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In 2022 10% of the world's population was aged 65+, and by 2100 this segment is expected to hit 25%.
These demographic changes place considerable pressure over healthcare systems worldwide, which
results in an urgent need for accurate, inexpensive and non-invasive ways to treat cancers, a family of
diseases correlated with age. Among the therapeutic tools that gained important attention in this
context, photodynamic therapies (PDT), which use photosensitizers to produce cytotoxic substances for
selectively destroying tumor cells and tissues under light irradiation, profile as important players for
next-generation nanomedicine. However, the development of clinical applications is progressing at slow
pace, due to still pending bottlenecks, such as the limited tissue penetration of the excitation light, and
insufficient targeting performance of the therapeutic probes to fully avoid damage to normal cells and
tissues. The penetration depth of long-wavelength near infrared (NIR) light is significantly higher than
that of short-wavelength UV and visible light, and thus NIR light in the second window (NIR-II) is
acknowledged as the preferred phototherapeutic means for eliminating deep-seated tumors, given the
higher maximum permissible exposure, reduced phototoxicity and low autofluorescence, among others.
Upon collective multidisciplinary efforts of experts in materials science, medicine and biology,
multifunctional NIR-Il inorganic or organic photosensitizers have been widely developed. This review
overviews the current state-of-the art on NIR-Il-activated photosensitizers and their applications for the
Received 27th June 2024, treatment of deep tumors. We also place focus on recent efforts that combine NIR-II activated PDT with
Accepted 12th August 2024 other complementary therapeutic routes such as photothermal therapy, chemotherapy, immunotherapy,
DOI: 10.1039/d4mh00819g starvation, and gas therapies. Finally, we discuss still pending challenges and problems of PDT and
provide a series of perspectives that we find useful for further extending the state-of-the art on NIR-II-
rsc.li/materials-horizons triggered PDT.

Wider impact

With the growing demand for accurate and non-invasive cancer treatments, photodynamic therapy (PDT) has gained extensive attention. PDT uses
photosensitizers to generate cytotoxic substances that selectively destroy tumor tissues under light irradiation. NIR light in the second window (NIR-II) is
recognized as the preferred phototherapeutic method for targeting deep-seated tumors due to its higher maximum permissible exposure, reduced
phototoxicity, and low autofluorescence, among other advantages. This review summarizes the current advancements in NIR-II-activated photosensitizers
and their applications in treating deep tumors. Additionally, it explores the combination of PDT with other therapies to address the limitations of PDT and
enhance its efficiency. We hope this review will deepen the understanding of existing gaps in PDT research and inspire the design of advanced, high-
performance photosensitizers.
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1. Introduction

Considering factors such as increased life expectancy, given
improved healthcare, declining birth rates, and the post-World
War II baby boom, the world’s population is aging, a demo-
graphic shift that can be observed in many countries across the
globe. The incidence of age-related diseases is also rapidly
increasing, which places tremendous pressure on the sustain-
ability of healthcare systems worldwide. Associated aspects
such as accumulation of genetic changes, reduced DNA repair
mechanisms, weakened immune system or environmental
exposures over time, make aging to be considered one of the
most significant risk factors for cancer. However, while age is a
significant factor, cancer can still occur at any age, and cur-
rently this family of diseases is considered among the greatest
threats to human life,"? with their progression being rapid, and

Yigian Yang got a master degree
in physical chemistry from
Shanghai University in 2024.
Now she is a PhD candidate
Jjointly trained at the University
of Nottingham Ningbo China
(UNNC), and the Ningbo
Institute of Materials Technology
and Engineering, Chinese
Academy of Sciences (NIMTE).
Her research focuses on the
preparation and  biomedical
applications of nanomaterials,
especially ferrite nanoparticles
doping with transition
metal ions.

Yiqian Yang

Prof. Aiguo Wu received his PhD
from Changchun Institute of
Applied  Chemistry,  Chinese
Academy of Sciences in 2003.
After the postdoctoral stage at
the University of Marburg,
Germany and the California
Institute of Technology,
Pasadena, USA, he took up his
research at Northwestern
University, Chicago, IL, USA as a
research —associate. He is a
professor since 2009 and has
authorized  over 330  SCI
publications which have been cited more than 19 300 times with
a H-index of 67. Prof- Wu’s research area is primarily focused on
the application of nanomaterials in biomedical, bioanalytical
chemistry, and environmental sciences.

Aiguo Wu

5816 | Mater. Horiz., 2024, 11, 5815-5842

View Article Online

Materials Horizons

many times silent, undetectable until late, untreatable, stages.
According to the latest statistics,®* a total of 19 million new
cancer cases and 9 million cancer deaths were estimated world-
wide in 2020. When identified early, the chances of curing
cancer are considerably higher, but many of the current treat-
ments still have prohibitive costs. Furthermore, traditional
clinical therapies for treating cancers, including chemotherapy
and radiotherapy, exhibit important drawbacks such as patient
exhaustion, poor tumor selectivity, systemic toxicity, impaired
liver and kidney function, poor prognosis, among others.>”
Therefore, the quest for safe, efficient, patient friendly and
affordable diagnostic and therapeutic means has become a
research hotspot over the recent years. Among various thera-
peutic solutions that profile as candidates to lay at the founda-
tion of next-generation cancer treatment frameworks and
protocols, in the clinic, photodynamic therapy (PDT) has
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gained important attention, given its unique advantages: such
as high spatiotemporal selectivity, low invasiveness, and low
side effects.®*° The cytotoxicity of PDT is restricted to light-
exposed regions harboring the photosensitizers, with the light
used in PDT being non-harmful by itself. PDT is thus capable of
selectively destroying malignant cells, while sparing healthy
ones,'" as long as efficient cancer cell targeting strategies are
implemented to ensure the accumulation of PDT probes in
pathological cells, keeping them out from healthy ones. The
side effects of PDT are thus minimal compared to those of
radiotherapy and chemotherapy.”> ™

According to high-profile research databases such as Web of
Science or Scopus the number of PDT-related research articles
has been increasing in a yearly trend. The main topics of
research covered in PDT-related articles revolve around: novel
photosensitizers, mechanisms of operation, clinical applica-
tions, or synergistic combination of PDT with other therapeutic
routes. In some of the most prominent working mechanisms of
PDT, reactive oxygen species (ROS) are generated in situ in large
quantities when photosensitizers are exposed to excitation
light, in a wavelength range that is optimal to activate the
PDT probe. Although ROS in low levels play an important role
in supporting cellular life cycles, such as cell proliferation and
homeostasis, thereby protecting our bodies from harmful fac-
tors such as microbial invasion, an imbalance between ROS
generation and detoxification results in oxidative stress, lead-
ing to oxidative damage to biomacromolecules (e.g., proteins,
lipids, and DNA), or to inducing cell death mechanisms such as
apoptosis, or necrosis.'”> Compared to normal cells, some
cancer cells, especially those in advanced stages, are more
dependent on antioxidants for cell survival and more vulner-
able to exogenous ROS or compounds that weaken the anti-
oxidant systems."® This concept of inducing preferential death
of cancer cell was proposed two decades ago, and it is
worth noting that ROS-mediated cell killing strategies are
typically known to cause more damage to malignant cells than
to normal cells due to differences in their redox states. There-
fore, fighting cancer cells by exogenously-induced ROS has
been considered a highly effective therapeutic strategy in
diverse fields, such as immunology,’***2° dermatology,**
ophthalmology,** pneumology®® and others.>® Overall, a large
body of PDT-related literature covers the development of
chemical and technology-enabled photosensitizers that
enhance ROS production as means to combat cancers.>”>°

Conventional photosensitizers can be activated by short
wavelength light (visible light, 400-700 nm),**"** and have been
successfully applied to superficial cancers, such as for skin and
esophageal tumors. However, targeting deeper tumors is still
challenging. Specific laser excitation, falling in the photosensi-
tizer’s absorption band, is required for this to induce its
therapeutic effects. As the excitation light is higher in wave-
length, less tissue absorption and scattering occur, achieving
thus higher penetration. The success of the therapy is also
intimately intertwined with other properties of the incident
light, which directly determine the effectiveness of the tumor
treatment. For example, if a high energy single wavelength laser
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can be used, the duration of irradiation can be reduced, and the
side effects of the treatment process can be relatively mini-
mized. However, energy and wavelength are inversely propor-
tional: as the wavelength increases, the energy decreases, and
vice versa, so tuning the absorption band of the PDT probe is
always a matter of compromise.

