprolactone) (PCL), which formed host-
guest complexation with the wheel of the primary-amino-containing B-cyclodextrin (B-CD-
NH,). Paclitaxel (PTX) was encapsulated in micelles during the self-assembly process. The
PDI components provided the micelles with good photothermal properties. The presence of
amines from B-CD-NH, enabled the crosslinking of micelle shell v/a reaction with N-
hydroxysulfosuccinimide (NHS) ester-activated GSH-responsive crosslinkers (NHS-SS-
NHS), forming “gatekeepers” that prevented the immature drug release during circulation. In
the absence of GSH, only 6.27 % of PTX was released from micelles in 24 h. The much
faster release rate was obtained in the presence of GSH and NIR laser irradiation, which was
due to the removal of “gatekeepers’ via cleavage of disulfide bonds in crosslinkers and
destabilization of micelle structures through photothermal effect (Figure 17d). /n vitro
results indicated the synergetic effect on cancer treatment which was achieved through the
combination therapies using these NPs. Owing to the good tumour accumulation and on-
demand drug release, the supramolecular micelles, in a single-dose injection, could
efficiently treat Hela tumour model through a combination of PTT and chemotherapy
without any recurrence. All other control groups had tumour recurrence after the treatment.
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The combination therapy by the supramolecular micelles was also evaluated in an orthotopic
4T1 tumour model. The treatment results indicated that a combination of PTT and
chemotherapy led to better antimetastatic activity by suppressing the growth of surface lung
metastases (Figure 17e,f) . In another study, Zhang and co-authors simultaneously loaded
Dox and cisplatin onto polymer modified single walled carbon nanohorns (SWNHSs) as a
chemo-photothermal theranostic system.352 Both synergistic effect of Dox and cisplatin and
chemotherapy and PTT improved /n vitro treatment of 4T1 cancer cells. /n vivo study
showed that combination of PTT and chemotherapy had the best treatment outcomes. Even
though PTT alone effectively removed the primary tumour, the survival rate of mice in this
group was similar to mice treated with PBS or SWNHSs only. The ex vivo fluorescence
imaging of tumour metastases indicated that the SWNH theranostic system could deliver
chemotherapy drugs to tumour metastases, leading to prolonged survival rate by combining
with PTT. In short, PTT can trigger the drug release, enhance the drug carrier accumulation
and diffusion in tumours, overcome the MDR, and elicit strong efficacy in treating tumours.

4-2. Combining PTT with immunotherapy

Recently, immunotherapy, based on the patients’ own immune systems to fight cancers, can
potentially become a safer and more effective therapy than other traditional therapies.
Tumours have certain immune suppression mechanism that protects them from being
attacked by the body’s immune system. To stimulate the immunotherapy, strategies such as
checkpoint-blockade therapy, adoptive T-cell transfer especially the emerging chimeric
antigen receptor T (CAR-T), and utilization of cancer vaccines, have been applied.5: 7
Especially, the development of cancer vaccines with tumour-associated antigens can
stimulate the body’s specific immune response toward cancer cells. This stimulation can be
more effective with the assistance of immunoadjuvants or checkpoint inhibitors, which
promote the maturation of antigen-presenting cells and cytotoxic T cells as well as inhibition
of immune suppression mechanism in tumours.8 Combining PTT with immunotherapy can
achieve synergistic effect for the following reasons: first, the PTT-induced cancer cell death
can release the tumour-specific antigens /n situ, triggering the specific antitumour immune
response; second, the development of patients’ own antitumour response can eliminate
disseminated, metastatic tumour beyond the scope of laser irradiation and prevent the
tumour recurrence. One requirement for conducting this kind of combination therapy is to
avoid the use of immunocompromised mice, which have been frequently used in many
studies. Given the background, Liu et a/. prepared the PTAs by encapsulating ICG and
imiquimod (R837), a Toll-like-receptor-7 agonist together in PLGA NPs (PLGA-ICG-R837
NPs) through oil-in-water emulsions.3%6 After conducting PTT with PLGA-ICG-R837 NPs
in vivowith a 4T1 tumour model, higher percentage of matured dendritic cells (DCs) were
observed in inguinal lymph nodes and tumours compared to PLGA-ICG NPs and free R837,
indicating a stronger immune stimulation effect of PLGA-ICG-R837 NPs. The authors
further evaluated the combination therapies in mice with both primary and secondary
tumours, in which only the primary tumours were irradiated by a NIR laser. With the
injection of checkpoint inhibitor, anti-cytotoxic T-lymphocyte antigen-4 (CTLA4), treating
primary tumours with PLGA-ICG-R837 NPs and NIR laser irradiation, led to significant
regression of both primary and secondary tumours, which was even better than that of mice
treated by the combination of surgery and PLGA-ICG-R837 NPs and CTLA4. This
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combination therapy can also effectively treat metastatic tumour model, made by injection of
luciferase-expressed 4T1 cells (fLuc-4T1) into mice before their primary tumours were
treated. The regression of secondary or distal tumour mainly resulted from the stimulated
immune response by a combination of the tumour-specific antigens generated by PTT and
influence of Toll-like-receptor-7 agonist and checkpoint inhibitor.

Even with tremendous progress on the combination of PTT and immunotherapy, the detailed
mechanism for stimulation of immune response still needs further investigation. Most of the
previous studies used checkpoint inhibitors to stimulate the immune response. A more recent
study indicated that a combination of PTT with a sub-therapeutic dose of Dox can elicit
robust anti-tumour immune responses and eliminate both primary and secondary tumours
(Figure 18b).357 In their work, a core-shell nanostructure with a core of a spiky Au NP in a
dopamine shell was made (SGNP@PDASs) (Figure 18a). The coating of PDA can enhance
the photothermal stability of spiky Au NPs under laser irradiation, thus providing a
persistent and stable photothermal ability. In a CT26 tumour model, The PTT via
SGNP@PDAs alone led to the regression of 75% large solid tumours, 4-fold higher of CD8*
T-cell responses than the PBS control group, and anti-tumour immunity toward re-
challenged tumours. Then the authors evaluated the combination of PTT and chemotherapy
with a sub-therapeutic dose of Dox in a dual tumour mice model, in which only the primary
tumours were exposed to the NIR laser irradiation. The chemotherapy alone had no obvious
impact on tumour growth, yet the combination with PTT led to complete tumour regression
in all the mice in the group. The regression of secondary tumours without laser irradiation
was also observed. The mechanism study indicated that the infiltration and activation of
CD8™ T cells and NK cells by the combination therapy was responsible for the enhanced
immune response to cancer cells. Finally, they demonstrated that this combination could
effectively treat advanced orthotopic HNSCC tumour model and inhibit the growth of
untreated, distal tumours. Overall, the combination of PTT and immunotherapy can
effectively treat both locally advanced tumours and tumour metastases and develop long-
time immunity towards potential recurrence.

4-3. Combining PTT with gene therapy

Gene therapy can down-regulate or substitute mutated genes with plasmid DNA or reduce
certain protein expression by RNA interference.8 In cancer treatment, gene therapy can
induce the cancer cell apoptosis, down-regulate the expression of heat shock proteins that
protect cells from the damage caused by photothermally induced hyperthermia, or
upregulation of cytotoxic immune cytokines. Combining gene therapy with PTT can
potentially achieve the similar therapeutic effect with lower laser intensity. In addition, DNA
or RNA with a strong negative charge is difficult to be internalized by cells, and they suffer
from serious enzymatic degradation /7 vivo. The delivery of DNA or RNA through PTA
nanocarriers can enhance their cell uptake efficiency and /n vivo stability.358-366 |t has also
been reported that photothermal treatment can induce the endosomal escape of gene delivery
carriers and promote the release of the gene in the cytosol.367 Thus, the combination of PTT
and gene therapy can achieve synergistic effect.368. 369
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For example, Yang et al. used black phosphorous nanosheets functionalized by
polyethylenimine (PEI) as a carrier to deliver survivin siRNA for combination therapy.366
The siRNA can silence the expression of survivin protein, an inhibitor of apoptosis, to
decrease cell viability. Compared to the effect of naked siRNA, 80% of survivin protein
expression was inhibited by siRNA delivered v7a black phosphorous nanosheets. As a result,
44% cell inhibition was obtained due to the effect of survivin sSiRNA. This number was
further increased to 64% with PTT, indicating the synergistic effect of the combination
therapy. The authors evaluated the therapy in an MCF-7 tumour model which proved the
effective treatment viathe combination therapy than the other control groups. More recently,
Xu et al. demonstrated that the co-delivery of plasmid DNA, antioncogene p53, and
sorafenib by Au nanorod containing rattle-structured rough nanocapsules, could achieve
better treatment performance with the combination of PTT, gene therapy, and chemotherapy.
364 These examples proved that combining the gene therapy-induced apoptosis with PTT can
achieve overall better treatment outcomes.

Decreasing PTT dose can reduce the unexpected damage to healthy tissue in the irradiation
area and the uncomfortableness of patients resulted from the heat. However, the efficiency of
PTT may be compromised by the activation of heat shock proteins, which, in turn, requires
stronger laser power density to overcome the thermoresistance. To solve the problem, siRNA
has been used to block the heat-shock response, indicated by the expression of heat shock
proteins, such as HSP70 and BAG3.360: 361 The siRNA can interfere with the expression of
heat shock proteins to inhibit the heat-shock response, thus, results in the enhancement of
PTT performance. Li et al. reported the Au nanorods-siRNA nanocomplex for a combination
of PTT and gene therapy.35° The Au nanorods were modified by negatively charged
poly(sodium 4-styrenesulfonate) (PSS) and positively charged
poly(diallyldimethylammonium chloride) (PDDAC) through layer-by-layer self-assembly,
exposing positive charge outside, which was further complexed with siRNA that targets
BAG3. The BAG3 can form complex with HSP70 and antiapoptotic modulators can be
stabilized and protected, leading to better survival and reduce thermoresistance of cancer
cells. Au nanorods-siRNA nanocomplex showed comparable inhibition of BAG3 expression
as commercial agents /n vitrowith Cal-27 cells. Through intratumoural injection, the
treatment v/a Au nanorods-siRNA complexes plus PTT was compared to the other control
groups. The intratumoural injection of the siRNA with NIR laser irradiation couldn’t inhibit
tumour growth, indicating low toxicity of siRNA and laser irradiation alone. The injection of
Au nanorods-siRNA complex without laser irradiation or Au nanorods with laser irradiation
delayed tumour growth. The injection of the Au nanorods-siRNA complex plus PTT
significantly regressed tumour growth than the other control groups.

