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Recent advances for enhanced photodynamic
therapy: from new mechanisms to innovative
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Photodynamic therapy (PDT) has been developed as a potential cancer treatment approach owing to its
non-invasiveness, spatiotemporal control and limited side effects. Currently, great efforts have been
made to improve the PDT effect in terms of safety and efficiency. In this review, we highlight recent
advances in innovative strategies for enhanced PDT, including (1) the development of novel radicals, (2)
design of activatable photosensitizers based on the TME and light, and (3) photocatalytic NADH oxidation

to damage the mitochondrial electron transport chain. Additionally, the new mechanisms for PDT are
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Accepted 11th July 2024 also presented as an inspiration for the design of novel PSs. Finally, we discuss the current challenges
and future prospects in the clinical practice of these innovative strategies. It is hoped that this review will
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1. Introduction

Cancer is currently one of the most devastating diseases in the
world, presenting a serious threat to human health due to its
high morbidity and mortality." To date, the classical clinical
diagnosis and treatment methods including surgery, chemo-
therapy and radiotherapy have made great progress. However,
some deficiencies still exist in these treatments such as invasive
operations, drug resistance, a high recurrence rate, severe
systemic toxicity and long-term adverse effects.>* Thus, novel
therapies with few side effects and excellent antitumour activi-
ties are highly needed. Among them, photodynamic therapy
(PDT) has drawn increasing interest due to its non-invasiveness,
spatiotemporal control, limited side effects and low risk in
generating drug resistance.>® PDT usually requires three basic
components: photosensitizers (PSs), light and oxygen (O,). In
the presence of light and O,, the activated PSs can produce toxic
reactive oxygen species (ROS) to induce tumour cell death
through necrosis, apoptosis, autophagy or ferroptosis.” As the
half-life is usually very short (<40 ns), ROS exert a local effect
within a rather short distance (<20 nm).*® As a ROS sensitive
crucial subcellular organelle, the mitochondrion is an impor-
tant component of the apoptosis pathway of cancer cells.***
Accordingly, the development of mitochondria-targeting PSs
has become a promising strategy for efficient PDT.

The mechanisms of PDT are generally divided into two
categories according to the photophysical and photochemical
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and PDT mechanisms, and new ideas for the future development of smart PDT systems.

basis (Fig. 1)."*'* Under light irradiation, the PS at the ground
singlet state (S,) is excited to a singlet state (S;), and subse-
quently populated into a long-lived triplet state (T;) through
intersystem crossing (ISC) and internal conversion (IC) steps.
For type I PDT, triplet PSs react directly with the intracellular
substances through a hydrogen or electron transfer process to
produce reactive free radicals, which further react with O, or
other substances to generate ROS such as hydrogen peroxide
(H,0,), the hydroxyl radical ("OH) and superoxide anion
(0,'7).** The effect of type I PSs is less dependent on the O,
concentration, and therefore type I PSs are preferred for PDT,
particularly when O, supply is insufficient. However, the
majority of reported PDT systems are based on type II PSs.'*"”
For type II PSs, the triplet excited energy is transferred to O,,
generating highly cytotoxic singlet oxygen (*0,).1*** The effect of
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Fig. 1 The photosensitization process and photochemical reaction
mechanisms of type | and type Il PDT.
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O,-dependent type II PSs is limited in the hypoxic tumour
microenvironment (TME).