Photosensitizers operating with near-infrared light (NIR,
700-1700 nm) have attracted considerable attention in the
context of biomedical applications. Most photo-thermal ther-
apy (PTT) studies still focus on light in the NIR-I (700-1000 nm)
biological window, and although the typical depth of NIR-I light
penetration (1-3.5 mm) is slightly better than that of UV-visible
light (1 mm), it is still significantly lower compared to the right
end of the NIR-II window (1000-1700 nm), which allows pene-
tration depths of up to 20 mm.** In addition, tissue autofluor-
escence is considerably reduced for the NIR-II window, while
maximum permissible exposure is higher. Therefore NIR-II
light is the more preferred source for PDT, especially for the
treatment of deep-seated tumors. By now, several previous
reviews have summarized the applications and limitations of
PDT,**” along with proposed formulations and utilizations of
photosensitivers.>®**° However, very few of these works have
placed focus on NIR-II-driven photosensitizers and on asso-
ciated PDT-based strategies for oncology. This review aims to
address this gap, by overviewing recent important efforts in the
field of nanomaterials-based PDT. After we first focus on the
basic principle of PDT, we discuss various nanoparticle-shaped
photosenzitizers, like traditional organic molecules, noble
metals, upconversion nanoparticles, or carbon-based nanoma-
terials, highlighting how they have been applied in PDT. We
further place focus on the integration of NIR-II photosensitizers
with other therapeutic modalities, elaborating on the advan-
tages of the combination of complementary therapies (Fig. 1).
Finally, the existing challenges of photosensitizers based on
NIR-II light activation are discussed, along with potential
avenues to overcome these. In particular, we consider this
review to represent a useful resource for those interested in a
glimpse on the state-of-the art on NIR-II-driven PDT for the
treatment of deep-seated tumors, with potential to stimulate
further trains of thought followed by the development of more
efficient technologies, capable to overcome the current limita-
tions of NIR-II PDT.

2. The basic principles of PDT

Photosensitizers are converted from the ground state (S,) to an
unstable singlet excited state (S,) when irradiated with an
appropriate light as shown in Fig. 2. A fast internal conversion
(IC) process then follows, which ends with the energy position-
ing at the lowest singlet excited state (S,). The excited photo-
sensitizer changes from the S; state to the triplet state (T,)
through intersystem crossing (ISC) for energy stabilization.
According to the photochemical reaction processes taking
place, two types of PDT have been reported.’®*”* In type-I
reaction, T, reacts directly with the surrounding substrates to

Mater. Horiz., 2024, 11, 5815-5842 | 5817
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Fig. 2 The basic principles of type | and type Il photodynamic reactions.

produce superoxide anions (*O, ) and hydroxyl radicals (*OH).
In type-II reaction, the energy is transferred from molecular
oxygen (*0,) to singlet oxygen (*0,), followed by reactions with
biological molecules, which results in destruction of cancer
cells. Type I and Type II PDT usually occur simultaneously, and
the extent of the reactions is mainly dependent on the type of

5818 | Mater. Horiz., 2024, 11, 5815-5842

photosensitizers as well as the substrate and O,
concentration.®® An excess of ROS produced during PDT
will attack surrounding macromolecules such as nucleic
acids, proteins or lipids. The latter, especially unsaturated
lipids, easily react with ROS to form lipid peroxides, which

cause damage to bio-membranes.*' Furthermore, these radicals
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Table 1 NIR-II light-activated photosensitizers for cancer therapy
Category Photosensitizers Laser Power In vivo anti-cancer effect Ref.

Traditional organic molecules pTBCB-PEG 1064 1Wcm 2

SQ NPs 1150 0.1 W cm ™2
TPBPy 1000 10 J cm™?
Noble metals Pd@Au-PEG 1064 1.3 W cm ™2
AuNBP@Cu$s 1064 1 W cm™?
Ag@Pd NCs 1270 1 Wem 2

Transition metal oxide Fe;0,/Ag/Bi,M00; 1064 1 W cm >

MoO, 1064 1 W cm™?
Upconversion nanoparticles ~Ln@Fe NPs 1064 0.6 W cm 2

UCNPs 1532 —

GNSGHs 1064 1Wem™?

UCNP/RB,Ce6-PEG 1550 0.5 W cm >

Carbon-based nanomaterials CD@NDb, C 1064 0.4 W cm ™2

Ti;C,/TiO,-PVP HJs 1064 1 W cm 2
CD/TIiCN HJ 1064 0.8 W cm ™2

Ti,C,-Cu-PEG 1064 1 W cm 2

trigger free-radical chain reactions, resulting in oxidation or
direct cross-linking modification of some amino acid sites of
proteins. Following this chain of events, the protein’s structure,
catalytic activity, and biological functions are ultimately
destroyed. Importantly, DNA is also sensitive to ROS in
PDT.**** To date, several studies have reported that Type II
PDT dominates the photodynamic process because of its lower
excitation energy requirement, despite the fact that it requires
the consumption of abundant O, and thus severely affects the
treatment and prognosis of tumors.*>™”

3. NIR-Il photosensitizers

The performance of the photosensitizers directly determines
the efficiency of the PDT. Since the approval of photoporphyrin
for clinical PDT treatment in 1993, the enhancement and
optimization of the performance and function of photosensiti-
zers has always been a hotspot of international cutting-edge
research.’*® To date, about 20 photosensitizers have reached a
sufficient technology readiness level to be commercialized or
used in clinical trials. However, most of the currently available
PDT regimens can only be used for superficial tumor treatment,
with mild effect on deeper tumors, in best cases, which con-
fines the number of clinical applications based on PDT*® to a
very limited segment of use scenarios. Over recent years, the

This journal is © The Royal Society of Chemistry 2024

Hybridized semiconductor nanoenzymes with high photothermal 34
conversion efficiency achieve PDT along with deep ablation and
inhibition of metastasis

SQ NPs have excellent *OH generation capacity under hypoxic 49
conditions

Act as a mitochondrion-anchored photosensitizer for deep tumor 50
tissues

Core-shell nanostructures enhance the catalysis to produce O, for 31
relieving tumor hypoxia

The photoexcited plasmonic energy in the plasmonic metal is 51
transferred to the semiconductor to enable immune responses

The presence of abundant active sites for catalytic reaction in the 52
alloy nanostructures improve their peroxidase-like reaction kinetics
Cascading nanocatalytic reactions achieve interactive, continuous, 53
self-replenishment, so as to address the inefficiency and unsus-
tainability of cancer therapies

Photodynamic mechanism prompted by the LSPR photothermal 54
effect, realizing significantly enhanced PDT at cellular level

LnNPs act as energy converters for photoreduction of Fe*" to Fe** 55
enabling PDT in deep tissues

The crystal phase, size and emitting color can be easily manipulated, 56
achieving 1532 nm light-triggered deep tissue bioimaging and PDT
The presence of fluorescence resonance energy transfer and double- 57
site absorption in the NIR region contribute to the efficacy of PDT for
deep tumor lesions

The upconversion emission of UCNP/RB,Ce6-PEG activates RB and 58
Ce6, respectively

Heterogeneous junction induces accelerated carrier transfer, 59
accompanied by GSH depletion and relief of hypoxic tumor

The HJs still have a good ability to kill tumor cells at a depth of 5 mm 60
when exposed to 1064 nm laser

Heterogeneous structure improves carrier transfer rate ultimately 61
increasing ROS yield

Synergistic GSH depletion and photothermal enhancement of 62
nanodynamic therapy

development of novel nanophotosensitizers integrating: high
'0, quantum yield, active targeted delivery, tumor specificity,
and deep treatment, has become a worldwide priority. NIR-II
light features deeper penetration depth and lower scattering,
compared with NIR-I light, and thus strong focus has been
placed on the formulation and application of NIR-II-driven
photosensitizers.

In this section, instead of attempting to cover all photo-
sensitizers activated by NIR-II light, we focus on some of the
most widely studied organic and inorganic nanomaterials,
including noble metals, upconversion nanoparticles, transition
metal oxides, and carbon-based nanomaterials, summarized in
Table 1.

3.1. Traditional organic molecules

The first generation of organic photosensitizers was comprised
of porphyrin and porphyrin derivatives. In 1976, Kelly et al.*®
initiated the first PDT clinical trials on humans using a
haematoporphyrin derivate (HPD) to slow the tumor growth
and finally to induce the tumor necrosis. As a result, HPD-
based photosensitizers were finally approved for bladder cancer
in Canada.®® Then, in order to improve the drawbacks of these
photosensitizers, such as low tissue penetration, reduced ROS
production, or high retention time, macrocyclic compounds
composed of porphyrin were developed. These compounds

Mater. Horiz., 2024, 11, 5815-5842 | 5819
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feature higher quantum yields, compared to porphyrin’s.
Furthermore, they can be activated by light of longer wave-
lengths, which means these photosensitizers could be applied
to deeper tumors. However, most porphyrin and porphyrin
derivatives can be activated by UV and visible light in the range
of ~400-700 nm,>"***~%® which has important disadvantages
compared to light in the NIR-II window, as discussed earlier.
Later, several conventional organic molecules, such as squaric
acid and cyanine dyes, have been developed as NIR-II
photosensitizers.*®*”"*° Peng’s group discussed functional sys-
tems of specific targeting cyanine structures for accurate tumor
diagnosis and therapy,”® and designed a variety of longer
wavelength absorbing and emitting eukaryotic dyes.®®”*