4-4. Combining PTT with PDT or photothermally induced ROS generation therapy

By using non-invasive and light-driven therapeutic nanoplatform, more efforts are
concentrated on combining PTT and PDT to yield a better therapeutic synergism compared
to either PTT or PDT alone.370 Furthermore, the PTT can work in a facile manner regardless
of oxygen content whereas improved oxygen perfusion by PTT can amplify PDT to yield
synergistic therapeutic outcome even in severely hypoxic solid tumours. Since the first
report by Liu et al,, combining porphyrin PS (Ce8) into graphene oxide NPs,371 a wide
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variety of nanocarriers combining PTT and PDT have been designed and examined to
validate the therapeutic efficacy both /n vitroand in vivo.2": 177, 372-376 Herein, to avoid any
overlapping and repetition of information, we would focus more on the recent advances of
the area while providing some references to excellent reviews that have been published
recently.83. 377-379 The |ight-driven combination therapy of two optically different moieties
co-encapsulated in a single nanoplatform is often challenged by a complex synthesis
procedure. To overcome this, Xu et al. recently reported the fabrication of Au nanocups
conjugated to a photosensitizer (PS) and TAT-peptides for tumour-targeted combined
PTT/PDT viaa simple chemical method (Figure 19a).380 The PTT of Au nanocups with
excellent PCE (38.5%) and the singlet oxygen (10,) generation by the use of Ce6 as a PS
synergistically supplemented for the complete tumour eradication at 808 and 660 nm laser
irradiation, respectively. The facile synthesis process and safe dosing scheme of laser
irradiations make this system compelling. However, the use of two separate laser sources
might impose an additional burden for clinical applications. The use of single irradiation to
achieve PTT and PDT synergistically can reduce the treatment time lag and increase the
therapeutic efficacy in patients. However, the irradiation time and light dose should be
chosen carefully to yield better synergistic outcomes. Recently, Dong et a/. designed an
organic diketopyrrolopyrrole triphenylamine (DPP-TPA) NPs for PAIl-guided combined
PTT/PDT therapy under a single 660 nm laser irradiation.20 The enhanced PCE (34.5%)
and excellent 10, generation (33.6%) ability of NPs inhibited the tumour growth completely
without any recurrence /n vivo. One of the major advantages noted in this combination
therapy is the excellent synergistic therapeutic efficacy achieved at a relatively low drug dose
and laser irradiation (0.2 mg/kg, 1.0 W/cm?2) compared to the monotherapies by using the
similar types of NPs.

Mild hyperthermia followed by subsequent PDT can result in better therapeutic and
synergistic outcomes, because mild hyperthermia initially can result in the increased blood
flow and endothelial gaps in tumours that can correspondingly improve the oxygen
availability for effective PDT and also enhance the delivery of nanocarriers for better PTT.
377 The prolonged irradiation further enables the release of PS or activates ROS generation
that would ultimately destroy the tumour vasculatures demonstrating synergistic PTT and
PDT. Therefore, it is reasonable to combine PTT/PDT for synergistic phototherapy at a
single excitation wavelength. In this regard, Chen et a/. fabricated an organic nanodroplet
comprising a PFC core as an oxygen reservoir, thermoresponsive perylene diimide (PDI)
molecules and ZnF1gPc molecules as a PS (PS-PDI-PAND) (Figure 19b).245 With the
controlled dosing of 675 nm laser, the PS-PDI-PAND actively contributed for the PTT and
PDT synergistically at a single irradiation. More importantly, the PFC core largely
contributed to the overcoming of oxygen-deficiency in hypoxic tumours observed by
negligible fluorescence of HIF1-a signals from the tumours treated with PS-PDI-PAND. The
complete tumour ablation with a minimal injury /n vivo further validated the enhanced
synergistic therapeutic outcome by combined PTT/PDT under a single irradiation dose. On a
special note, oxygen replenishment strategy might impose an extra burden in the synthesis of
NPs therefore limiting clinical efficiency and synergistic effect /n vivo. Alternative strategies
to generate free radicals that can induce cytotoxicity to the tumour cells similar to PDT but
irrespective of the oxygen concentration can be of high clinical significance. To this end, two
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similar yet innovative design strategies envisioned independently by Xia et /381 and Zhang
et al 382 capitalize on the photothermal effect of Au nanocages to generate free radicals from
a polymerization initiator, namely, 2,2"-azobis[2-(2-imidazolin-2-yl)propane]
dihydrochloride (AIPH/AIBI), to kill cancer cells, respectively (Figure 19c¢,d). The water-
soluble azo-compounds AIPH/AIBI can decompose rapidly at a higher temperature to
generate alkyl radicals (RC) to eradicate cancer cells under both normoxic and hypoxic
conditions but with different mechanisms (Figure 19e). It was observed that the alkoxyl
radicals (ROC) generated during normoxic condition could induce direct oxidative stress in
the presence of cellular oxygen while hypoxic condition led to the generation of
accumulative oxidative stress via GSH depletion mechanism. In brief, combining PTT with
polymerization initiator has opened a new field to achieve similar therapeutic efficacy even
in the harsh TME. Recently, a handful of excellent design strategies have been put forward
by consuming the NIR-triggered photothermal heat generation for enhanced therapeutic
efficiency. In an example, NIR induced photothermal heat was utilized to amplify the 10,
generation capacity of PS for effective PDT. Zhu et a/. strategically designed a core-shell
micelle, comprising a two-photon (2PA) absorbing hyperbranched conjugated polymer
(HCP) core, a thermoresponsive shell made up of hyperbranched polyether (HPE) and
grafted with a Ce6 PS on the surface (HCP@HPE-Ce6) (Figure 19f).383 The NIR-triggered
temperature elevation above LCST (~39 °C) disintegrated the intermediate thermoresponsive
HPE resulting in the decreased intramolecular distance and subsequent activation of FRET
between Ce6 and HCP. The activation of micelles, in turn, amplified the generation of 10,
viaenhanced 2PA activity as observed by increased cytotoxic effect both /n vitroand in
vivo. Moreover, combining 2PA-PDT together with the long-wavelength NIR-light as an
excitation source can offer more deep tissue penetration and excellent therapeutic efficacy
(Figure 19g). Similarly, Yoon et al. designed a “one-for-all” (PDT/PTT/PAI)
phototheranostic nanomaterial via self-assembled phthalocyanines conjugated to biotin as a
targeting group (NanoPcTBs) (Figure 19h).384 The nanoassemblies could inherently
facilitate PTT/PAI at 655 nm laser irradiation and easily switch to trigger PDT/Fluorescence
imaging via avidin-biotin induced partial disassembly mechanism (Figure 19i). The
combined phototherapy was evident in biotin receptor-overexpressed cells (A549/HeL a)
compared to biotin receptor-negative cells (WI138-VA13) demonstrating target-responsive
nature of NanoPcTBs /n vitro. In vivo administration of NPs showed higher tumour targeting
ability in A549 xenograft model irrespective of the tumour location, however, no complete
tumour inhibition was observed. Nevertheless, modular design and stimuli-responsive
properties make NanoPcTBs a potential candidate for multimodal imaging and combined
phototherapeutic applications.

4-5. Combining PTT with radiotherapy

Combination of PTT and radiotherapy has also been reported to achieve better antitumour
effect.39 53, 220, 221, 385-392 Sjmjlar to PDT, radiotherapy efficacy is related to oxygen level
in tumour and the photothermally induced enhancement of oxygen perfusion can increase
radiotherapy efficacy. In addition, some PTAs containing high-Z elements, such as Au and
bismuth (Bi), can also be used as radiosensitizers. Li et al. reported the synthesis of
ultrasmall Bi NPs for combined PTT and radiotherapy.3%2 The NPs were prepared through
reduction of Bi ion into NPs by oleylamine under N, with heating. The obtained NPs were
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transferred into water by DSPE-PEG encapsulation and labeled with peptide
(CGNKRTRGC, LyP-1) for active tumour targeting. Upon illumination by a 1064 nm laser,
Bi NPs were able to generate heat due to their broad absorption and photothermal effect. In
the meantime, Bi NPs could also serve as a radiosensitizer for enhanced radiotherapy. The
combination of RT and mild PTT with Bi NPs was evaluated in a subcutaneous mouse
tumour model. The monotherapy only led to delayed growth of tumours due to the use of
low X-ray dose and laser intensity. However, the combination therapy completely inhibited
the growth of tumours.

4-6. Combining PTT with surgery

Surgery is frequently used in cancer treatment to remove the tumour and some of the nearby
margins (primary surgery), to diagnose tumour through a surgical biopsy, and to reduce the
risk of getting cancer.3%8 In primary surgery, incomplete removal of tumour cells remains a
serious problem that may cause lethal recurrence and metastases. The combination of PTT
and surgery has some unique advantages.>0: 187. 358, 393-395 Nt only that PTT can
efficiently remove cancer cells, but the surgical bed can also be directly exposed to laser
irradiation, overcoming the physical limitation of short laser penetration depth. In a study by
Lu et al., the authors demonstrated a combination of surgery and the adjuvant PTT (aPTT)
decreased tumour recurrence after breast-conserving surgery (BCS) without sacrificing
cosmetic outcome.3%4 The BCS is recommended for treating breast cancers diagnosed at an
earlier stage. It is usually followed by whole-breast radiotherapy to reduce the risk of
recurrence, which, however, may increase the death rate by inducing heart or secondary
malignant disease. The authors intravenously injected PEG-coated Au bipyramidal NPs as
PTAs for aPTT in an orthotopic breast cancer mouse model. Instead of using a conventional
laser setup, in which laser beam is focused on a small point (Figure 20a), the authors used a
transformed and more evenly distributed laser beam setup for the aPTT (Figure 20b). The
more uniform temperature rise of tumour region during aPTT could be observed from
thermal images of tumours (Figure 20c). Though scarificing some laser intensity, aPTT
could be more efficient to remove the residual tumour cells in the surgical bed, especially at
the periphery of tumours, while at the same time, reduced the damage to the skin around the
surgical bed to obtain good cosmetic outcomes. Histological results indicated the successful
resection of tumours after surgery, yet the development of tumour recurrence after treatment
via surgery alone indicated the presence of residual cancer cells in surgical bed. A
combination of surgery with aPTT reduced the risk of tumour recurrence and achieved better
cosmetic protection than the conventional PTT (Figure 20d). The combination of PTT and
surgery can also be done by local injection of PTAs. Yu and colleagues reported a sprayable
PTT system to achieve better cancer treatment outcomes and antibacterial properties.187 The
main components of the sprayable system was nanogels made by encapsulation of black
phosphorus nanosheets into a thermosensitive polymer of poly(d,I-lactide)-poly(ethylene
glycol)-poly(d,I-lactide) (PDLLA-PEG-PDLLA: PLEL). Upon laser illumination,
photothermal effects of black phosphorus nanosheets induced the macroscopic gelation of
nanogel. After surgical removal of the subcutaneous HelLa tumour, the PTAs were sprayed
into the wound area, followed by NIR laser irradiation. The formation of gel on the wound
area enhanced the photothermal effect and efficiently removed residual tumour cells.
Compared to control groups without any treatment or with surgery alone, the combination of
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PTT and surgery completely prevented tumour recurrence and extended survival time.
Moreover, the PTAs showed good biodegradability and photothermally induced antibacterial
performances, depicting great potentials in real clinical applications. These examples
demonstrated the advantages of the combination of PTT and surgery. In addition, the
combination of PTT, surgery and other therapies, such as immunotherapy, gene therapy, and
chemotherapy can potentially further increase the treatment efficiency.>0: 358

Improving cancer diagnosis and treatment via PAI

The ability to visualize anatomical structures in a living biological system has revolutionized
the treatment efficacy in a day-to-day clinical practice. The most common and inexpensive
imaging modality using rich optical source or fluorescent dyes are a good choice to discern
details at both cellular and molecular levels. However, both optical and fluorescent imaging
modalities suffer largely from the loss or scattering of signals in a biological medium
resulting in a compromised image resolution at a millimeter depth. Fortunately, PAI
combining both optical and acoustic feature offers advantages which are nearly impossible
to achieve by using any of the pre-existing conventional imaging tools at the depth beyond
the limit of optical detection. Unlike optical imaging, PAI mainly relies on the thermoelastic
expansion of biological molecules to generate acoustic waves upon the incidence of the
photon. These acoustic waves scatter minimally, therefore can be perceived from the deep
tissues (beyond the limit of the optical window) without any loss in signal intensity and are
readily converted to images in real-time.