Three generations of PSs have been developed for anticancer
PDT so far and a variety of PSs (e.g., porphyrin, chlorin, BODIPY)
have been commercialized or used in clinical trials."”?***' The
first generation of PSs is based on a mixture of porphyrin
complexes, including hematoporphyrin derivative (HpD),
dihematoporphyrin ether (DHE), and Photofrin porfimer
sodium. However, low efficiency and poor tissue penetration
limit clinical practice in PDT.? The second generation of PSs in
accurate structures (e.g., 5-aminolevulinic acid (5-ALA), phtha-
locyanines, hypericin, metalloporphyrins) have been developed,
but suffer from poor solubility and tumour targeting issues.* To
improve the selectivity to tumours and reduce the damage to
normal tissues, the third generation of PSs are equipped with
cancer-targeting ligands, including folic acid, peptides, anti-
body, and aptamer.”® Nevertheless, PDT still faces some chal-
lenges that hinder its widespread clinical application: (1) PDT
requires light that reaches the target area, so its therapeutic
effect is quite restricted to tumours in the skin or areas adjacent
to the organs.**** (2) The penetration depth of light in tumour
tissues strongly depends on its wavelength. However, as most
PSs weakly absorb near-infrared (NIR) light, tissue penetration
is limited significantly in the use of high-energy short-
wavelength excitation (UV, blue, or green light)."*"” (3) Due to
the excessive proliferation of cancer cells and insufficient blood
supply, the O, concentration in solid tumours is severely
abnormal,***” resulting in the significant decrease of PDT
efficacy.

In recent years, great efforts have been made to enhance the
PDT effect. The strategies mainly focus on the reconstruction of
the TME to alleviate tumour hypoxia,***' development of novel
type I PSs with tumour targeting capability and longer absorp-
tion wavelength,**?* and combination of PDT with other
treatments.>**” Advances in PDT have been
comprehensively in previous reviews.”>***° Herein, we collec-
tively review the state-of-the-art development of recent PDT
strategies that primarily aim at mitochondria and a little bit at
other organelles (e.g., lysosome and endoplasmic reticulum)
and provide prospects for future high-performance PDT
systems that rely on the endogenous redox-environment. The
innovative strategies are roughly classified into three categories:
(1) the development of novel radicals including the hydrogen
radical (H") and carbon radical (C’), (2) activatable PSs based on
the TME and light, and (3) photocatalytic oxidation of 1,4-
dihydronicotinamide adenine dinucleotide (NADH) (Fig. 2).
These methods involve new mechanisms of PDT (e.g., photo-
redox catalysis) and can be carried out in an O,-independent
manner to achieve PDT in the hypoxic TME. However, to
promote clinical use of the new mechanisms, developing long-
wavelength NIR PSs to increase tissue penetration depth is of
great importance. In addition, tumour-targeting therapy needs
to be considered to avoid nonspecific damage to surrounding
healthy tissues. We hope this review will inspire more signifi-
cant design of PSs based on new mechanisms for precision
cancer therapy.
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Fig. 2 The innovative strategies for enhanced PDT.

2. Novel radical-based PDT

Free radicals have attracted increasing attention because they
can fight against different types of tumours without causing
drug resistance.** The generation of toxic ROS, which is largely
dependent on the concentration of O, and H,0,, is inadequate
on the hypoxic tumour.” It is crucial to explore more free
radicals (e.g., chlorine radicals,” carbon radicals* and
hydrogen radicals®**) independent of O, and H,0, in PDT. In
this section, research on H’- and C’-based PDT is discussed in
detail.

2.1 Hydrogen radical

As a reactive hydrogen species (RHS), H' can be generated via
ultrasound and ionizing radiation and is reactive to a spectrum
of species such as radicals, high valence metals and unsaturated
bonds.*”*® Bradley et al. reported that water radiolysis by y/X-ray
irradiation could mediate the activation of a cancer prodrug
with the azide group by H".** Studer et al. achieved water acti-
vation with a photocatalytic phosphine-mediated radical
process under 455 nm light irradiation.® The generated PR;—
H,O0 radical cation was deprotonated to form a neutral PR;-OH
radical intermediate followed by a heterolytic O-H bond
cleavage. The PR;-OH radical behaved as a ‘free’ H atom and
was used to reduce 7 systems. H' is a two-sided modulator due
to its unique redox properties. It is a pro-oxidant due to it
scavenging O, (k = 2.1 x 10" M~ s™") into the hydroperoxyl
radical (HO,) or O, under aerobic conditions, and also acts as
a powerful reductant in an anaerobic environment.*® To date,
H'-based therapy has been scarcely investigated.*>***