Since Tang’s discovery of the aggregation-induced emission
(AIE) properties in 2001, that is, AIE-characterized molecules
exhibit unique luminescence-enhancing properties due to the
limitation of the molecular movement in the aggregated state,”
more and more studies have reported on to use AIE molecules
as PDT photosensitizers.”®’*”* The main reason for this, as
analyzed by Tang’s group,’” is their high ability to generate
photo-triggered ROS in the aggregated state. Both Cheng’s”®
and Liang’s’” teams demonstrated that benzothiadiazole mole-
cules connect to strong electron donors to lower the energy gap
and optimize acceptor-donor-acceptor-donor-acceptor (A-D-
A-D-A) scaffolds, which was important to elucidate the rela-
tionship between steric-hindrance effects and optical beha-
viors. Specifically, the construction of twisted conformations
of D-A systems with large dihedral angles limits the intra-
molecular rotation. It establishes a molecular design strategy
based on the steric-hindrance effect to yield NIR-II photosensi-
tizers that not only achieves a significant enhancement of the
twisted intramolecular charge transfer emission efficiency,”®
but also maintains the excitation energy for 'O, generation.”®
Based on this, Xiao et al’® proposed a molecular design
strategy for an A-D-A-D-A type of AIE photosensitizer, BNET,
by modulating the steric hindrance of molecules. This nearly
vertically twisted design strategy enhanced the NIR-II region
emission peaks of the photosensitizer in the aggregated state
while maintaining sufficient excitation energy to generate
0,.5%81 In orthotopic colon or pancreatic tumor model, BNET
demonstrated good PDT performance (a complete cure without
recurrence in 60 days). It is important to mention though that,
unlike the previous example, the majority of AIE molecules
absorb and emit in the visible light region, which severely
limits their practical application in deep-tissue therapy.

While traditional photosensitizers require the absorption of
a single photon equal to the energy of the bandgap, two-photon
excitation involves the photosensitizer absorbing two lower-
energy infrared photons, thereby increasing the penetration
depth of PDT and decreasing photo-bleaching of the photo-
sensitizer (ineffective oxidation owing to multiples factors).®>
Such strategies feature an additional advantage, namely, the
spatial localization of the pulsed laser required for the excita-
tion of the two-photon PDT is more precise, because the high-
intensity irradiation is produced only at the focal point.**®
A relevant example stands in the work of Luo and his
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colleagues,®® who synthesized an AIE photosensitizer with
NIR-I emission, namely TPBPy, encapsulated in liposomes, that
was used for fluorescence imaging-guided two-photon PDT.
Under fs-laser excitation (1000 nm), TPBPy exhibited strong
NIR-I fluorescence in multicellular tumor spheroids, with an
imaging depth of 210 pm, which was significantly superior to
single-photon excitation. In addition, TPBPy was found to be
very effective in producing '0,, inhibiting tumor growth under
NIR-II light irradiation.

3.2. Noble metals

Ever since the advent of nanotechnology, a series of nanoma-
terials have been reported to exhibit an efficient ROS genera-
tion ability, enabling their use as photosensitizers in PDT."?
Among them, noble metal nanomaterials have attracted world-
wide attention owing to their unique optical, electrical, mag-
netic, thermal and mechanical properties. In current days,
important efforts have been placed on modulating the localized
surface plasmon resonance (LSPR) effect by changing the
composition, morphology, and structure of noble metals. Such
strategies can also be used to achieve strong absorption in the
NIR region, which promote noble metals as highly useful tools
for implementing high-end applications in biomedicine,
including in diagnostics, therapy and theranostics.*">"5°
Among these, gold nanomaterials feature very convenient prop-
erties, such as simple preparation and modification, high
biocompatibility and excellent chemical stability, making them
one of the main candidates to be considered for clinical
therapeutic applications.®” Since the formulation of gold nano-
particles by Faraday in 1847, gold nanomaterials employed in
the field of PDT have been gradually developed and
studied.*"%®

An effective approach to improve the PDT efficiency of
gold nanomaterials, stands in finely tuning their size and
morphology. This applies to nano-structures of various
types, ranging from the most explored morphologies
(sphere,®® ring,*® rod,®*>°' and nanoclusters®>®*) to special
structures (nanostars,”°® nanoprisms,®” nanovesicles,’® and
gold nanobipyramids).”"**"'°" Yuan’s group'®” synthesized and
explored the effect of different gold nanoparticles’ size (6.2-
61.2 nm) on their biodistribution and cytotoxicity (Fig. 3a). An
important finding of this study was that small gold nano-
particles (Au NPs), with large specific area, exhibit higher
PDT efficiency given the higher number of sites for nano-
particles to interact with the biomolecules. Another finding
was that small-sized Au NPs could accomplish broader biodis-
tribution and were nearly metabolized within 30 days, whereas
a large fraction of large-sized Au NPs were found to remain in
the liver and spleen at 90 days (poor elimination rate) as shown
in Fig. 3b. These results were highly meaningful for the sub-
sequent clever design and successful application of Au NPs in
the biomedical field.

In another study, Zhang et a compared the photoactiv-
ities of gold nanomaterials with different morphologies,
namely Au nanorods (Au NRs), nanoshells (Au NSs), and
nanocages (Au NCs) (Fig. 4a). As well known, hot electrons
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Reproduced with permission from ref. 102. Copyright 2018, Elsevier.

can be generated due to the plasma-induced electric field in
noble metal nanostructures, and the hotter the electric field,
the higher number of hot electrons (Fig. 4b). By comparing the
electromagnetic field distribution profiles of these three nanos-
tructures, Zhang et al. found the presence of electric field on
both the inner and outer surfaces of Au NCs, which leads to the
emergence of electric dipoles (Fig. 4c). Moreover, the study
found that the generated electric dipoles can also sensitize
oxygen to form ROS through energy and electron transfer
modes, ultimately exhibiting photodynamic properties."**

The teams of Cai'®® and Zhang'%® reported multifunctional
nanoplatforms based on gold-based nanomaterials modified
with a peptide RLA and hyaluronic acid, respectively. When
exposed to NIR light, these nanoplatforms not only induced the
generation of ROS through the localized electric field of gold
nanomaterials but also enhanced PDT effectiveness by facilitat-
ing tumor-targeting-mediated accumulation of endogenous
ROS. As mentioned before, the efficient generation of high-
energy hot carriers from the LSPR of noble metal nanomaterials
stands at the core of LSPR-based PDT. In this context, it is

This journal is © The Royal Society of Chemistry 2024
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important to highlight that alloying represents a widely used
strategy to tune the LSPR of metals, so as to achieve the
optimization of their optical properties.'®” A relevant example
in this field is the work of Zhang et. al.,* who developed two-
dimensional Pd@Au bimetallic core-shell nanostructures
(Fig. 5a and b) and investigated the effect of modified LSPR
on the ability of the therapeutic agent to generate dissolved
oxygen (Fig. 5c and d). Another relevant example is the work
reported by Wang’s team,”> who prepared DNA-templated
Ag@Pd alloy nanoclusters exhibiting photoresponsive proper-
ties under 1270 nm laser irradiation. They demonstrated that
the combination of Pd with Ag not only alters the LSPR of the
metallic composite but also significantly increases the absor-
bance cross-section, thus providing more catalytic active sites
to generate large amounts of ROS (Fig. 5e). Gold-based nano-
hybrid materials leverage the characteristics of various materi-
als to achieve adjustable or synergistic enhancement of
the optical properties of the gold-based nanocomposite,
thereby overcoming the constraints associated with individual
components. For example, the teams of Jiang'®® and Hang"’
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Fig. 4 (a) TEM images of Au NRs, NSs and NCs. (b) The electric field distribution and enhancement (|E|/|Eq|) contours of Au NRs, NSs and NCs. (c)
Illustration of the photoactivity of Au nanostructures. Reproduced with permission from ref. 103. Copyright 2018, The Royal Society of Chemistry.

constructed multifunctional semiconductor nanocomposites
by coating gold nanobipyramid (Au NBP) with cuprous oxide
(Cu,0) and copper sulfide (CuS), respectively. They both
demonstrated in in vivo and in vitro studies that, in addition
to the strong LSPR peak and narrow half-peak width, due to the
unique pentagonal base and two sharp apexes of Au NBP,"'*° the
construction of semiconductor composite structures based on
Au NBP could achieve effective separation of electrons and
holes, thereby promoting ROS generation.

3.3. Transition metal oxide

Besides noble metal nanomaterials, in recent years transition
metal oxide nanomaterials have also received important atten-
tion in the context of PDT, given their superior biocompatibility
and tunable LSPR effects.>® Transition metal oxides, including
TiO,,''° ferrite nanomaterials,"***** MnO,,"***'” Cu,0,"*® etc.,
are currently regarded as some of the most popular biomedical
materials given their low-cost, high bioactivity, good biocom-
patibility, and higher chemical stability than noble metals.