In general, PAI system mainly ensembles a pulsed laser source (can also use intensity-
modulated light source) for the excitation of a biological sample and an ultrasonic transducer
to perceive the generated acoustic waves. But depending upon the functional capabilities,
PAI embodiments may differ accordingly: photoacoustic endoscopy (PAE), focused-
scanning photoacoustic microscopy (PAM), and photoacoustic tomography (PAT)/
photoacoustic computed tomography (PACT) are three main types at present.>* Among
these, PAT/PACT are specially more useful for deep tissue imaging (both microscopic and
macroscopic) and offers relatively better chances for clinical applications. The state-of-the-
art PAT embodiments encompassing the high end optical source (Nd:YAG to LED),
ultrasonic array detectors (single-element to volumetric array), and high-performance
reconstruction algorithms have already found overwhelming consideration in preclinical
applications including imaging of angiogenesis, biomarkers, gene activities and also in the
clinical applications such as melanoma cancer imaging, neonatal brain imaging, detection of
prostate and breast cancers, and image-guided resection of sentinel lymph nodes (SLNs) for
cancer staging.396. 397

PAI technique can inherently capture contrast from the endogenous biological absorbers to
reveal the biological function, anatomy, molecular/genetic processes, and metabolism /n
vivo. Such endogenous absorbers are found inside the living subjects such as hemoglobin,
DNA/RNA, water, melanin and lipids and can be illuminated by the photons to obtain PAI
contrasts without altering their biological properties. Some preliminary and important
attempts in this area include the use of haemoglobin to obtain functional and anatomical
imaging of the blood circulation system and cancer hallmarks such as angiogenesis,3% use
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of DNA/RNA to map individual cell nuclei,3%° use of melanin for detecting and staging
melanoma, 40 capturing neuronal activities,*%1 blood oxygen saturation,*%2 and so on.
However, such intrinsic chromophores alone are unable to recapitulate every complex
biological process. In order to expand PAI in a wide range of biological processes, several
genetically encoded chromophores including green fluorescent proteins (GFPs), and
enzymatic reporter genes such as lacZ and tyrosinase have been investigated.#%3 Such
reporter gene imaging enables direct or indirect visualization of the cells which are mostly
invisible to PAI in the NIR window /7 vivo.4%4 However, some reporter gene systems such as
the family of GFPs exhibit too blue-shifted absorption and limit PAI ability due to strong
background signals at the visible spectrum. Recently, a reversibly photoswitchable bacterial
phytochrome BphP1 has been successfully utilized to capture tumour growth and monitor
metastases by PAI with high sensitivity and better image contrasts.49® In addition, pixel-wise
subtraction of the images at OFF and ON states over 20 switching cycles greatly reduced the
effect of background signal without any photobleaching.#%5 Other signal amplification
approaches such as dynamic contrast enhancement and multispectral unmixing have also
been reported to map the distribution of contrast agents at relatively low concentrations.#06
Since multispectral unmixing depends upon the absorption wavelength of chromophores,
accurate quantification of absorber concentrations at depth is crucial for the validation of
result.#07

Despite the remarkable progress of endogenous PAI contrast agents, the need for exogenous
contrast agents is indispensable. The exogenous PAI contrast agents having (1) high NIR
absorption per unit mass or per molar concentration, (2) absorption spectra with sharp peaks
for unmixing background absorption, (3) excellent photostability under increasing intensity
of excitation light, and (4) good biocompatibility are ideally suited for deep tissue PAI
applications.*%8 Besides, other physicochemical properties encompassing shape, size,
surface chemistries, and chemical composition are also of practical relevance to improvise
circulation time and imaging /7 vivo. In a general view, the exogenous PAI contrast agents
almost share the photophysical properties with the photothermal nanoprobes. Therefore,
most of the nanoprobes discussed for the enhanced PTT are also valid for obtaining better
photoacoustic images. Recently, a wide number of exogenous PAI contrast agents have been
investigated for tumour detection, imaging changes in cellular events inside TME, lymph-
node imaging, and so on. Rather than distinguishing PAI contrast agents based on the
molecular structure, herein we classify and highlight cancer-related applications of PAI
based on the exogenous contrast agents that have been of potential interest for the
advancement of PA.

5-1. PAIl nanoprobes for tumour imaging

PAI is of high importance especially in cancer treatment for precise tumour location,
biodistribution of nanomedicines and therapeutic monitoring of pre- and post-treatment 7n
vivo.54 222,408, 409 Tq acknowledge this, a plethora of NPs having excellent PAI contrast
have been introduced recently.34 57. 131,200, 410 One of the major applications of PAI relies
on the early detection of tumour that can help improve patient survival time. To this end,
Gambhir et a/. fabricated Au nanorods to image ovarian tumour for image-guided resection.
411 The dual-modality imaging technique combining surface-enhanced Raman spectroscopy
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(SERS) and PAI can overcome limitations owing to the relatively poor depth penetration of
SERS and low sensitivity of PAI, respectively. After optimizing different sizes of Au
nanorods, NPs with an aspect ratio of 3.5 demonstrating highest photoacoustic signal were
used to image the xenograft tumours of cell lines: 2008, SKOV3 and HEY. The combined
imaging platform can be of potential interest to evaluate ovarian lesions in patients those
who have undergone blood-based screening previously. In addition to this, exogenous
contrast agents that can passively accumulate /7 vivo facilitate clear visualization of deeply-
suited tumours and inner vasculatures for guided-phototherapy. Recently, Yin et a/. reported
a design of TDI-poly(acrylic acid) (TPA)-based nanomedicine (TNM) for the multispectral
optoacoustic tomography (MSOT) imaging-guided PTT (Figure 21a).34 Taking advantage of
the excellent passive accumulation and longer residence time of TNM NPs /n vivo, the
MSOT acquired 3D images at 12 h revealed clear visualization of tumour size, shape, and
inner vasculature essential for effective guided therapy (Figure 21b). Mice treated with TNM
NPs followed by 660 nm laser irradiation showed complete tumour ablation without any
sign of pulmonary metastasis compared to the controls. Alternatively, targeted contrast
agents based on the antibodies, ligands or aptamers can nullify non-specific background
from the incoming photoacoustic signals and facilitate enhanced localization in cancer cells
to improve the signal to noise ratio significantly.#12-414 The concept of active targeting NPs
has been greatly advanced for non-invasive PAI detection of several other tumours such as
oral squamous carcinoma (HER2, EGFR),*15 glioblastoma (a.,f3),416 and prostate cancer
(HER2),417 with high signal specificity and spatial resolution. Recently, Pu et a/. reported
the fabrication of a targeted SPNP (cCRGD-SPNP) via self-quenched molecular engineering
approach for enhanced PAI.418 The simple modification of the chemical structure combined
with the targeting ability of the cRGD-SPNPs eventually led to the amplified PAI contrast
and clear visualization of a tumour /n vivo (Figure 21c,d). This can be attributed to the
increased cellular uptake of cRGD targeted SPNPs by 4T1 tumour cells compared to the
non-targeting counterparts. In brief, both passive and active targeting NPs can aid in the
enhancement of PAI signal in the tumour regions, although later may provide relatively
better outcomes. PAT offers a competitive advantage to image deeply-suited tissue with high
resolution compared to other optical imaging modalities such as OCT and confocal
microscopy. However, to achieve this goal, exogenous contrast agent with high NIR
absorption is essential. Dai et al. designed and demonstrated the use of an CP-based PPy
NPs as a PAT contrast agent.3> The small diameter (~46 nm) monodispersed PPy NPs
having strong NIR-absorption allowed clear visualization up to the depth of ~4.3 cm J/n vitro.
Further, the /n vivo administration of PPy in a xenograft mouse model showed clear PAT
images of the brain vasculature within 1 h postinjection. The rich optical contrast obtained
by the injection of PPy NPs could easily differentiate the blood vessels from the brain
parenchyma and was even more evident in the image acquired after image subtraction. In
summary, such organic PPy NPs can serve the clinical need of highly biocompatible, and
sensitive PAT contrast agents for deep-tissue imaging. In addition to this, the photoacoustic
signal enhancement strategies are still crucial for improving the diagnosis sensitivity of
deeply suited tumors. One of the common approaches to amplify photoacoustic signal is to
increase the optical absorption characteristics of contrast agents.>® It should also be noted
that most of the enhancement techniques discussed previously in the context of PTAs are
also equally applicable for photoacoustic probes. The increase in the optical property of
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nanoprobe is often accompanied by the red-shifted absorption peak which further helps to
minimize background noise and therefore enhance the photoacoustic contrasts.41% Other
newly designed nanoprobes such as the photoswitchable proteins or activatable agents which
have been discussed in the preceding section also accounts for the indirect enhancement of
photoacoustic signals v7a background minimization approach. Alternatively, improving the
photothermal properties or heat transfer processes can correspondingly help to improve the
photoacoustic sensitivity as well.#20 This may take account of various surface modification
techniques such as coating plasmonic materials by graphene oxide, silica layers and others.
For instance, Pu et al. have utilized silica layer as a surface engineering technique to amplify
photoacoustic contrast of SPNPs.#21 The silica coated SPNPs increased interfacial heat
conductance resulting in higher photothermal heating and subsequent increase in
photoacoustic contrasts as compared to the uncoated SPNPs. Nevertheless, continuous effort
is directed in screening better surface modification strategy that can yield excellent
photoacoustic contrasts. For instance, compared to the fully silica coated gold nanoshells,
the use of anisotropic silica coated-Au NPs have been recently reported to enhance PAI
abilities /n vivo.#22 According to the design, the partially exposed gold surface could interact
to form plasmon-coupled aggregates in a tumor environment resulting in higher NIR
photoacoustic intensity and better imaging resolution. In brief, strategies encompassing
absorption modulation either via surface coating or aggregation of plasmonic nanomaterials,
effective heat transfer mechanism, and background signal reduction are essential tools for
the amplification of photoacoustic signal in tumor imaging.