In 2021, we reported a benzotriazole-cored activatable PS
(aPS), termed DANO, that was flanked by two triphenylphos-
phonium (TPP) units to target mitochondria and equipped with
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Fig. 3 Schematic illustration of the photogeneration of H*, O,"7/HO;,
*NO, ONOO™, and 0O, upon coactivation of DANO with GSH and light.
Reproduced with permission from ref. 45. Copyright 2021 American
Chemical Society.

an N-nitrosamine moiety as a donor of the nitric oxide radical
('NO) as well as photocaging functionality. In the co-existence of
reduced glutathione (GSH) and visible light, DANO was con-
verted to the photoactive form (DAPS), with concomitant liber-
ation of ‘NO that was initiated by the homolytic N-N bond
scission at the N-nitrosamine moiety (Fig. 3).** Different from
the general PDT process, H" was detected by the electron spin
resonance (ESR) technique and was responsible for the
production of O, . Free radical recombination between ‘NO
and O," led to immediate formation of peroxynitrite (ONOO™),
a reactive nitrogen species (RNS) with greatly increased cyto-
toxicity relative to 'NO and O,'~. The PDT effect on HeLa cells
under both normoxia and hypoxia was maximized by the
simultaneous production of multiple reactive species that
originated from H" and ‘NO cascade reactions upon photo-
activation of DANO in the GSH-abundant mitochondria. Effi-
cient two-photon excited PDT with DANO was also achieved by
using an 800 nm two-photon laser, which showed the potential
of DANO in precise cancer phototherapy.
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To look into the mechanism of H" production and its role in
the PDT process, our group designed an efficient photochem-
ical H® generator based on a donor-acceptor type PS (termed
TAF) that consisted of triphenylamine and hexylamine-
substituted dibenzothiophene sulfone units (Fig. 4a).*
Mechanically, the triplet excited TAF is reducible by GSH to
form TAF"~, which is protonated and returned to the original
state with concomitant release of H" (Fig. 4b). The key inter-
mediate radical (TAFH') was successfully captured by 2,2,6,6-
tetramethyl-1-piperidinyloxy (TEMPO) and the adduct product
was identified by high resolution mass spectroscopy (HRMS).
The role of H' in PDT is two-fold. One is the H'-promoted
oxidative effect via scavenging of O, to produce O, "~ that
amplifies the oxidative stress under normoxia, which leads to
ferroptosis—apoptosis of tumour cells. The other one is associ-
ated with the strong chemical reducing properties of H' in
causing tumour cell apoptosis and breaking the traditional PDT
barrier of extreme hypoxia. In the in vitro study, TAF showed
a very high photocytotoxicity index (PI) on HeLa and A549 cells
under normoxia and hypoxia. This work establishes a GSH-
driven and H'-based phototherapy and solves the self-limiting
hypoxia dilemma of PDT.

2.2 Carbon radical

C’ can be generated in the absence of O,, presenting significant
potential as a candidate cytotoxic species for PDT. Tirapaz-
amine (TPZ), as a hypoxia-activable prodrug (HAP), can be bio-
reduced to an alkyl radical (and hydroxyl radical) in the TME,
attracting hydrogen from DNA strands and consequently
causing DNA cleavage.”” The water-soluble 2,2-azobis[2-(2-
imidazolin-2-yl)propane] dihydrochloride (AIPH) is chemically
unstable and is often used as an alkyl radical precursor.> As an
azo compound, AIPH rapidly decomposes to generate cytotoxic
alkyl radicals upon exposure to light or heat.>***

Lee et al. constructed a smart nanoformulation system con-
sisting of gold nanorods (GNRs) and AIPH in a poly(lactic-co-
glycolic acid) (PLGA) matrix, which could form and release C" in
response to external NIR light irradiation (Fig. 5a).*” The use of
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(@) Schematic presentation of GSH-driven H* photogeneration for PDT. (b) Proposed mechanism for photocatalytic H* generation.
Reproduced with permission from ref. 46. Copyright 2022 Wiley-VCH.
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(a) Synthesis of poly(lactic-co-glycolic acid) (PLGA)/gold nanorod (GNR)/2,2'-azobis[2-(2-imidazolin-2-yl)propane] dihydrochloride