5822 | Mater. Horiz., 2024, 11, 5815-5842

The introduction or direct functionalization of transition
metal oxides represented an important advance in the context
of flexible platforms for tumor diagnostics and therapeutics. By
such strategies, the generation of ROS can be accomplished in
several ways.*®'" On one hand, transition metal oxides
form distinctive defects due to the ionicity of the meta-oxygen
bond and different degree of orbital mixing or hybridization."®
Therefore, by functionalized transition metal oxides, the
modulation of oxygen vacancies regulates the bandgap or
surface electron distribution, helping optimize the photocata-
lytic performance of the nanomaterial."*""** Xu et al."** nar-
rowed the band gap of MoO; through hydrogenation-regulated
oxygen vacancies engineering for NIR-II-excited photonic
hyperthermia-enhanced catalytic therapy. Ge et al.*>* fabricated
heterojunctions of g-C3N,/Bi,M0O4/Bi to accelerate carrier
transfer, resulting in highly enhanced photocatalytic perfor-
mance. Based on the oxygen vacancy regulation strategies of
molybdenum oxides and the properties of heterojunctions,
Dong’s team®® designed Bi,MoOg NP (BMO NP) doped with

This journal is © The Royal Society of Chemistry 2024
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groups. Reproduced with permission from ref. 52. Copyright 2023, Wiley.

Fe;04 and Ag NPs to endow the composite nanomaterial with
strong NIR-II absorption properties, which greatly enhanced
the photocatalytic activities. As shown in Fig. 6a, this photo-
activatable “all-in-one” nanoparticulate system enables elec-
trons enriched in the conduction band of the BMO NP to cycle
and migrate between BMO NP, Fe;0, and Ag NPs. The intro-
duction of impurity energy levels significantly narrows the
effective bandgap, thus transforming the absorbed light into
the NIR II region. Fig. 6b and c illustrate the performances of
this nanoplatform to achieve sustainable, self-replenishing,
ROS yield, driven by light through multiple forms of free
electron enrichment.

On the other hand, significant endeavors have demon-
strated that employing transition metal oxides can establish a
cascade reaction platform, addressing the inherent limitations
of PDT and enabling the adoption of a double- or triple-punch
strategies that enhance the effectiveness of cancer treatment.'*
In this context, it is important to recall that the tumor micro-
environment (TME) acts as the “soil” on which tumors thrive.
The demanding metabolism of tumor cells leads to the

This journal is © The Royal Society of Chemistry 2024

presence of unique features of TME including hypoxia, acidity,
and glutathione (GSH) overexpression.'>>'*® Therefore, the
development of TME-activated nanodiagnostics and therapeu-
tic integration is highly attractive for precision cancer medi-
cine. The existence of transition metal oxides can be likened to
a switch that solely activates in TME, thereby minimizing side
effects on normal tissues while creating an optimal response
environment to enhance PDT efficacy.'”” Wang’s group™*® con-
structed a multifunctional nanoplatform, MUM NPs, consisting
of AIE-active free radical photosensitizers, MnO,, and upcon-
version nanoparticles (UCNPs). The UCNPs enabled AIE photo-
sensitizers to be activated by NIR light to produce *OH, and the
MnO, shell was “turned on” by the high level of intracellular
GSH to produce Mn>", which not only achieves a rapid GSH
depletion to increase intracellular ROS, but also converts H,O,
to *OH in the form of Mn** via a Fenton-like reaction (Fig. 7).
Likewise, Zhang et al.'*® demonstrated an omnipotent nano-
platform MnO,/Ag;SbS; for TME-responsive PDT, where MnO,
not only provided enhanced PDT, but also protected the small-
sized Ag;SbS; from early metabolization due to the degradation

Mater. Horiz., 2024, 11, 5815-5842 | 5823
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of MnO, by the acidic environment. In addition to MnO,,
Zhao’s group'® reported that the hollow-structured MoO,
NPs have strong NIR light absorption, confirming that the
optical properties of MoO, NPs can be modulated by changing
their chemical composition. Later, they reported plasmonic
PEGylated molybdenum oxide nanoparticles (PEG-MoO,, NPs)
that absorb both 808 nm and 1064 nm light.**® Interestingly,
PEG-MoO, NPs could only perform limited PTT under 808 nm
light irradiation, whereas under 1064 nm light irradiation the
PEG-MoO, NPs were able to perform both PTT and PDT.

3.4. Upconversion nanoparticles

Upconversion nanoparticles (UCNPs) are usually composed of
host lattices of ceramic materials doped with lanthanide or
actinide ions, and their unique optical properties are primarily
associated with the ability to emit at short-wavelength, typically
in the visible, when irradiated with long wavelength, usually in
the NIR.™"'*? In comparison to other photosensitizers,
UCNPs feature two important advantages: (a) their emission
band can be tuned so that overlap with autofluorescence
can be avoided,"** and (b) NIR excitation allows high penetra-
tion depth.”* The great majority of UCNPs exhibit: small
size, intense visible emission, sharp emission bandwidth,
long luminescence lifetime, high photostability, and low cyto-
toxicity. Such excellent properties render UCNPs a highly
convenient solution for applications in bio-sensing,'?
bioimaging"**"*” and cancer therapy.>> "% *°

When applied in PDT, UCNPs can be used as agents that
convert NIR light to higher-energy light for the efficient

5824 | Mater. Horiz., 2024, 11, 5815-5842

activation of photosensitizers and as photosensitizers them-
selves. With respect to the first part, Yeh et al.>® proposed a
dual-photodynamic strategy to boost the generation of 'O,
(Fig. 8a). Among trivalent lanthanide ions, Erbium ions
(namely Er*") provide possibilities for multi-peak upconversion
luminescence (UCL). This can be used to initiate a range of
activators upon NIR-II light irradiation. In this nanoplatform,
the dual photosensitizers, rose bengal (RB) and chlorin e6
(Ce6), were excited respectively by the green and red emission
from UCNPs to generate an abundant amount of 'O, under
1550 nm laser irradiation. Briefly, the green (~550 nm) and red
(~670 nm) emission of UCNPs overlapped with the absorption
peaks of RB and Ce6 respectively, so that a sharp decrease in
the green emission of UCNPs/RB and the red emission of
UCNPs/Ce6 occurred under irradiation at 1550 nm (Fig. 8b-
d). Xu et al.**® not only took advantage of UCL of Er**, but also
boosted the downconversion emission of Er’* by the cross-
relaxation effect of Er** and Ce*" ions in order to expand the
excitation threshold of Fe/Mn-ZIF-8. Although the therapeutic
efficiency of PDT is limited due to the restricted energy avail-
able for the conversion of UCNPs to photosensitizers, a number
of studies published in the literature have demonstrated sig-
nificant efficiencies of coupling UCNPs with other materials.
Recently, in order to better utilize the emission energy of Er*",
Liuw’s team'" designed and developed UCNPs with a multilayer
structure to concentrate the emission (energy transfer effi-

9 encapsu-

ciency near 60%) with high efficiency; Li’s team
lated an organic photosensitive molecule in multilayer

structured UCNPs to amplify NIR-triggered PDT efficiency in

This journal is © The Royal Society of Chemistry 2024
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the hypoxic environment. With respect to the second part,
Zhang and colleagues™'® fabricated a Yb/Er co-doped titanium
dioxide nano-shovel/quercetin/t-arginine (TiO,@UCN/Qr/LA)
phototherapy platform. The doped rare-earth elements not only
increased the absorption of TiO, in the near-infrared band but
also produced abundant oxygen vacancies to prevent electron—
hole pairs recombination, thus improving the photocatalytic
performance. In another body of relevant efforts, to extend the
excitation band of upconverted materials farther into the NIR-II
region, Zeng and colleagues®® constructed novel Er/Mn co-
doped NIR-II photoresponsive UCNPs loaded with zinc phtha-
locyanine (ZnPc). Mn** ions provided two important features to
this composite nanomaterial: (i) enhanced single-band red
emission at 1532 nm, (ii) phase and size control, helping
overcome surface defects. The UCL intensity tended to increase
and then decrease when the Er** concentration was varied, and
the nanomaterials changed from the coexistence of large-sized
rods and small-sized cubes to highly monodisperse cubic
nanoparticles when the Mn** doping amount was increased
step by step. Additionally, the red UCL intensity was increased
tenfold by adjusting the concentration of Mn>" in the UCNPs.

3.5. Carbon-based nanomaterials

Carbon-based nanomaterials have extraordinary potential for
implementing PDT applications owing to their ease of fabrica-
tion and modification, targeting capability, rich functional
groups, great biocompatibility and low cost. Particularly, car-
bon dots and 2D transition metal carbide and nitride com-
pounds (termed MXenes) have been used in recent years as the
foundation for important biomedical applications such as bio-
imaging'*>™** or cancer therapy.’®°%%%143

Carbon dots (CDs), zero-dimensional carbon-based nano-
materials, are generally sized in the range of 1 to 10 nm, and
have functional groups on their surfaces, including -NH,, -OH
and -COOH, which make them equipped with the ability to be
further functionalized, while exhibiting great aqueous solubi-
lity, a highly important asset for biomedical applications. CDs
have been widely employed as optical nanoprobes, with Rogach
and his coworkers having made an important contribution in
this regard by exploring the relationship between the absorp-
tion and emission wavelengths of CDs and their size.'*® In
subsequent studies, by introducing electron-acceptor groups on
the surface, they significantly enhanced the absorption and
emission of CDs in the NIR region."*’ This was followed by an
ingenious increase of the surface electron-acceptor groups on
the m-conjugated cores to realize the red-shift of the main
absorption band.'® In the context of PDT, a recent study of
interest is the work of Zhu et al.>® who reported NIR-II-triggered
CDs@Nb,C nanozyme with triple enzyme mimetic activity.
Complete tumor elimination was achieved by depletion of
glutathione, alleviation of hypoxia and enhancement of ROS
generation efficiency. The CDs in this composite nanomaterial
could rapidly convert intracellular H,O, to O, for alleviating
tumor hypoxia, while attenuating the reductive nature of the
TME by mimicking peroxidase (POD) and glutathione-
peroxidase (GPX) to produce *OH. Following the creation of
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heterojunctions between carbon dots (CDs) and Nb,C, the NIR-
II irradiation prompted the transfer of excited electrons from
the conduction bands of Nb,C nanosheets to the valence bands
of CDs due to the presence of an internal electric field. This
phenomenon facilitated the electron transfer process, leading
to an escalation in catalytic activity.