5-2. PA nanoprobes for the lymph node imaging and cell tracking

Metastasis of cancer cells in the distant organs is the major cause of cancer-related deaths.
423 The major pathway for the dissemination of metastatic cells is routed via lymphatic
vessels to their draining LNs. Therefore, mapping of metastases in the first lymph node i.e.
sentinel lymph node (SLN) is essential for cancer staging. The current modality for the
lymph node mapping in the clinic is based on SLN biopsy which demands very experienced
hands even to meet the accuracy of approximately 95%.3%6 Besides, other invasive
procedures such as radiolabelled colloid, methylene blue or isosulfan blue are also clinically
available. However, invasive diagnosis technique often increases the risk of sensory nerve
injury, seroma formation and lymphedema in patients. The recent advancements in PAl and
nanomaterial-based exogenous contrast agents propose an alternative method in the
noninvasive, nonionizing, and high-resolution mapping of SLN in the small animal model.
PAI using Au nanocages demonstrated a depth capability of ~31 mm for SLN mapping with
satisfactory spatial resolution and clinical potential.#24 Based on a similar strategy, other
commercially cheap and biocompatible NPs have also been reported as PAT contrast agents
for near-infrared detection of SLN.#25 However, the only major issue about these materials
is the long-term toxicity issue /n vivo for clinical translation. Towards this goal, various
organic NPs based on small molecules such as cyanine, porphyrin, and SPNPs have also
been designed and used to map SLNs and lymphatic vessels.#26 The complete fluorescence
quenching and high particle extinction coefficient owing to the high-density packing of
porphyrin enabled clear visualization of rat lymph nodes via PAl and simultaneously the
non-radiative decay of porphyrin excitons aided excellent PTT.19 In a clinical setting, size
variance of colloidal NPs is challenging to match the surgery window with the NP migration
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and distribution. The size of NP is a critical factor which determines the rate of diffusion
through the interstitium, draining in the lymphatic system, and uptake by the LNs.
Therefore, to overcome the unmet clinical urgency, Chen et al. investigated size-dependent
accumulation of perylene diimide (PDI) NPs in the lymphatic system via PAl and PET
imaging after intravenous injection.*2 A series of radiolabelled [4Cu] PDI NPs were
formulated and self-assembled to yield NPs of sizes 30, 60, 100, and 200 nm. The
investigation results revealed that 100 nm is the optimal size for differentiating sciatic and
popliteal LNs based on the time required by the PDI NPs to migrate to the popliteal LN (20
mins) and then to the sciatic LN (90 min) after injection (Figure 22a,b). The total migration
time of NPs facilitates surgical window of 1 h to which is essential to perform SLN biopsy
and other relevant examinations. The size-dependent migration results of PDI NPs are
noteworthy to identify ideal time window for multiple bio-applications and pathological
examinations in the clinic. Moreover, to improve the detection sensitivity by contrast
enhancement, PAI has also been used in combination with fluorescence imaging for the non-
invasive lymph node mapping.#2” The detection of circulating cancer cells in vivo also
provides an alternative way for the prevention of metastases in distant organs. Towards this
goal, Zharov et al. depicted a way to magnetically capture circulating tumour cells in the
bloodstream of mice followed by rapid photoacoustic detection.#28 The multicolour
detection and magnetic trapping strategy greatly facilitated /» vivo detection of circulating
tumour cells (CTCs) labelled with magnetic NPs for flow velocities up to 5 cm s™1. The
clinical application of such strategy may aid in the microsurgical extraction of captured
CTCs for pathological analysis or non-invasive ablation using a laser to prevent the spread of
metastasis in the distant organs. A more robust design of targeted NPs can be utilized further
for the real-time tracking and precise elimination of residual tumours /in vivo. To accomplish
this, Lapotko et a/. reported a cancer cell-specific plasmonic nanobubbles (PNBs) that can
assist intraoperative surgery of both resectable/unresectable residual microtumours (MRD,
microscopic residual disease) with a precision sensitivity of single cell, acoustic detection
time of 1 ms and penetration depth of 4 mm in a real time.5” The basic strategy follows, (i)
systemic delivery of EGFR conjugated Au NPs that can selectively accumulate as a cluster
in cancer cells but not in the normal cells (Figure 22c), (ii) low power laser irradiation to
generate PNBs followed by acoustic detection (Figure 22d), (iii) intraoperative surgery
assisted by PNBs for resectable MRDs or PNB mediated mechanical destruction of
unresectable MRDs. The highly sensitive real-time acoustic detection and specificity of
PNBs revealed improved surgical benefit in both of the cases /n vivo. Recent advances in the
detection of an individual cell by PAI have been extended further to characterize the
morphological abnormalities in the cells,*2° changes in the oxygen saturation of individual
flowing red blood cells and so on.30

5-3. PAIl nanoprobes for TME imaging

Tumour progression is mostly accompanied by the aberrant changes in the activity of
enzymes (MMPs, Furin, Hyaluronidase), reactive oxygen species (ROS), proteins and pH
within a TME. Therefore, accurate and sensitive monitoring/detection can provide
invaluable information regarding the disease progression. This can be even more useful in
the design of novel therapeutic tools for the prevention of tumours at the early stage.
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Recently a large number of PA nanoprobes have been investigated for imaging the changes
in the tumour microenvironment. 431

5-3-1. PAl for the imaging of pH in the TME—The metabolic changes in a TME,
beyond the Warburg Effect, is a cumulative effect of acidosis, hypoxia and/or hyperkalemia.
432 |n particular, the shift in the metabolic state of a cell, for example, low pH, inside a TME
is among few reasons for the failure of cancer treatment as observed by metastasis, tumour
recurrence, and angiogenesis.*33 Therefore, the design of pH-sensitive probes is quite
essential for evaluating the success of therapeutic interventions. In a recent example based
on NP-dye complexes with dual photoacoustic absorption strategy, Pu et al. have proposed
activatable ratiometric PAI probes for pH monitoring by the use of SPNPs.#34 The design
combines an inert semiconducting oligomer (SO, F-DTS) photoacoustic matrix and a
BODIPY (pH-BDP) that can serve as both photoacoustic enhancer and pH indicator. The
surface characteristics of pH-BDP having hydroxyl group can undergo protonation at acidic
environment thereby endowing pH-sensing ability to the semiconducting oligomer
nanoprobes (SONs). The SONSs prepared by doping 50y,,% of pH-BDP into F-DTS showed
dual absorption peak at 680 nm and a shoulder peak at 750 nm that could completely quench
the fluorescence of F-DTS (Figure 23a,b). However, with the decreasing pH, the absorption
peak at 750 nm decreased while 680 nm peak remained the same, providing corresponding
ratiometric signal changes at pH 5.5 [Abggg/Ab750, R5.5=8.6] measured by 3.44 and 1.91-
fold increase compared to R; 4=2.5 and Rg 4=4.5, respectively. Therefore, the highest signal-
to-noise ratio calculated as Rg 5/R7 4 and linear ratiometric response (PAlggg/PAl7sg) in the
physiologically relevant pH range allowed accurate estimation of the pH. In addition, in vivo
PAI performed on the subcutaneous Hela xenograft tumour model showed relatively
increased photoacoustic intensity at 680 nm (APAlggg) with time compared to the negligible
change at 750 nm (APAI750) owing mainly to the simultaneous acidic activation of the
nanoprobes in the TME (Figure 23c). The resulting ratiometric maximum photoacoustic
intensity (APAlggo/APAIl750) at 6 h postinjection estimated by the calibration curve was
found to be ~6.3 which was very close to the theoretical value reported in the range of 6.5—
6.8 (Figure 23d). Although not exact, these results depict relative accuracy both /n vitro and
in vivo by using a simple ratiometric PAI probe. Of a similar note, other highly reliable pH-
activatable PAI probes based on turn-off435 or turn-on436 strategy have also been
investigated in living tumour mice models. So far, true quantitative measurement of pH by
using PALI is challenged by the intermix of background signals coming mostly from the dual
forms of haemoglobin (oxygenated and deoxygenated). Conventional spectral acoustic
methods using simple linear unmixing strategies are therefore incapable to separate them at
the time of imaging.#3” Future progress should encompass more elegant spectral unmixing
technique that can reduce the complexity in the separation of background signals and
improve the detection sensitivity of physiological parameters, in vivo*38. Recently, Wang et
al. reported an elegant approach for the detection of pH using four different laser
wavelengths (565, 576, 584 and 600 nm) combined with spectral unmixing as a background
reduction technique.#32 This method substantially resolved the intermix of haemoglobin
signals coming from the background to yield true quantitative pH value with a minimal error
of ~0.16 pH at the penetration depth of 6 mm. Although this is the lowest possible error
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reported at present, further quantification is possible after considering the depth-dependent
fluence attenuation of the laser when simulating the point-by-point pH levels.