(AIPH) nanocomplexes and schematic illustration of the PLGA/GNR/AIPH nanocomplexes allowing near-infrared (NIR) induced heat and free
radical generation for efficient dual cancer treatment. Reproduced with permission from ref. 57. Copyright 2018 Elsevier B.V. (b) Theranostic
process of Bi,Ses@AIPH for CT and thermal imaging-guided cascaded photothermal and oxygen-independent photodynamic therapy along
with immune response. Reproduced with permission from ref. 58. Copyright 2019 Springer Nature. (c) Preparation of P2@IR1061-RGD for
combined PTT and TDT in a NIR Il window (1000-1700 nm) of the PDX™““ mouse model. Reproduced with permission from ref. 59. Copyright

2021 Wiley-VCH.

the PLGA polymer matrix allowed for a high loading capacity of
AIPH and protection from burst release. In vitro studies
demonstrated the nanocomplexes can eradicate CT26 colon
cancer cells effectively. In 2019, Yuan et al. prepared Bi,Se;@-
AIPH through encapsulating AIPH and a phase transition
material (lauric acid) in hollow bismuth selenide nanoparticles
(BiySe; NPs) (Fig. 5b).*® When circulating in the blood, ATPH was
encapsulated without leakage to avoid side effects. In the
tumour tissues of mice, Bi,Se;@AIPH presented a strong pho-
tothermal (PTT) effect after 808 nm laser irradiation, accom-
panied by the release of AIPH to produce C°, leading to GSH
depletion and an amplified immune response, showing
a tumour growth inhibition rate of 99.6%.

Light in the NIR II window (1000-1700 nm) exhibits deep
tissue penetration (>1 cm) because of the reduced tissue
absorption and scattering, suitable for treatment of deep
tumours. Liu et al reported a degradable nano-system
(P2@IR1061-RGD NPs) formed via self-assembly between an
amphiphilic thermolabile azo-containing polymer (P2) and
a NIR II photothermal dye IR1061 to achieve safe and efficient

© 2024 The Author(s). Published by the Royal Society of Chemistry

cancer therapy (Fig. 5¢).> P2@IR1061-RGD NPs were degraded
by the photothermal effect of IR1061 with robust C* generation
once irradiated at 1064 nm, thereby interfering with RNA
transcription, as well as inducing cancer cell necrosis or
apoptosis even in the hypoxic tumour microenvironment. The
nano-system displayed excellent tumour inhibition on a 4T1
breast cancer model as well as a patient-derived xenograft
model of hepatocellular carcinoma (PDX"°%), with inhibition
rates up to 97% and 100%, respectively, which is promising for
clinical therapy on deep tissue hypoxic tumours without serious
systemic toxicity.

In 2020, Chao et al. reported an iridium(m) anthraquinone
complex (Ir,) as a mitochondria-targeting C" initiator (Fig. 6a).®
The anthraquinone moiety was used as a light-activated C
initiator as well as a luminescence quencher. In the hypoxic
tumour, Ir4 was reduced to anthracene diol (Ir4-red) by the
overexpressed reductase, which led to turn-on response of the
two-photon excited luminescence. Ir4-red could generate C’
under two-photon excitation (730 nm) and exhibit dual func-
tions in bioimaging and therapy. In the in vitro (A549 3D

Chem. Sci., 2024, 15, 12234-12257 | 12237
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(a) Proposed schematic illustration of the PDT mechanism of the Ir4 complex. Reproduced with permission from ref. 60. Copyright 2020

Wiley-VCH. (b) Schematic illustration of the mechanism of the action of the Ir(i) complex by PDT/PACT. Reproduced with permission from ref.