Another relevant family of carbon-based nanomaterials,
MXenes, has been actively investigated since 2011.'*° Two-
dimensional MXenes nanomaterials with nanoscale-lateral size
and atomic-scale thickness can be obtained by selective etching
the transition metal layer M (such as Ti, Zr, Hf, V, Nb, Ta, Cr,
Mo and so on) in M,,,;X, T,. The MXenes exhibit robust light
absorption properties covering the entire UV, visible and NIR
regions,*>'*! showing great potential in light energy conver-
sion. By functionalization, the photoabsorption properties of
MXenes can be finely tuned, and by delaying the recombination
of electrons and holes, ROS generation capabilities can be
significantly promoted, hence greatly improving potential PDT
effects.” Ti;C,, as a common MXenes nanosheet, is usually
used to load drugs or other functional substances for combined
tumor treatment due to its large specific surface area and facile
modification.">* A relevant effort to discuss is the work of He’s
group,®® who manufactured a nanoplatform with MXenes het-
erostructures, ie. Ti;C, MXenes loaded with TiO, (TizC,/TiO,
HJs), Fig. 9a. In this study, the band gap of Ti;C,/TiO, hetero-
junctions was positioned in between TiO, and Ti;C,, which
allowed its absorption band to be tuned from ultraviolet for
TiO, to the entire visible-NIR-II region (Fig. 9b). Fluorescence
spectroscopy, Fig. 9¢, showed that the transfer of photoinduced
electrons to the surface, and finally the effective inhibition of
carrier recombination, is attributed to the introduction of Ti;C,
MXenes. In other words, the excellent opportunity for ROS
generation was provided by the simultaneous presence and
interaction of NIR-II light and the heterojunction electron field.
With Schottky junctions representing another specialized struc-
ture that relies on efficient separation of carriers, Zhang and his
group'? prepared a Schottky junction nanozyme with a narrow
bandgap, and enhanced electron-hole separation. They
demonstrated that TizC, in Schottky junctions acted as cocata-
lysts to receive photoexcited electrons more efficiently, which
effectively suppressed the recombination of photogenerated
electrons and holes, and thus improved the NIR photocatalytic
performance.

4. Combining therapy

While PDT has gained popularity as a therapeutic approach, it
remains a dynamic and evolving process characterized by
multifactorial interactions.'> Currently, there is a lack of a
quantitative and standardized description of the in vivo
response processes associated to PDT in relation to the diverse
photodynamics aspects. In addition, PDT approaches are lim-
ited by various factors, such as the location and size of the
tumor, targeting precision,'> and the high level of dependence
of most photosensitizers on tissue oxygen concentration®® (see

This journal is © The Royal Society of Chemistry 2024
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Section 2). These factors contribute to inadequate therapeutic
outcomes in numerous scenarios. A solution to overcome the
limitations of PDT, stands in synergistically combining it with
other therapeutic approaches, such as photothermal therapy
(PTT), chemotherapy, immunotherapy or starvation therapy.
Such combined approaches can yield better efficiency com-
pared to any of the employed therapeutic solutions by itself
(Table 2). In the next we will discuss past relevant efforts that
were aimed at synergistically combining PDT with other ther-
apeutic approaches.

4.1. Combining photodynamic therapy and photothermal
therapy

Photothermal therapy (PTT) and photodynamic therapy (PDT)
are two distinct types of phototherapy that differ in their
mechanisms of action and employed agents: while PDT relies
on the capacity of an interaction between a photosensitizer,
light, and oxygen to produce ROS, which can cause cell damage
and death, PTT involves the conversion of light energy into
heat, that can selectively damage or destroy targeted cells or
tissues. There is a large body of literature presenting various
ways by which PDT and PTT can be jointly used, given their
similar light activating condition.®>*”°"*”®* Among these efforts,

This journal is © The Royal Society of Chemistry 2024

in a study'’* presented by Christensen and co-authors, a

synergistic relationship between mild hyperthermia and PDT
was demonstrated. Namely, it was shown that an increase in
local temperature (41, 42.5, 45 °C) at cellular level represents a
viable mean to sensitize cells to PDT. At the tissue level, the
efficacy of conventional oxygen-dependent PDT in hypoxic
tumor regions could also be improved by PTT.”*'”> In addi-
tion, previous studies have showed that the cytotoxicity of PTT
can be further enhanced by additional ways such as the
acidification of hypoxic tumor regions due to the Warburg
effect (vigorous oxygen-consuming glycolysis'’®) present in
PDT""” and the destruction of heat shock proteins (HSPs) by
ROS generated during PDT."”® In vitro'’® and in vivo'”> studies
conducted by Chen et al. demonstrated the specific mechanism
underlying the synergistic enhancement of cell death and
tumor growth control by aggravation of cancer cell necrosis
and tumor vascular injury with hyperthermia immediately after
PDT. Consequently, this synergistic treatment modality holds
significant potential to achieve super-additive outcomes.

In the valuable work reported by Wang et al.,"*® the authors
constructed FeS,/CoS,@PEG (FCs@PEG) Z-scheme nanoheter-
ostructures (Fig. 10a). CoS, (1.37 eV) and FeS, (1.16 eV) repre-
sent n-typical semiconductors characterized by an interface
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Table 2 Reported approaches that combine PDT with complementary therapies

Combination

strategy Photosensitizers Laser (nm) Power

Tumors In vivo anti-cancer effect Ref.

PDT combined with FCs@PEG NSs 1064 1Wcem™2

photothermal

therapy CeO,_,@HA 1064 1Wem™?

BLICP@O, 1064 1Wcem™2

DNA-Ag@Pd NCs 1270 1Wem?

PDT combined with DOX- HMNCs 1064 0.8 Wem 2

chemotherapy

CuS@PDA/Pd 1064 1Wcem™2

CS/Cu,_,Se-TPZ NPs 1064 0.5 W cm 2

NPD@M 1064 0.5 Wem 2

UF@PPDF NPs 1064 1Wem 2

PDT combined with AIPH@MS-CTPP 1064 1Wcem 2

immunotherapy

2

Au/Ag nanorod 1064 1Wem—

CugS, 1064 0.2 Wem 2

PDT combined with CMS@GOx 1064 0.48 W cm 2

starvation therapy

CSCs@PEG 1064 0.8 W cm 2

SC NSs 1064 0.8 Wem ™2

PDT combined with CDs-NO 1064 0.8 Wcem ™2

gas therapy

TiO,@UCN/Qr/LA 1060 0.6 W cm ™2

electronic field and band bending for the balance of Fermi
level. When excited by NIR-II light, FeS, with lower band gap
(1.16 eV) is excited first. At the same time, the thermal energy
(Etherma1) of the nanocomposite is enhanced due to the photo-
thermal effect. When the sum of Egermar and Ejigne is greater
than the bandgap of CoS, (1.37 eV), photogenerated charges are
excited, and the electrons in the conduction band of FeS, tend
to migrate to the valence band of CoS,, accomplishing the
combined effect of PDT and PTT (Fig. 10b and c). Xu et al.'*
ingeniously designed MoO;-starring silica nanozymes
(HMMSNs@HA), which can accomplish NIR-II light-triggered
photonic thermal-enhanced ROS production. In this context,
the regulation of hydrogenation induces intervalence charge
transfer among Mo**, Mo>", and Mo®", which triggers an
induced LSPR effect in HMMSNs@HA, enhancing its photo-
thermal conversion capabilities. Consequently, the increased
presence of lower-valence Mo facilitates the conversion of H,0,
to *OH. Moreover, it is well-known that tumor environments
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HepG-2 Z-Scheme heterostructure enables efficient in-tandem 156
PDT/PTT

4T1 given numerous oxygen defects, CeO,_,@HA completely 157

eradicates tumors without systemic toxicity

Enhanced PDT for hepatocellular carcinoma by precisely 158

controlling the release of oxygen through the photo-

thermal effect to relieve tumor hypoxia

MKN-45 photothermal-augmented nanocatalytic therapy of gastric 52

cancer.