5-3-2. PAl for the imaging of ROS in the TME—The other small-molecule
mediators in the TME comprise of ROS and is an essential hallmark of various pathological
diseases including cancer. In stark contrast to the pH-activatable PAI probes, the ROS in the
TME can severely degrade the NPs /n vivo, therefore limiting the efficiency of ROS imaging
PAI probes. The challenge is usually pursued with the improved photostability of the NPs
that can resist ROS-induced degradation /7 vivo. To this end, Pu et al. designed a ratiometric
photoacoustic probe for imaging ROS by combining a photovoltaic SP derivative-SPNP1
[poly(cyclopentadithiophene-alt-benzothiadiazole)] and a ROS-sensitive cyanine dye
derivative (IR775S) having two separate strong absorption peaks in the NIR-region.440
Herein, the cyanine dye as a sensing unit responded to the target molecule ONOO™ and CIO"
to yield the absorption change at 735 and 820 nm, and the other SPNP1-inert dye served as
the reference absorption at 750 nm for ratiometric detection. The IR775S doped SPNP1 did
not show any corresponding change in the photoacoustic intensity when reacted with other
ROS (®NO, 02®-, ®0H, H,0, and 10,) validating effective ratiometric detection of ROS
via PAl (PAI700/PAI820). The ratiometric detection was also validated in murine
macrophage RAW?264.7 cells and zymosan sensitized murine model of acute oedema both /n
vitroand in vivo, respectively. Recently, Pu et al. have extended this concept to design a self-
assembled activatable and biodegradable PAI probes encapsulating a hydrophobic dye
NIR775 for /n vivo detection of hypochlorite (CIO”) (Figure 23e).441 In this design, a ROS
inert NIR775 dye at 780 nm was used as a reference absorption while the semiconducting
oligomer amphiphile (SOA) worked as a target sensitive molecule having absorption at 680
nm (Figure 23f). The robust design considerations based on rt— stacking and hydrophobic
interactions to form a structurally stable oligomer NPs followed by subsequent degradation
of CIO" oxidizable backbone in the presence of target analyte allows higher flexibility for
preclinical imaging applications (Figure 23g). The ratiometric detection (APAl;go/APAlgg)
of CIO~ was investigated by recording the decreasing photoacoustic intensity at 680 nm to
the unchanged signal intensity at 780 nm in the presence of CIO™ both /n vitroand in vivo
(Figure 23h,i). Recently, in a separate experiment, Pu et a/. have introduced a new
activatable NIR-absorbing SPNP probe for the PAI of peroxynitrite (ONOQO") /n vivo.**2 The
detection of ONOO" is imperative in understanding the immunosuppressive TME and
facilitate the design of effective immunotherapeutic nanoprobes. In comparison to earlier
ratiometric probes, the new design strategy based on the absorption shift (in the presence of
the target analyte) eliminates the challenging task of selecting two optically different
materials. In this regard, the primary sensing component, boronate-caged boron-
dipyrromethene dye (BBD), were doped using peroxynitrite-responsive bulky boranes:
triphenylborane (TPB)/tris(pentafluorophenyl)borane (TPFB) to enhance specificity towards
the ratiometric detection of ONOQO™. The minimal interference of H,O, was attributed to the
presence of excess bulky boranes that safeguarded the BBD within nanoprobes. The sensing
property of BBD nanoprobes in the presence of ONOO™ for selective ratiometric PAI
(PAl750/PAlggp) was envisioned with the decreasing absorption peak at 675 nm accompanied
by a subsequent increase at 745 nm. /n vivo experimental data conducted in a 4T1 xenograft
tumour model with/without pre-treatment of a ROS scavenger, N-acetyl-I-cysteine (NAC),
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further validated the efficacy of doped BBD nanoprobes. The signal obtained at 4 h post
injection in NAC-untreated mice showed maximum ratiometric photoacoustic intensity
compared to the treated ones, indicating effective activation of BBD nanoprobes in vivo.

5-3-3. PAI for the imaging of enzymes in the TME—The enzymatic degradation of
the proteins in the ECM by MMPs (family of zinc-dependent endopeptidases) have a crucial
role in the pathogenesis of tumours and other diseases such as cardiovascular, inflammatory
and neurological disorders. Therefore, development of noninvasive imaging tool that can
monitor the MMP activity within TME would help understand the tumour biology. In this
regard, Liu et a/. fabricated a PAI probe based on copper sulfide (CuS) NPs that are
conjugated to a black hole quencher 3 (BHQ3) viaan MMP-cleavable peptide linker (CPQ).
443 The CPQ NPs initially revealed two distinct separated absorption peaks having strong
photoacoustic signal at 630 nm and 930 nm for BHQ3 and Cus, respectively. Inside TME,
the CPQ NPs showed decreased PA signal at 680 nm originating from the BHQ3. This can
be explained with respect to the activity of MMPs inside TME that can specifically cleave
the peptide linker promoting faster clearance of BHQ3 compared to the CuS NPs that
retained inside the tumour for the longer time period. The relative change in the
photoacoustic signal of CPQ obtained at 680 nm/930 nm correspondingly served as the
indicator of MMPs activity inside the TME. Several other target/stimuli-responsive PAI
nanoprobes are already underway for cancer-related applications and have been reviewed
elsewhere, 181, 444

5-3-4. PAl for the imaging of proteins in the TME—Of particular note, ROS-
generated stress in TME is also directly linked to the direct modification of protein
structures, for example, chemoselective oxidation of cysteine residues by H,O, generation,
that has an important role in the tumourigenesis or other pathological processes. Therefore,
non-invasive detection of proteins such as cysteine sulfenic acid, the initial oxidation product
formed after the reaction of H,O, and a thiolate, can provide in-depth genetic information
about tumourigenesis. So far, very few fluorescent probes**® or immunostaining methods*46
have been reported for successful detection of sulfenic acids in tumour models. To meet the
current clinical demand, Pu ef a/. synthesized a reaction-based NIR-absorbing SPNPs
(rSPNPs) for PAI of protein sulfenic acids /7 vivo.*4” The enhanced sensitivity in the
detection of sulfenic acids was pursued by specific design considerations to minimize the
interference from the optically active SPs without compromising the imaging properties. The
design of NPs basically comprised an SP core shielded by the inert silica and PEGylated
corona. The surface functionalization was further achieved using a sulfenic acid reactive
group (1,3-cyclohexanedione) via click chemistry. The /n vivo PAI signal intensity at 680
nm was relatively higher for rSPNP2 compared to SPNP2 owing to the reactivity of protein
sulfenic acids and rSPNP2 in a TME (Figure 24a,b). The specificity of the protein
interaction to rSPNP2 was further validated by the immunofluorescence staining study that
showed higher green fluorescence intensity after reacting with the antisulfenic acid antibody
(Figure 24c,d).

5-3-5. PAl for the imaging of hypoxic state in the TME—So far, PAI has made
huge progress in both diagnosis and treatment of cancer and other life-threatening diseases,
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nevertheless, still several key issues regulating sensitivity and efficacy and other impressive
applications are yet to be achieved. In the special note, hypoxia detection in a solid tumour is
crucial for both preclinical and clinical studies. Recently, the development of a hypoxia-
responsive small molecule for the PAI of the hypoxic tumour is note-worthy.#48 The N-oxide
(Hyp-1) can convert to aniline (red-Hyp-1) followed by the corresponding red-shifted
absorption from 670 to 760 nm in the oxygen-deficient condition. This bathochromic shift
allows detection of photoacoustic signals from the red-Hyp-1 molecules but not from the
Hyp-1 upon excitation at 760 nm. Therefore, strong PAI signals detected from the tumour
region of mice correspondingly represents the severe hypoxic state /n vivo (Figure 24e,f). In
the similar background, future works should be focused on the design of more effective PAI
nanoprobes for /in vivo applications in this direction.

5-4. Next generation PAI contrast agents

Contrast-enhanced PAI signal generation v/a gaseous expansion, e.g. microbubbles (MBs)
having a gaseous core and enveloping shell made of polymer/lipid, can aid molecular
imaging and subsequent tumour detection through the visualization of targets expressed on
the tumour vasculatures. Recently, Zheng et al. designed a photonic MB based on a
porphyrin shell and lipids that self-assembled into a phospholipid bilayer nanovesicles
encapsulating a fluorinated gas (called as “Porsche MBs”).44° Unlike several other contrast
agents synthesized viaa complex mechanism, this method is relatively facile following a
single step process to yield highly stable and stiff porphyrin-lipid conjugate of size ~2.7 um
(3-5 times higher stiffness). In addition, porphyrin-lipid conjugate and high order packing
density within the MB shell could contribute to enhanced PAI signal generation. MBs
functional capacity can be further enhanced by the use of various NPs as a surface coating
material.#>0 The surface functionalization can endow MBs with multifunctionality and also
help enhance the stability in the biological medium.4>1 Recently, Paradossi et a/. have
proposed a new concept to attach pristine graphene on the surface of poly(vinyl alcohol)
based MBs (PVA MBs) via surfactant assisted ultrasonication technique for enhancing PAI
signals both 7 vitro and in vivo.*>? Such graphene-polymer shelled MBs may provide a new
perspective to capture endogenous metabolites having low absorption and allows customized
targeting of diseases after successful surface functionalization. Besides, MBs have also been
used as a multimodal imaging contrast agent for both ultrasound/PAI by incorporating NIR
absorbing plasmonic agents and can further enhance PAI by changing optoacoustic contrast.
453 The major limitation of MBs is the size in micrometer ranges, therefore, limits
extravasation into the tumour viathe EPR effect. Although ultrasound-mediated MBs
conversion to NPs has shown a great advantage for therapeutic applications,” the enhanced
PAI contrast is yet difficult to achieve after conversion.>* An alternative strategy to obtain
enhanced PAI contrast similar to MBs is possible by the use of phase-change nanodroplets.
The use of liquid phase-change nanoscale contrast agents instead of the gaseous core can
extend PALI ability beyond the extravascular targets and facilitate receptor-targeted
interaction at the molecular level.*>® Recently, Emelianov et al. synthesized a biocompatible
and biologically safe ICG-loaded perfluorocarbon (PFC) nanodroplets for enhanced
ultrasonic imaging.#56 PFC droplets encapsulating optical absorbers such as ICG are likely
to experience laser-triggered phase transition (at relatively less energy than high intensity
ultrasound), a liquid to gas phase, thereby inducing a one-time high amplitude PAI signal.
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As designed ICG-PFC nanodroplets facilitated the obvious enhancement of PAI and
ultrasonic images measured in terms of contrast, suggesting a valuable tool for cancer
diagnosis. To enhance PAI and ultrasound imaging in a wider NIR range, smaller
nanodroplets (core ~250 nm diameter) based on PPy shell and PFC core, called as
sonophotoacoustics (SPA), has been proposed by Pozzo et a/*>’ The selection of a PFC core
based on low boiling points have reduced the activation threshold of droplet vaporization
drastically (2-fold) to match ideally with the clinical safety limit (0.2 MPa at 1 mJ/cm?).
Although PALI allows deep tumour imaging non-invasively, it is highly advantageous to
incorporate fluorescence imaging in a single nanoplatform to overcome low-sensitivity of
PAI alone. To accomplish this, Tang et a/. recently introduced a light-triggered smart organic
NP that allows a facile switch from PAI to fluorescence imaging with respect to the change
in molecular structure, viz., closed-ring to ring-opened state, respectively.*>® The newly
designed smart dithienylethene-2-(1-(4-(1,2,2-
triphenylvinyl)phenyl)ethylidene)malononitrile (DTE-TPECM) NP allowing simultaneous
preoperative PAI and intraoperative fluorescence imaging/PDT can be a useful tool for
image-guided surgery /n vivo. However, the limitations of using two different excitations
and emission wavelength for switching has to be resolved further. At present, PAI is well
documented to overcome penetration depth with better imaging resolution. However, use of
PAI contrast agents in the NIR-I window are still susceptible to higher background signals
coming from the endogenous chromophores that lie nearly in the same window. Recently,
newly designed PAI contrast agents that have absorption range in the longer wavelength,
NIR-I1 window, have drastically improved the signal to noise ratio mainly due to less
scattering and reduced tissue absorbance in the living biological tissues. The early proof-of-
concept application presented by Pu ef al. to capture photoacoustic image from the deep-
suited brain vasculatures at 1064 nm laser irradiation (NIR-I1) have energized additional
research in NIR-II-based PAI (Figure 25a).4%9 This newly designed SPNP-derivate having
red-shifted absorption in the NIR-1I range exhibited ~1.5-fold higher SNR for the PAI
acquired at 1064 nm compared to 750 nm at the same tissue depth of 3 cm (Figure 25b-d).
Taking advantage of higher MPE especially for longer wavelength, deep penetration
(approx. 4 to 5 cm) at a relatively increased drug concentration (0.05 mg/ml to 1 mg/ml) and
increased laser energy density (5.5 to 20 mJ/cm?) was clearly evident during ex vivo
imaging. Therefore, shifting absorption from first to second NIR-window is meaningful for
enhancing PAI contrast especially for imaging deep underlying living structures /n vivo and
highlights need for more research in this direction. The rapid development in the fabrication
of similar NIR-11-based on SPNPs for PAI of deep-suited tumour further supports the
growing opportunities in the field of biomedical imaging and cancer therapy.460: 461

6. Summary and outlook

In summary, the rapid development of nanotechnology has greatly contributed to the
advancement of PTT and PAI in cancer treatment and diagnosis. PTT is an effective, non-
invasive, and highly targeted cancer therapy. New biocompatible and degradable PTA
materials with improved PCE have been invented and proven to be effective in at least pre-
clinical experiments. Scientists have been investigating the effect of shape, size, and surface
coating of PTAs on improving their tumour delivery efficiency through EPR effect or active
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targeting. With the advancement in the targeted therapy, tumour accumulation has been
greatly benefitted as observed by the increasing preclinical success of photothermal
treatment globally. In addition, the photothermal effect can modulate TME to improve the
tumour delivery efficiency, which can be further improved by adding responsive properties
to PTAs to make them “smart”. Most importantly, novel intraparticle engineering approaches
have been thoroughly studied to maximize non-radiative energy transfer resulting in higher
PCE. In addition to the excellent therapeutic efficacy of PTT, researchers have also
highlighted the need for imaging-guided therapy. This has successfully led to the
development of multimodal imaging-guided PTT resulting in the simultaneous monitoring
of therapeutic efficacy and treatment response in animal models /7 vivo. Furthermore,
combining PTT with other therapies can potentially treat tumours outside the scope of laser
irradiation and achieve better therapeutic outcomes compared to PTT alone. Especially,
combining PTT with immunotherapy could be very promising, since photothermally
induced cancer cell death can elicit patients’ own immune response to fight against cancers.
Despite encouraging advancements, translation of pre-clinical successes as observed in
PTT/PALI into the real clinical application is the most challenging task. Some clinical trials
with PTT using Au nanoshells were conducted, but no result has been reported.1* The
challenge for the clinical translation is related to both limited penetration depth of laser light
and general concerns regarding applying nanotechnology /n vivo. More effort should be
concentrated in the development and approval of PTAs having larger extinction coefficients
specially in the NIR-II for the treatment and imaging of deeply-suited tumours. Current
strategies to overcome laser penetration problem for PTT include using a fibre optic NIR
laser to penetrate the body to reach tumours or combination of PTT with surgery, in which
the surgical bed can be directly exposed to laser irradiation. Further improvement of the
laser fibre device could lead to better treatment and diagnosis performances. The general
concerns regarding using nanomaterials for PTT include low delivery of PTAs in tumours,
safety issues, and inability to achieve a large-scale synthesis of PTAs with good safety
control. The delivery of NPs in a tumour through intravenous injection still has much room
for improvement. Our insufficient understanding of interactions between NPs and organs,
MPS systems, and tumours hinders the development of new PTA designs for improved
tumour uptake. The innovative design of PTAs that can overcome different biological
barriers to reach tumours and targeted locations should be developed based on our improved
knowledge of nano-bio interactions. For example, endowing PTAs with a biological mimic
coating, such as cell membrane camouflage, could be a promising direction for future study.
An alternative strategy is to use local injection instead of intravenous injection and
combining PTT with other therapies for better treatment. The safety concerns include both
side effect during treatment and toxicity of nanomaterials. The side effect can be decreased
by developing more precise PTT with heat regulation mechanisms in a complex biological
system. For example, more accurate and sensitive real-time temperature monitoring
techniques need to be developed and coupled with lasers with adjustable power density to
avoid unnecessary damages caused by overtreatment. Furthermore, the PTAs should have
fast imaging signals that indicate their distribution and concentration in tumours to assist the
adjustment of the intensity and spot size of laser light during the treatment for better
outcomes. In addition, it would be helpful to design NPs that selectively target cancer cells
with significantly lower uptake by other types of cells in tumours to further decrease the side
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effect during treatment, which requires the presence of the functional groups on NPs with
high specificity and affinity to cancer cells. The toxicity regarding using nanoformulation /in
vivo are different from small molecules since they would stay in the body for a much longer
time. The toxicity concerns not only come from NPs themselves, but also from most of the
solvents and chemicals involved during the synthesis. Although nanomaterials may exhibit
low cytotoxicity to cells or organs or tissues in a short time range, their long-time
cytotoxicity and related immune response should be carefully evaluated.39 One possible
direction to reduce the safety concerns is to design biodegradable and clearable PTAs. Yet, it
has to be noted that improving NPs biodegradability and clearance ability may sacrifice their
stability and blood retention time, leading to decreased tumour uptake. Such trade-offs invite
more challenges to design suitable PTAs for these applications. In addition, lacking a
scalable production method and quality control especially for large synthesis are another two
factors that limit the clinical translation of PTAs. The injection dose of PTAs increases
rapidly as the studied models change from small animals to big animals and eventually to
human beings. Scaled-up production of nanomaterials without changing their quality sets a
very high requirement for the synthesis of many types of PTAs. This is essential for both
developing effective PTAs for real clinical applications and reducing the costs for the
treatment. Regarding this issue, simple formulations may be more promising to be translated
into clinical applications.

PAI can be of high clinical relevance in monitoring disease, tumor progression, and
therapeutic efficacy non-invasively. And one major advantage to combine PAIl and PTT to
fight cancer is to achieve simultaneous cancer diagnosis and treatment by using only one
type of materials. Herein, we have reviewed and discussed several excellent proof-of-
concept applications of PAI including lymph node detection, TME imaging, cell tracking
and so on. Although rich optical contrast is essential for PAI applications, it should not come
with the expense of higher drug dosage. The emerging photoacoustic contrast agents should
therefore minimize the trade-off between drug dosage and contrast enhancement for the
effective clinical application. Recent progress in the design of a stimuli-responsive
photoacoustic nanoprobes demonstrating excellent dynamic contrast-enhanced PAl, high
signal to noise ratio, and enhanced sensitivity should empower great advantage for the future
clinical studies.*62 The clinical application of PAI further relies upon the adequate accuracy
of contrast agents to facilitate excellent quantification /n vivo regardless of penetration
depth. The depth-dependent light attenuation and intermix of unwanted background signals
imposes great challenge in the accurate quantification of biological parameters by PAI in
vivo, such as pH value in tumors.07. 434 So far, only a very few photoacoustic contrast
agents have been able to meet such stringent criteria but with some limitations. Therefore,
next generation PAI should fundamentally address this issue based on the design and
implementation of novel reconstruction and spectral unmixing algorithms.#3% For instance,
the recently reported eigenspectra multispectral optoacoustic tomography (eMSOT) has
shown upto 10-fold improved estimation of blood oxygen saturation (sO,) at tissue depths
>5 mm compared to the conventional linear spectral unmixing.#3¢ Alternatively, design of
novel PAI probes having spectral properties in the NIR range combined together with
emerging unmixing algorithms should offer additional benefit to enhance sensitivity and
accuracy of the system. To ensure higher pre-clinical impact, it is plausible to improve the
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biodegradability of photoacoustic contrast agents /n vivo. In a recent example, the
development of fully degradable SPNPs by the action of ROS in the stimulated macrophages
in vitro envisages a bright future of SPNPs for future studies.*63 More rigorous in vivo
studies in a realistic animal models are expected in this direction. Beside this, other technical
challenges® such as thick bone penetration for imaging of brain-tumours, air-filled cavities
such as imaging of lung tumours and some experimental inconsistencies*64 such as
variations in the use of animal model, drug doses, tumor sizes/weight and physicochemical
properties of NPs should be rationalized with the progress of PAI system, harmonization of
experimental protocols, and compliance within safety limits*6° for both diagnosis and
therapy. Overall, there is still a long way to go before PTAs can be translated into real
clinical applications, which requires the joint effort of scientists around the globe.
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Figure 2.
(a-i) TEM images of Au nanorods synthesized using both CTAB and sodium oleate as

ligands in the order of increased aspect ratio from a to i. Scar bars: (a) 200 nm, (b) 50 nm,
(c—f) 100 nm, (g-h) 200 nm, and (i) 100 nm. The numbers in the insets represent the average
length and width (nm) of each sample measured from TEM images. (j) From left to right are
the normalized extinction spectra of Au nanorods corresponding to sample a, c, d, e, f, g, h,
and i, respectively. Reproduced from reference 80 with permission from American Chemical
Society, copyright 2013. (k) TEM image of Au nanobipyramids. Scar bar: 200 nm.
Reproduced from reference 90 with permission from Wiley-VCH, copyright 2015. (I) TEM
image of Au nanocages modified with modified by thermal sensitive polymers. Scar bar: 50
nm. Reproduced from reference 102 with permission from Springer Nature, copyright 2009.
(m) TEM image of the Pd nanosheets. Scar bar: 100 nm. Inset is a picture of an ethanol
dispersion of the Pd nanosheets in a cuvette. (n) The extinction spectra of Pd nanosheets
with different edge lengths. Reproduced from reference 103 with permission from Springer
Nature, copyright 2011.
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(a) AFM image of reduced graphene oxide. Scale bar: 50 nm. (b) The absorption spectra of
graphene oxide (black) and reduced graphene oxide (red). The inset is the zoom-in
absorption spectra in the range between 800 and 820 nm. Reproduced from reference 120
with permission from American Chemical Society, copyright 2011. (c) Schematic
illustration of the synthesis of MoS, nanosheets v/a solvothermal method and (d-h) TEM
images of MoS, nanosheets with piece diameter of 50.4, 79.2, 103.1, 194.9, and 297.5 nm,
respectively. Scale bars: 50 nm. Reproduced from reference 124 with permission from
Elsevier Ltd, copyright 2015. (i) TEM image, (j) dark-field TEM image, and (k) Fourier
transform patterns of ultrathin Nb,C nanosheets. The inset of k is the original SAED pattern.
Scar bars: (i,j) 200 nm and (k) 5 nm. Reproduced from reference 127 with permission from
American Chemical Society, copyright 2017
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Figure 4:

(a) Schematic illustration of the synthesis of the PEG-PLD(IR825) nanomicelle-based PTT
and confocal images of nanomicelles-treated HeL a cells after staining with Rhod 123 and
ER-Tracker Green, respectively. Reproduced from reference 155 with permission from
Royal Society of Chemistry, copyright 2018. (b) Illustration of the micelles with mutually
synergistic molecularly targeted therapy/PTT for highly potent cancer therapy. Reproduced
from reference 156 with permission from Wiley, copyright 2017. (c) Illustration for self-
assembly and structural composition of the acid-switchable micelles (PDPC) for multimodal
imaging and combinational therapy of drug-resistant tumour. (d) ROS generation and
photothermal profile of PDPC micelles vs Ce6 concentration under 655 nm laser irradiation
(black curve, pH 7.4) or pH value (red curve, Ce6 concentration 50 ug/mL) Reproduced
from reference 173 with permission from American Chemical Society, copyright 2016.