HMNCs have pH-responsive drug release capabilities and 159

the ability for precise generation of *OH

4T1 NIR-II light accelerates the bioorthogonal reaction of 160
CuS@PDA/Pd, and dual drug synthesis leads to improved
therapeutic efficacy

4T1 Combination therapy of endogenous acidic micro- 161
environment and exogenous NIR-II -triggered nanoprobes
loaded with a hypoxic prodrug TPZ overcome hypoxic
microenvironment hindrance

U14 Plasma assemblies enable the reversion of multidrug 150
resistance to improve chemotherapy and killing for deep
tumor cells under NIR-II light exposure

4T1 Hierarchically assembled y-Fe,O3; nanocrystals enable 162
switchable magnetic resonance imaging and controlled
release of iron ions and chemotherapeutic drugs

4T1 PDT of AIPH reprograms tumor-associated macrophages 163
from the M2 to M1 phenotype

411 Au/Ag NRs in combination with ICB antibodies inhibit 164
distant tumor growth and tumor recurrence

4T1 NIR-II laser-mediated plasmon-driven photoredox chem- 165
istry enhances the immune responses

U14 A multifunctional cascade bioreactor based on hollow 166
mesoporous CMS loaded with glucose oxidase (GOx)
enables GOx-catalysis-enhanced PDT/PTT/ICD

4T1 CSCs@PEG enable a GOx-like activity that consumes glu- 167
cose, leading to increased H,O, levels, and subsequently
more ROS

4T1 GOx-functionalized nanocatalysts enable cycle-enhanced 168
combination therapy
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frequently lack oxygen (are hypoxic) and cannot supply ade-
quate oxygen to enhance rates of reactive oxygen species (ROS)
production. In response to hypoxia in solid tumors, various
plasmon-pyroelectric nanostructures were developed by
Zhang’s group'®*'®> to produce a temperature-mediated ROS,
which represents an ingenious way to combine PTT with PDT.
These studies showed that under repeated thermal excitation,
pyroelectric materials can efficiently convert thermal energy
into electrical energy, thereby facilitating the sustained separa-
tion of electrons and holes, showing great potential for ROS
generation.

PDT is an efficient strategy to circumvent the thermotoler-
ance of tumor cells and thus boost the efficacy of PTT. ROS
generated by PDT can oxidize proteins,'®® including HSPs,
resulting in damage to tumors.'®® Bu et al.'”® employed SnSe-
polyvinylpyrrolidone (SnSe-PVP) nanorods, a pyroelectric bio-
material with potent ROS-generating abilities, to facilitate the
conversion of temperature fluctuations into pyroelectric

This journal is © The Royal Society of Chemistry 2024
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(a) Schematic illustration of therapeutic effects of FCLO@PEG NSs. (b) MTT assay of HepG-2 cells co-cultured with FC10@PEG with/without NIR

irradiation. (c) Cytotoxicity induced from CDT, PDT, PTT, and synergistic PDT/PTT/CDT. Reproduced with permission from ref. 156. Copyright 2014,

Elsevier.

charges during heating and cooling phases. These charges can
then interact with surrounding oxygen molecules to produce
ROS, counteracting the adverse effects of HSPs. This approach
effectively lowers the thermoresistance of tumor cells, thereby
enhancing the PTT efficacy. Wang et al.'®' developed a high-
performance pyroelectric nanocatalyst, Bi;3S;5l, nanorods, to
overcome the intrinsic drawbacks of conventional PTT. They
demonstrated that by subjecting cells to alternating cooling
and heating, ROS can eradicate the molecular chaperone heat
shock protein 90 (HSP90), enhancing the effectiveness of
photothermal hyperthermia through the transfer of charges
generated by pyroelectricity. This approach achieved a tumor
inhibition rate of 97.2%.

4.2. Combining photodynamic therapy and chemotherapy

Chemotherapy is extensively employed in the traditional treat-
ment of diverse tumors. However, the administration of che-
motherapy introduces the challenge of drug resistance,
significantly impacting clinical effectiveness. This issue is

This journal is © The Royal Society of Chemistry 2024

particularly pronounced in single-agent chemotherapy regi-
mens, where the susceptibility to drug resistance phenomena
is heightened. The advancement of tumors and the unfavorable
prognosis resulting from chemotherapy resistance have
emerged as significant clinical challenges requiring urgent
resolution. The constrained effectiveness of single-agent ther-
apy in treating tumors, coupled with the development of
resistance, underscores the imperative need for an integrated
treatment model. The combination of PDT with chemotherapy
has long been investigated in combating cancer.*>'%>'%¢ Next,
we delve into a series of recent studies that have meticulously
explored interactions and complementary approaches between
chemotherapy and PDT. These investigations highlight that
combining chemotherapy and PDT is a promising strategy for
effective tumor treatment.

First, it should be stressed on the fact that chemotherapy
can be highly efficient in overcoming the drawbacks of PDT,
such as low oxygen concentration and limited light penetration,
thus enabling complementary treatment of tumors."®” % For
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example, Sun’s team'®” reported a “three birds with one stone”
strategy by demonstrating a type of nanoparticles activated by
adenosine triphosphate (ATP). Inside tumor cells, these nano-
particles escaped from lysosomes on account of holding a
positive charge and were broken down by the high concen-
tration of ATP in the cytoplasm. This process resulted in the
release of NIR photosensitizers (Cy-I) and chemotherapeutic
agents (DPA-Cd) in the tumor cells, leading to the combined
treatment of PDT and chemotherapy to achieve tumor suppres-
sion. Qin et al'®® proposed multilayered Fe,O; structures
(UF@PPDF NPs), in which hierarchical assemblies of y-Fe,O3
nanocrystals greatly improved the efficiency of iron utilization
and achieved extremely high NIR-II photothermal conversion
efficiencies, together with highly useful theranostic capabilities
based on switchable magnetic resonance imaging. These ther-
anostic probes also possessed outstanding abilities for the
controlled release of chemotherapeutic drugs, iron, and ions.
These substances could generate the highly toxic radical *OH in
acidic environments, offering novel avenues for highly efficient
diagnosis and treatment of deep-seated tumors. Additionally,
Chen’s team'®’ developed a nanoplatform coloaded with
copper selenide quantum dots (Cu,_,Se QDs) and tirapazamine

(a)
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(TPZ) for precise chemodynamic/photodynamic/hypoxia-
activated chemo trimodal synergistic therapy. The presence of
oxygen-depleting PDT mediated by Cu,_,Se QDs further exa-
cerbated tumor hypoxia, effectively activating the cytotoxicity of
TPZ for tumor eradication.

Furthermore, it is crucial to emphasize that photoactivation
can serve not only to harm and sensitize tumors but also to
regulate the release of drugs, hinder escape pathways that
could lead to drug resistance or cell proliferation, diminish
the compensatory activation of survival pathways, and poten-
tially restore sensitivity in drug-resistant cells. Moreover, by
employing such strategies, drug resistance can even be
reversed.'®®'°° In a noteworthy study, Gao’s team"*® combined
Nb,C plasmon, Pt nanoenzymes, Doxorubicin (DOX), and
tumor cell membranes to form the plasmonic assembly
NPD@M (Fig. 11a). The remarkable photothermal characteris-
tics of Nb,C when exposed to NIR-II light were utilized to
expand tumor vessels (Fig. 11b), thereby improving blood
perfusion and drug extravasation. Simultaneously, these prop-
erties were leveraged to boost the catalytic activity of the
nanoenzymes. Moreover, within the tumor microenvironment,
doxorubicin (DOX) was released under elevated thermal and
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acidic conditions, facilitating targeted chemotherapy. The
NPD@M nanoplatform demonstrated the capability to release
up to 80% of the drug after three rounds of laser exposure as
shown in Fig. 11c. Taking advantage of the high concentration
of H,0, in the tumor microenvironment, more O, was gener-
ated due to the excellent catalase (CAT) activity of Pt nanoen-
zymes (Fig. 11d). These were successfully used to alleviate
tumor hypoxia and to down-regulate the expression of
hypoxia-inducible factor (HIF-1a). At the same time, combined
PDT-generated ROS reduced mitochondrial energy supply to P-
gp glycoprotein, a membrane efflux pump that recognizes and
transports chemotherapeutic agents out of cells. The authors
verified the enhancement in blood perfusion volume and the
down-regulation of HIF-1a by photoacoustic imaging (Fig. 11b)
and ELISA measurements (Fig. 11e), respectively. The integra-
tion of this comprehensive approach has been showcased as an
excellent tool for overcoming multidrug resistance and enhan-
cing the efficacy of chemotherapy, introducing a novel concept
for the utilization of plasmonics in anti-tumor therapy.

4.3. Combining photodynamic therapy and immunotherapy

Cancer immunotherapy involves activating the immune system
to combat cancer or bolster its inherent defense
mechanisms.”*'*' The evasion of immune surveillance by
cancer cells through various pathways, allowing them to elude
elimination by the host immune system, is a recognized
phenomenon. Consequently, an increasing number of studies
are exploring the utilization of photodynamic nanomedicines
in conjunction with immune checkpoint inhibitors and adju-
vants. Such approaches aim to enhance both direct and sys-
temic therapeutic effects, offering potential avenues for
effectively treating heterogeneous tumors.'®> Furthermore,
accumulating evidence suggests that PDT has the capability
to trigger an anti-tumor immune response, specifically by
inducing tumor immunogenic cell death (ICD)."®'**"'** This
process ultimately leads to the systemic inhibition of subse-
quent tumor growth in distant sites and serves as a defense
against tumor recurrence.'”® Some examples are as follows: (a)
PDT-mediated enhancement of ROS promotes reprogramming
of tumor-associated macrophages phenotype, that is, convert-
ing cold tumors into hot tumors, thereby promoting intratu-
moural T cell infiltration.”® (b) PDT can promote mutations of
antigen presenting cells and cytotoxic T lymphocytes to
homing.™ (c¢) During PDT calreticulin moves from the endo-
plasmic reticulum to the cell membrane’s surface and provides
an “eat me” signal to cause an immune response.'®” PDT can
thus be harnessed for immunotherapy by fostering an anti-
tumor immune response within the body.