Chem Soc Rev. Author manuscript; available in PMC 2020 April 01.



Liuetal. Page 79

(a)

- —TFA
f\ bre

(2)
— DPP-TPA

k3 g I s
F— ot % 0 Y » L]
AHIO—= ot =% 3 1ai) i\
ol 3ae 4,,/1;\\ A\ P C%v

D-A-D structured DPP-TPA. \ .. \ :—_3“/ \
1 4 4 g kﬁ

(D =Electron donor Enhanced D-

1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

[ =Ebectron acceptor DPP-TPA NP3 Wavelength (vm) TPA-T-TQ © Nanoprecipitation
L+ o o
(C) (d) (C) :-:F,AO’\{\O'E_‘G"‘-"J‘\(OQH_:H_-, ock,
z ey’ e * ONPs
= PN o i
| 2 = g DSPE-PEG //h
-1 N OTGALLALR
= Sl A AT F
E5% i ;ﬁfc: f’{ f (h)
g3 ® ol E 5 Ei E S g i
Y ‘ b Bl _ e
g 300 500 700 900 6 wle " vin "2t sdke” 4do L . A L L i -
Wavelength (nm) e {3
0 i5
: 50
Cater Cattr S "\" <N P |
e s T e a? _""_‘ kﬂ"~' s 9 b T = 28k 1320 1980 2640 3¢ Pratne  ONOT  OH
:_3;?‘( —I "i) L/ Al ND o — ,:I. X =4 'n';) L ¥ Wavslength (nm) Time (3) Condition
l:PO [T el ST " O [ had
SPNV Degraded SPNV
Figure5:

(a) Schematic illustration of the enhanced D-A-D structured DPP-TPA NPs as theranostic
agents for PAI guided PDT/PTT. (b) Absorption spectra of samples dissolved in toluene with
a concentration of 107 mol/L. Reproduced from reference 200 with permission from
American Chemical Society, copyright 2016. (c) Absorption spectra, (d) photothermal
heating and natural cooling cycles, and (e) IR thermal images of 4T1 tumour-bearing mice
under 808 nm laser irradiation with a power density of 0.3 W cm=2. (f) Schematic
illustration of the degradation of SPNV in the presence of MPO and H,0,. Reproduced from
reference 201 with permission from American Chemical Society, copyright 2018. (g)
Schematic illustration of the preparation of the TPA-T-TQ ONPs through a nanoprecipitation
method and representative TEM image. (h) photoluminescence spectra of TPA-T-TQ in THF
solution (black) and the encapsulated ONPs in water (red), (i) antiphotobleaching (five
heating-cooling cycles) and (j) antiROS resistant property of ONPs, ICG, and ICG NPs. The
power density of the 808 nm laser irradiation is 0.8 W/cm?2. Reproduced from reference 203
with permission from American Chemical Society, copyright 2017.
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Figure 6.
(a-c) TEM images of the (a) core and (b) core-shell upconversion NPs and (c) core-shell

upconversion NPs with a carbon-layer (cSUCNP@C). Scale bars: 50 nm. (d) The schematic
illustration of the special set-up to simultaneously characterize the macroscopic temperature
rise and microscopic temperature rise of cSUCNP@C NPs (e) Standard curve indicating the
relationship between temperature and ratio of fluorescence intensities at two wavelengths.
(f) Temperature rising curves of macroscopic (hollow triangles) versus microscopic (filled
triangles) determined by the special set-up. The samples were irradiated by a laser at an
intensity of 0.3 W/cm? (red) and 0.8 W/cm? (blue), respectively. (g) Thermal images and
fluorescence imaging of cancer cells co-stained by Calcein AM and PI under laser
irradiation (0.3 W/cm?) or external heating. (h) Schematic illustration of the PTT of a group
of adjacent cancer cells with or without csUCNP@C internalized. (i) Bright field and
luminescence imaging of the group of adjacent cancer cells with or without csUCNP@C
internalized before and after the laser irradiation. (j) Amplified luminescence imaging of
cancer cells after the laser irradiation. Scale bars: 30 um. Reproduced from reference 31
with licence from Creative Commons, copyright 2016
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Figure 7.
(a) Schematic illustration of the synthesis of Ag,S quantum dots using human serum

proteins as templates. (b) TEM image of Ag,S quantum dots with an average diameter of 9.8
nm. Scale bar: 100 nm. (c) Fluorescence spectra and (d) photothermal temperature rising
curves of AgoS quantum dots with diameters of 4.1, 7.9, and 9.8 nm. (e) /n vivo NIR-II
fluorescence imaging at different times postinjection of Ag,S quantum dots and (f) the
calculated fluorescence intensities. (g) Thermal images of the tumours of tumour-bearing
mice under PTT at different conditions. Reproduced from reference 131 with permission
from American Chemical Society, copyright 2016. (h) Schematic illustration of the chelator
free post-labelling method to chemically reduce $4Cu on Au NPs. (i) Representative whole-
body coronal PET images of U87MG tumour-bearing mice at 4, 16, 24, and 45 h after
intravenous injection of $4Cu Au nanorods with RGD targeting groups. (j) Thermal images
and (k) corresponding temperature rising curves of tumours in U87MG tumour-bearing mice
during PTT without and with the injection of Au nanorods with RGH targeting groups.
Reproduced from reference 209 with permission from American Chemical Society,
copyright 2014.
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Figure 8.
(a) Schematic illustration of the synthesis of the metal ion/tannic acid shell outside NP

templates for multimodal imaging and PTT. (b) The T;-weighted MRI imaging of tumour
before and after injection of polymer NP@ Fe!'!/tannic acid shell. (c) Thermal imaging of
tumours of tumour-bearing mice with the injection of PBS and polymer NP@Fe!'!/tannic
acid shell, respectively. Reproduced from reference 237 with permission from American
Chemical Society, copyright 2018. (d) STEM, (e) HAADF-STEM images of the Cu7S4-Au
NPs and (f) corresponding elemental mapping of the Cu;S4-Au NPs. (g) H- and 19F-MRI
imaging of the tumour /n7 vivo before and after the injection of Cu7S4-Au NPs. (h)
Temperature rising profile of tumour areas during PTT. (i) Tumour growth curves of PTT
after injection of (1) PBS and (2) Cu7S4-Au NPs. Reproduced from reference 241 with
permission from American Chemical Society, copyright 2018.
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(a) Schematic illustration of the synthesis of the plasmonic blackbodies by mixing dopamine
and Au precursors. (b) TEM image of the plasmonic blackbodies. Scale bar: 50 nm. (c)
Schematic illustration of PTT with 808 nm and 1064 nm lasers on 4T1 tumours covered by
5mm of tissues and picture of the mouse after the PTT. (d) Temperature profiles of tumour
regions during PTT irradiated by 808 nm and 1064 nm lasers at their MPE dose and (e)
corresponding tumour growth curves. Reproduced from reference 246 with permission from

American Chemical Society, copyright 2018.
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(a) Schematic illustration of transmitted and scattered light upon illumination of a dispersion
of NPs. (b) Schematic illustration of the contribution of absorption and scattering spectra to
extinction spectrum. Reproduced from reference 252 with permission from American
Chemical Society, copyright 2015. (¢) Schematic Jablonski diagram representing different
energy transfer mechanism.
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Figure 11:
(a) Nlustration of photoinduced electron transfer-induced amplified theranostic SPNPs. (b)

In vitro quantification of fluorescence. (c) /n vivo PTT: Mean tumour temperature as a
function of laser irradiation time (at post-injection time of 6 h) and (d) tumour growth curves
of different groups of mice (with and without laser irradiation) after systemic administration
of saline, SPNP-FO, or SPNP-F20. Error bars were based on standard error of mean (SEM)
(*p < 0.05, **p < 0.01, ***p < 0.001, n = 4). Reproduced from reference 266 with
permission from American Chemical Society, copyright 2016. (e) Schematic representation
for the synthesis of Mn-porphysome nanovesicles and singlet-oxygen generation by
porphysomes after 1 min of laser irradiation (671 nm, 100 mW cm~2) as quantified by
singlet oxygen sensor green (SOSG) fluorescence (n = 3, *p < 0.05). Reproduced from
reference 268 with permission from Wiley, copyright 2014.
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Figure 12:
(a) Molecular structure and self-assembly of a peptide—porphyrin conjugate (TPP-G-FF)

into photothermal peptide—porphyrin nanodots (PPP-NDs). (b) UV-vis absorption spectra of
PPP-NDs in water (black) and TPPG-FF in ethanol (red) (Inset: TEM image). (c) IR thermal
images of intravenous PPP-NDs injected mice under continuous irradiation /n vivo.
Reproduced from reference 275 with permission from American Chemical Society,
copyright 2017.
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Figure 13.
(a) Schematic illustration of the synthesis of SPPVNs with PEG coating that accumulate in

tumours by passive targeting. Reproduced from reference 302 with permission from Wiley-
VCH, copyright 2018. (b) Schematic illustration of accumulation of PFOB@IR825-HA-
CY5.5 NPs in tumours by active targeting. Reproduced from reference 312 with permission
from Elsevier Ltd, copyright 2017. (c) Schematic illustration of the synthesis of Dox
NPs@ICG@CCC NPs with cancer cell membrane coating. Reproduced from reference 318
with permission from Elsevier Ltd, copyright 2018
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Figure 14.
(a) Schematic illustration of the investigation of shape effects of Au nanorings, Au

nanospheres, and Au nanoplates on macrophage uptake and tumour accumulation. (b,

c) The

macrophage uptake of Au nanorings, Au nanoplates, and Au nanospheres at (b) 37 °C for 8
h and (c) and 4 OC for 1 h without (filled) and with (hollow) preformed protein corona. (d)
Representative whole-body coronal PET images of the mice at different time postinjection
indicating the biodistribution and tumour accumulation of Au nanorings, Au nanospheres,
and Au nanoplates (from top to bottom) and the corresponding time-activity curves of the
mean uptake of these nanostructures in (e) hearts, (f) livers, (g) spleens, and (h) tumours.
Reproduced from reference 43 with permission from American Chemical Society, copyright