Past studies showed that, NIR-II PDT has the capability to
directly initiate adaptive immune responses.”® Canti et al.'*®
found that PDT can trigger anti-tumor immunity, while Liu
et al'® demonstrated the synergistic effect of PDT and
immune checkpoint inhibitors via the phthalocyanine dye-
labeled probe. Later, Lin et al”*® employed a nanoscale
metal-organic framework (nMOF) with anti-PD-L1 antibody,
which not only converted endogenous H,0, to O, for oxygen-
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dependent PDT, but also improved cancer immunotherapy
through infiltration of cytotoxic T cells. Recently, Yang
et al."®* reported for the first time a corn-like Au/Ag nanorod
(Au/Ag NR) that could reprogram the immunosuppressive cold
tumor microenvironment under NIR-II triggering via PTT/PDT,
synergizing with the immune-checkpoint blockade (ICB) anti-
body aCTLA4 to achieve enhanced cancer therapy. Fig. 12a-c
show the synergistic effect of the Au/Ag NR with the ICB
antibody. In contrast, the heat and ROS generated by the Au/
Ag NR upon 1064 nm light irradiation further triggered the ICD
of tumor cells, activated the antibody, and effectively delayed
secondary tumor growth (Fig. 12b). As shown in the Fig. 12d, by
combining the PDT treatment with ICB antibody, the conver-
sion of cold tumor to hot tumor was achieved. This transforma-
tion provided protection to the mice used as animal model
from tumor cell re-attack even 40 days post-treatment. The
approach significantly elevated the infiltration of T-cells into
the tumor, thereby initiating a systemic immune response and
effectively delaying the growth of 4T1 tumors in the mice. This
approach was demonstrated thus as a highly useful solution to
augment the infiltration of T-cells within the tumor, activating
a robust systemic immune response. This improved method
exhibited heightened efficacy in preventing the recurrence of
4T1 tumors in the considered murine tissues, effectively hin-
dering the growth of distant tumors.

In addition to inhibiting primary tumor growth, previous
studies have showed that PDT-induced immunogenic cell death
can prevent metastasis;"®” this was demonstrated on lung
tissue. An et al.*®® proposed a NIR-II laser-mediated photo-
Fenton-like reaction based on a plasmonic self-doped
semiconductor CugSe. Under mild NIR-II laser irradiation
(0.2 W ecm™?), CugS, experienced Cu(u)/Cu(i) valence conversion
according to the mechanism of plasmon-induced electron
transfer, resulting in high generation of *OH, which directly
induced ICD, release of death-associated molecular patterns
(DAMPs), and maturation of daughter cells (DCs) in tumor
cells. The efficacy of the immunotherapy induced by the
enhanced ROS was investigated using changes in DAMPs,
including the translocation of calreticulin (CRT) on the cell
membrane surface, the extracellular release of adenosine
triphosphate (ATP), and high mobility group box-1 protein
(HMGB1). Additionally, the authors further evaluated
DCs maturation by measuring the ratio of mature DCs
(CD11¢'CD80'CD86"). The CugSy + laser group was approxi-
mately 1.5-time higher than CugS, alone, indicating that
the NIR-II laser-mediated enhanced ROS could induce
more mature DCs. Jiang et al.’®® similarly constructed a plas-
monic gold nanobipyramid@cuprous oxide (Au NBP@Cu,O)-
mediated promising strategy to tackle metastatic tumors. When
comparing metastasis in the liver and lungs, PDT mediated by
Au NBP@Cu,O helped maintain the intact structures of both
organs.

4.4. Combining photodynamic therapy and starvation therapy

Tumor starvation therapy aims to impede the growth and
reproduction of tumor cells by cutting off the energy supply,
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which means interfering with tumor angiogenesis, consump-
tion of glucose by glucose oxidase (GOx) and inhibiting the
function of glucose transporter proteins on the surface of
tumor cell membranes.*°* This significantly hinders the growth
and reproduction of tumors, and contributes to their
erradication.'®®?>?% In general, due to the Warburg effect,
the concentration of glucose in tumor cells is higher than in
normal cells.>**>% Loading GOx in nanomaterials can ensure
properties of the material as well as deplete intracellular
glucose through a glucose-related reaction that catalyzes the
conversion of glucose to gluconic acid and H,0,. This process
not only depletes intracellular glucose for starvation therapy,
but also increases endogenous levels of H,0, to generate ROS
for PDT.2°® Thus, GOx has been widely employed to construct
multifunctional nanoplatforms to enable PDT in combination
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with starvation therapy or cascade reactions for the purpose of
enhancing the efficacy of PDT."***°° Zhang et al.'®” developed
nanoassemblies comprising copper surface-modified oxygen-
deficient titanium dioxide (TiO,_,) and sulfur-doped meso-
porous organosilica, onto which GOx was loaded (TiO, @
Cu,S-MONs@GOx). The GOx could catalyze the redox reaction
of glucose, which in turn resulted in a large amount of H,O, for
PDT. This cascade reaction resulted in a reduction of cell
survival from 83% (TiO,_,@Cu,S-MONs-treated group) to less
than 20%. Another study by Lin et al'®® employed hollow
mesoporous Cu,MoS, bioreactors loaded with GOx, and the
bioreactors showed similar outcomes.

In another study, Lin et al.”® argued that the use of natural
enzymes inherently suffers from high costs and susceptibility to
inactivation. Consequently, they synthesized a di-shell hollow
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(a) Schematic illustration showing the combination of Au/Ag NR-mediated NIR-II PTT/PDT and ICB antibodies. (b) Individual tumor growth

curves of distant tumors of mice treated to generate a secondary tumor. (c) t-SNE analysis of immune cells in tumors from mice at the end of therapy.

(d) Schematic illustration showing the combination of Au/Ag NRs-mediated
growth curves of rechallenged tumors. Reproduced with permission from
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NIR-1I PTT/PDT and ICB antibodies to inhibit rechallenged tumors. (e) Tumor
ref. 164. Copyright 2021, Elsevier.
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nanoheterostructure of Mn-doped CoS@carbon (CMS/C), aim-
ing to develop a high-performance nanoenzyme and photosen-
sitizer for anticancer applications. Co>/Mn** ions catalyzed
H,0, to generate *OH and Co**/Mn*" ions, which in turn
reacted with H,0, to generate O, and Co>*/Mn*", exhibiting
POD- and CAT-like activities, respectively. Following this line of
investigation, they constructed CoSg/S-CDS@PEG (CSCs@PEG)
nanoheterostructures instead of using approaches based on
GOx loading to achieve glucose consumption to inhibit tumor
growth.'®” These nanocomposites enabled not only the simul-
taneous excitation of PTT and PDT, but also the reduction of
intracellular energy supply and the increase of H,0, content
through GOx-like properties. The consumption of glucose
demonstrated via a series of experiments including the UV-
visible absorption spectra of TMB and KMnO, solution, or
assessment of changes in pH and cyclic voltammograms of
the CSCs@PEG solution with or without the addition of glu-
cose. However, the catalytic activity of nanozymes with single-
enzyme mimetic activity is restricted by TME. For example, the
insufficient supply of H,O, always reduces the therapeutic
efficacy of POD-mimicking nanozymes.*'® In such a scenario,
the construction of multifunctional nanoplatforms by high-
efficiency nanozymes with multi-enzyme mimetic activities to
ensure the massive production of ROS is of great significance.
Zhuw's group® constructed a novel mild hyperthermia-
enhanced nanocatalytic therapy platform with triple enzyme-
mimic activities (CD@NDb,C). The enzyme-like activities of POD,
CAT, and GPX were assessed in a mild temperature (43 °C) and
acid environment (Fig. 13a). The 3,3',5,5'-tetramethylbenzidine
absorbance of CD@NDb,C increased significantly upon increas-
ing the H,0, concentration, acidity, and temperature (Fig. 13b-
d), demonstrating that the mild photothermal treatment facili-
tated the POD-mimic activity. Similar results were observed by
electron spin resonance (ESR) spectroscopy (Fig. 13e). In addi-
tion to POD-mimicking catalytic activity, CAT-mimicking activ-
ity and GSH depletion capacity of CD@Nb,C nanoenzymes
were assessed by changes in the peak 5,5-dithiobis (2-
nitrobenzoic acid) uptake and the production of dissolved
oxygen, respectively (Fig. 13f and g). Interestingly, the presence
of CD@NDb,C heterojunction accelerated electron transfer pro-
cesses and enhanced the catalytic activity of CD@NDb,C for
improving the ROS generation (Fig. 13h). Nanoenzymes as an
indirect strategy to enhance the therapeutic efficacy of ROS-
based PDT have been identified as a promising future trend for
the cancer treatment.*""

4.5. Combining photodynamic therapy and gas therapy

Gas mediators play a pivotal role in vivo by exerting diverse
biological functions within both tumor cells and host tissues,
as highlighted in many studies.>'>'> Among these, H,, CO,,
NO, H,S and SO, are extensively acknowledged as gaseous
signaling molecules that participate in the transmission of
signaling pathways.?!>*'® Delivery of exogenous gases aims to
induce depolarization of the mitochondrial membrane
potential, which further damages the mitochondria and leads
to the release of mitochondrial DNA into the cytoplasm.”*

This journal is © The Royal Society of Chemistry 2024
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Utilizing gas therapy represents an innovative approach to
enhance synergistic treatment in conjunction with other cancer
therapies. Interestingly, NO has different effects on various
physiological processes depending on the concentration.
Whereas low concentrations of NO promote cancer growth
attributed to enhanced angiogenesis and metastasis, higher
levels of NO inhibit cancer progression by inducing apoptosis,
sensitizing tumors to therapeutic treatments, reversing drug
resistance, and delaying metastasis.'®>*'”*'® Zhang et al.>'® put
forward an ‘“O,-economizer” agent for PDT of hypoxia tumors
according to the principle of cellular respiration inhibition by
NO, while Ge et al.”*® improved the wavelength range of the
excitation light source and designed a combined PTT/PDT/NO
nanoplatform. It promoted the release of ROS and NO through
the warming effect, whereas the release of ROS and NO in turn
enhanced the photothermal killing effect.

Along with increasing the sensitivity of cancer cells to ROS,
NO binds with ROS to produce peroxynitrite anions (ONOO™),
which can damage the DNA of tumor cells. Under active
conditions, ONOO™ can also produce strong oxidants such as
*OH and NO, radicals through cleavage and interaction with
CO,. 1-Arginine (1-Arg) is an endogenous NO donor with good
biosafety, and it has been demonstrated by the groups of Cai***
and Liu®** that photosensitizers with 1-Arg decoration can be
used to achieve cascade-amplified therapeutic effects. However,
the approach of combining NO donors with photosensitizers
typically involves intricate assembly, often including elements
that don’t directly contribute to anticancer effects. Lin’s
group'® developed nanoparticles called C-NO, which exhibit
GSH-sensitive nitric oxide (NO) release and in situ conversion of
nitrated cyclodextrins (CDs) (Fig. 14a). In the presence of GSH,
the nitrated CDs were shown to be able to release NO, meaning
that the designed and fabricated nanomaterials have the ability
of tumor-targeted NO release (Fig. 14b). On these grounds, the
in situ generation of ROS under NIR-II irradiation can capture
NO to form ONOO,*** which improves the cytotoxicity and
accelerates the half-life. The authors demonstrated the success-
ful construction of a GSH-sensitive NO-releasing nanoplatform
through a series of experiments. Specifically, ESR spectra
showed significant NO radical signals (Fig. 14c). Intracellular
green fluorescence confirmed that NO production was trig-
gered from endogenous GSH (Fig. 14e). Importantly, validation
experiments on GSH depletion illustrated from another angle
that there was no NO release without GSH (Fig. 14d). This
strategy of in situ conversion solves the problem of short half-
life of NO and improves the efficiency of ONOO™ formation.
Besides NO, there are other gas molecules that play important
roles in anticancer therapies, such as H,S. Considerable focus
has been directed towards the on-site generation or release of
surplus H,S to enhance tumor suppression by combination
therapies.”’* Moreover, a growing number of efforts are
devoted to exploring the prospect that H,S has the potential
to reshape TME and stimulate robust anti-tumor immunity
within the organism.”** The swift progress on fundamental
research associated with gas therapy has led to the initiation of
numerous clinical trials for treating diverse inflammatory
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spectra indicating *OH generated by CD@Nb,C nanozymes. (f) The GSH dep
different treatments. (h) ROS staining of 4T1 cells after treated. Reproduced

cancer-related conditions. This underscores the need for
further exploration of nanoplatforms combining gas therapy

with PDT.?'?

5. Conclusions and perspectives

In recent decades, the application of PDT has been observed in
diverse clinical treatments for various diseases. However, a
longstanding challenge in PDT remains the effective delivery
of light, particularly in the treatment of deep-seated tumors. In
the present era, photosensitizers activated by near-infrared-II
(NIR-II) light exhibit reduced tissue autofluorescence,
enhanced spatial resolution, and a higher signal-to-
background ratio. These improvements are attributed to the

5834 | Mater. Horiz., 2024, 11, 5815-5842

letion activity evaluation of CD@Nb,C nanozymes. (g) O, generation under
with permission from ref. 59. Copyright 2023, Wiley.

diminished absorption of NIR-II light and reduced photon
scattering. In this review, we discussed the fundamental prin-
ciples of PDT and provided an overview of diverse types of
photosensitizers activated by NIR-II light. Additionally, we
encompassed the advancements in diverse multi-term syner-
gistic therapies developed in the field of oncology, building on
PDT in association with complementary therapeutic strategies.

Despite the promising aspects of NIR-II-activated PDT, cer-
tain considerations warrant further attention in future research
for the design and construction of PDT schemes (Fig. 15).
Primarily, the issue of nanomaterial retention in normal tissues
and organs, particularly in the liver, poses a significant con-
cern. Additional work to resolve such issues could ultimately
lead to reduced accumulation in tumors by ensuring the rapid

This journal is © The Royal Society of Chemistry 2024
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Fig. 15 Typical ongoing challenges for enhancing the therapeutic effec-
tiveness of NIR-Il PDT.

circulation of nanomaterials in the bloodstream. However,
there are still many subtle aspects associated to this process
that have not been fully elucidated, but recent progress in label-

This journal is © The Royal Society of Chemistry 2024

free in vivo tissue imaging®**>?*® promises swift progress in this

area, especially with the recent advent of user-friendly super-
resolved methods for non-linear optical imaging.>*”**® Regard-
ing tumor-targeted nanomaterials, uncertainties still persist on
their targeting capabilities and therapeutic efficacy due to the
variability of the TME. Numerous studies have employed uni-
versal markers for cancer, such as the receptor CD44,>*° integ-
rin avp3,*° and there is an urgent need to develop new
strategies to tailor new markers for different cancer types and
cancer cell subtypes, such as genes®*'"2** and blood vessels,***
to achieve better specificity in the cancer cell killing process.
Secondly, most NIR-II photosensitizers currently rely on excita-
tion at 1064 nm, overlooking other wavelength-excited photo-
sensitizers. In other words, NIR-II-triggered PDT is still in its
early stages. The advancement of alternative NIR-II-activated
photosensitizers necessitates collaborative efforts across inter-
disciplinary fields, including chemistry, materials science,
pharmaceutics, and medicine. Additionally, the development
of photosensitizers with high light conversion efficiency is

Mater. Horiz., 2024, 11, 5815-5842 | 5835
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crucial to address the challenge of less efficient generation of ROS
due to the lower energy of NIR-II photons. Thirdly, many existing
studies on the biocompatibility of nanomaterials are inadequate,
lacking crucial aspects such as biodistribution in vivo and pharma-
cokinetics. This deficiency presents a bottleneck in the clinical
translation of these materials. Hence, there is a pressing need for
additional research focusing on factors like uptake, circulation,
retention, degradation, and elimination to pave the way for the
clinical application of nanomaterial-based PDT in cancer treat-
ment. Moreover, the design and development of NIR-II photosen-
sitizers should take into account their potential for multimodal
therapeutic diagnostics. Both inorganic and organic nanomaterials
have the capability to serve as carriers for additional active ingre-
dients with diverse therapeutic mechanisms. For example, meso-
porous materials can be loaded with chemotherapeutic drugs,
serving as effective tools to regulate the targeted release of drugs
through the TME. Under NIR light irradiation, these materials can
synergistically generate ROS, ultimately facilitating the construction
of combined chemotherapy/PDT nanoplatforms."* Along with the
rapid advancements of NIR-II fluorescent or photoacoustic probes,
it is possible to achieve fluorescence/photoacoustic imaging and
PDT simultaneously, which allows precise control of PDT spatio-
temporally and spatio-temporally.>

As emphasized in this review, numerous approaches that
combine complementary therapies offer promising prospects
for tumor treatment. Nevertheless, there is no single combi-
nation therapy that addresses all involved aspects and meets all
the needs of tumor treatment at the same time. The concept of
“1 + 1 > 2,” often mentioned in various articles, not only
indicates the synergistic effects between multiple treatment
modalities but may also imply the potential accumulation of
side effects. Further exploration is required to understand how
to mitigate potential therapeutic conflicts when combining
complementary therapies.

We aspire that this review will catalyze future advancements
in enhancing the therapeutic effectiveness of PDT for deep-
seated tumors and contribute to a more profound understand-
ing of the existing gaps in PDT research.
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