2017.
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Figure 15.
(a) Schematic illustration of the self-assembly of POM clusters into large aggregates in an

acidic environment. (b) diagram indicating enhanced absorption at 808 nm of POM clusters
solutions in acidic pH and reduction environments and (c) their corresponding temperature
upon irradiation by an 808 nm laser (1.5 W/cm™2, 5 min). (d) The biodistribution and
tumour accumulation of POM clusters at different time points postinjection. (e) Tumour
growth curves of PTT with POM injected and other control groups. Reproduced from
reference 284 with permission from American Chemical Society, copyright 2016. (f)
Schematic illustration of the MMP-2 induced self-assembly of peptide-stabilized Au NPs
into large aggregations. (g) Quantification of the tumour accumulation of Au NPs@Pepl/
Pep2, Ctrl 1 and Ctrl 2 at different time points postinjection. Ctrl 1 represents Au NPs
stabilized by only MMP-2 responsive Pep 1. Ctrl 2 represents Au NPs stabilized by MMP2-
irresponsive Peptide 1 and Peptide 2. (h) Tumour growth curves of PTT with Au
NPs@Pepl1/Pep2 injected and other control groups. Reproduced with permission from
reference 283 with permission from Royal Society of Chemistry, copyright 2017.
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Figure 16.
(a) Schematic illustration of the preparation of PLT-Au nanorods and photothermally

induced enhancement of tumour uptake of PLT-Au nanorods for improved PTT. (b) The
blood concentration of Au after injection of Au nanorods (black), PLT membrane-cloaked
Au nanorods (PLT-M-Au nanorods) (red), and PLT-Au nanorods (blue). (c) The tumour
accumulation of PLT-Au nanorods after subsequent doses of injections with or without laser
irradiation. (d) Representative thermal images of HNSCC-bearing Tgfbrl/Pten 2cKO mice
before and after each photothermal treatment. From top to bottom were mice injected with
Au nanorods, PLT-M-Au nanorods, and PLT-Au nanorods, respectively. Reproduced from
reference 296 with permission from Wiley-VCH, copyright 2017. (e) Schematic illustration
of the photothermally triggered enhanced digestion activity of PCB-Bro toward collagen to
increase the NP accumulation in tumour. (f) Fluorescence intensity of tumour regions at
different time postinjection of PCB and PCB-Bro with or without irradiation of tumour
regions with NIR lasers. (g) Thermal images of tumour-bearing mice at 6 postinjection of
PCB-Bro (first row), PCB (second row), and saline (third row) with the tumour exposed to a
NIR laser for 5 min. Reproduced from reference 341 with permission from Wiley-VCH,
copyright 2018.
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Figure 17.
(a) Schematic illustration of the micelles containing Pt(1V) prodrug and Cypate (P/C-

micelles) for overcoming MDR and a combination of PTT and chemotherapy. (b) The
uptake of Pt(1V) prodrug by A549R and A549 cells as the form of free drug or payloads of
P/C-micelles. (c) Efflux of Pt(IV) prodrug from A549R and A549 cells after incubation with
free Pt(IV) prodrug or Pt(IV) prodrug containing micelles. Reproduced from reference 350
with permission from American Chemical Society, copyright 2015. (d) Schematic
illustration of the release of drug from supramolecular micelles triggered by photothermal
and GSH. (e) Tumour growth curves in an orthotopic 4T1 tumour model treated with a
combination of PTT and chemotherapy and other control therapies. The treatment conditions
were: (1) PBS, (I1) supramolecular micelles with PTX (PTX, 20 mg/kg), (111) Abraxane
(PTX, 20 mg/kg), (V) supramolecular micelles (PTX, 60 mg/kg), (v) supramolecular
micelles + laser, and (V1) supramolecular micelles with PTX (PTX, 60 mg/kg) + laser and
(f) The numbers of tumour nodules present on the lung surface from each group.
Reproduced from reference 351 with licence from Creative Commons, copyright 2018
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Figure 18.
(a) Schematic illustration of the synthesis of spiky Au NP@dopamine core-shell NPs

(SGNP@PDAS) (b) The schematic illustration of how the combination of PTT and a sub-
therapeutic dose of Dox triggered anti-tumour immunity for the treatment of primary
tumours and tumour metastases and prevention of tumour recurrence. Reproduced from
reference 357 with licence from Creative Commons, copyright 2018
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Figure 19:
(a) Schematic illustration of Au nanocage-Ce6 nanostructure for phototherapy followed by a

representative SEM image of Au nanocups. Scale bar: 1um. Reproduced from reference 380
with permission from Wiley, copyright 2017. (b) IRDye800CW-labeled photosensitizer
ZnFgPc loaded PDI nanodroplet (PS-PDI-PAND) for /n vivo multimodal imaging-guided
combinational photothermal and oxygen self-enriched PDT and representative TEM image.
Scale bar: 200 nm. Reproduced from reference 245 with permission from American
Chemical Society, copyright 2018. (c) AIBI@Au nanocage copolymer synthesis and its
NIR-responsive free-radical releasing ability. (d) TEM images of Au nanocages. (e)
Phototoxicity of Au nanocages (0-50 pg mL™1), AIBI (0-50 pg mL™1), and AIBI@Au
nanocage (0-50 ug mL™1) to 4T1 cells under normoxic and hypoxic conditions. Reproduced
from reference 382 with permission from Wiley, copyright 2017. (f) Synthesis of
thermoresponsive HCP@HPE unimolecular micelles and illustration of the combination of
the 2P-FRET and photothermal effect of NIR for PDT. (g) /n vivo tumour growth in Hel a-
tumour-bearing nude mice after irradiation of 650 nm or 800 nm. Reproduced from
reference 383 with permission from American Chemical Society, copyright 2016. (h)
Chemical structure of the building block, Pc-4TEG, and Pc-4TEG-B. (i) NanoPcTB
morphology changes in water before and after adding avidin and after standing for 24 h, as
determined using TEM. The right column illustrates the proposed mechanisms for the
morphology changes. Avidin/NanoPcTB mole ratio is 1/1. Reproduced from reference 384
with permission from American Chemical Society, copyright 2017.
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Figure 20.
(a) Schematic illustration of conventional PTT (cPTT) and simulated distribution of laser

energy in the tumour area. (b) Schematic illustration of aPTT and simulated distribution of
laser energy in surgical bed. (c)Thermal images of tumour-bearing mice during cPTT (2.5
W/cm?) and aPTT (1 W/ecm?). (d) Bioluminescent images of different groups of tumour-
bearing mice with different treatment, including control group, group treated with surgery
only, group treated with cPTT only, and the group treated with a combination of surgery and
aPTT (from top to bottom). Reproduced from reference 394 with permission from American
Chemical Society, copyright 2018
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Figure 21:
(a) Basic chemical structures of TPAs and illustration of theranostic TNMs through self-

assembly. (b) /n vivo photoacoustic (MSOT) images of tumours tissue (arrows) at different
time points (0, 4, 8, 12, 16, 24, and 36 h) after injection of TNMs vi/atail vein under 710 nm
laser irradiation. Scale bar: 3 mm. The 3D MSOT image and enlarged orthogonal views of
tumour at 12 h post-injection based on image reconstruction. Reproduced from reference 34
with permission from American Chemical Society, copyright 2017. (c) Synthesis of the
targeted SPNP (SPNP10-RGD). (d) /n vivo PAI of the tumour after systemic administration
of SPNP10-RGD or SPNP10 (30 pg in 120 uL) for 0, 4 and 24 h, respectively. The
representative photoacoustic maximum imaging projection (MIP) images with an axial view
for SPNP10-RGD and SPNP10. Reproduced from reference 418 with permission from
Elsevier, copyright 2017.
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Figure 22:
(a) Schematic illustration of the synthesis of PDI NP. (b) Representative overlaid coronal

PAI and ultrasound images that show size-dependent uptake in popliteal lymph nodes (LNs)
and sciatic LNs at different time points postinjection. Reproduced from reference 42 with
permission from American Chemical Society, copyright 2017. (c) Systemic delivery and
accumulation of Au conjugates to the tumour via their leaky vasculature in vivo.
Representative SEM images of cancer cells showing Au NPs accumulation and intracellular
clustering freceptor-mediated endocytosis. (d) The acoustic signal of a PNB (illustrative red
time response) reports even a single cancer cell in the solid tissue, but not normal cells
(illustrative green time response). Reproduced from reference 57 with permission from
Springer Nature, copyright 2016.
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Figure 23:
(a) Dynamic light scattering, TEM image (Scale bar: 50 nm) and (b) UV-vis absorption

spectra of SON5y at different pH. (c) Photoacoustic and ratiometric images (APAlggg/
APAIl750) of a subcutaneous Hela tumour in a nude mouse before and 6 h after intravenous
administration of SON5g. (d) Quantification of the photoacoustic intensity increment at 680
nm and ratiometric photoacoustic signals as a function of time post-injection of SONsy,.
**No statistically significant difference in ratiometric signals between 3 and 6 h (p>0.05).
Reproduced from reference 434 with permission from Wiley, copyright 2016. (e) Schematic
illustration of the sensing mechanism for the SOA nanoprobe. (f) /n7 vitro PAI in the absence
and presence of CIO™ and (g) Ratiometric photoacoustic responses (PAl;go/PAlggg) toward
different ROS in PBS buffer. (h) /n vivo PAI of a subcutaneous 4T1 tumour in a nude mouse
before and 2, 4, 6, 8, and 24 h after intravenous administration of the nanoprobe and
ratiometric photoacoustic signals as a function of postinjection time. (i) Ratiometric
quantitation of photoacoustic signals as a function of postinjection time. Reproduced from
reference 441 with permission from American Chemical Society, copyright 2017. The
representative PA maximum intensity projection (MIP) images with an axial view are
demonstrated in both. The error bars represent the SD of three separate measurements (n=3)
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Figure 24:
(@) /n vivo PAI and (b) quantification of protein sulfenic acids using rSPNP2 or SPNP2. The

representative photoacoustic maximum intensity projection (MIP) images with an axial
view. (c) llustration of the mechanism and histological analysis of immunofluorescence
staining with the antisulfenic acid antibody. (d) Fluorescence microscopy of tumour slices
for mice treated with rSPNP2 or SPNP2 at 48 h of postinjection. (red signals from rSPNP2
or SPNP2, green signals from the staining with an antisulfenic acid antibody, and blue from
the nucleus staining. Reproduced from reference 447 with permission from American
Chemical Society, copyright 2016. (e) /17 vivo photoacoustic images (770 nm) of the tumour-
bearing and control flank before and 5 h following injection of HyP-1. (Scale bar: 2 mm). (f)
Time-dependent photoacoustic signal of ischemic limb and control. Results with error bars
are represented as mean + SD. *p < 0.05, **p < 0.01 (n=4). Reproduced from reference 448
with licence from Creative Commons, copyright 2017.
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Figure 25:
(a) Schematic illustration for preparation of SPNP-II. (b) UV-vis-NIR absorption spectra of

SPNP-II. (c) /n vivo PAI and (d) SNR of rat brain cortex at 70 min postinjection of SPNP-11
at 750 (NIR-I) and 1064 nm (NIR-I1). *Statistically significant difference (p < 0.05, n = 3).
Reproduced from reference 459 with permission from American Chemical Society,
copyright 2017.
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