61. Copyright 2022 American Chemical Society.

multicellular tumour spheroids) and in vivo (male nude mice
bearing A549 xenografted tumours) studies, Ir4 presented an
outstanding PDT effect for its strong C" generating capability.
To improve the phototoxic effect and promote clinical applica-
tion of the metal complex, Chao's group further designed
a mitochondria-localized iridium(m) endoperoxide prodrug (2-
O-IrAn), which could synergistically release a highly cytotoxic
iridium(m) complex (2-IrAn), 'O,, and an alkoxy radical upon
two-photon irradiation (750 nm) (Fig. 6b).** Then 2-O-IrAn was
encapsulated into a biotin-functionalized polymer to obtain
DSPE-PEG-Biotin@2-O-IrAn NPs in order to provide cancer
selectivity and improve the pharmacological properties. Under
two-photon irradiation (750 nm, 50 mW, 300 s), the generated
nanoparticles nearly fully eradicated the tumour inside A549
tumour-bearing mice within a single treatment via synergistic
PDT/photoactivated chemotherapy (PACT).

3. Activatable PSs for PDT

The ability of PSs to generate ROS selectively at the tumour site
remains one of the important factors in maximizing the thera-
peutic effect while minimizing damage to normal cells.
However, most PSs are in the “always on” stage, which poses
a risk of damage to normal cells during the PDT process.®***
This issue is alleviated by using activable PSs (aPSs) as PS
precursors. The aPSs functionalized with caged groups are
originally inactive and their activity can be precisely activated by
tumour-specific endogenous stimuli (pH, enzyme, redox, etc.) or
exogenous stimuli (ultrasound, temperature, light, etc.),**’
which contribute to improving treatment efficiency and
reducing side effects on healthy tissues. In this section, we will
highlight the relevant reports of activatable PDT systems and
hope to provide an inspiration for the design of PSs.

3.1 TME-activated PSs

TME refers to the local steady-state environment composed of
tumour cells, stromal cells, and the extracellular matrix during

12238 | Chem. Sci, 2024, 15, 12234-12257

tumour growth. The TME provides the necessary material basis
for tumour occurrence, development, invasion, and metas-
tasis.®®® In the TME, due to the slow blood flow of oxygen to
tumour cells and the rapid cell proliferation, tumours present
the hypoxic state.” In addition, the TME also exhibits the
features of lower intercellular pH and higher intracellular GSH
and H,0, concentration.”>”> These unique characteristics of the
TME distinguish it from the corresponding normal tissues,
thereby helping the design of TME-activated PSs.

3.1.1 Hypoxia-activated PSs. Hypoxia, as a hallmark of the
TME, can cause two key intracellular responses. One is stabili-
zation of hypoxia inducible factor-1 (HIF-1), and the other is the
imbalance of the cellular redox state, leading to the high
expression of reductase (azoreductase, nitroreductase, etc.),
which makes reductase an endogenous biomarker for cellular
hypoxia.” Until now, a series of hypoxia-activated bioreductive
prodrugs (e.g., tirapazamine (TPZ), banoxantrone (AQ4N), apa-
ziquone (E09))™* and prodrugs caged with hypoxia-sensitive
groups (such as the azo bond) have been developed for cancer
therapy.

The real-time monitoring of the drug release induced by
hypoxia can obtain feedback on the treatment process in time.
In 2022, Kim et al. engineered a compound (DHQ-Cl-Azo) with
hypoxia-responsive chemotherapy and PDT functionalities for
the cooperative treatment of solid tumours (Fig. 7a).” DHQ-CI-
Azo was obtained through a covalent connection using
a hypoxia-sensitive azo bond (-N=N-) bridge between a NIR
rhodol-based fluorophore (DHQ-CI) and the nitrogen mustard
drug. In the hypoxic TME, the azo bond of DHQ-Cl-Azo was
reduced by azoreductase, leading to the release of the nitrogen
mustard for chemotherapy and DHQ-CI for PDT and diagnosis.
DHQ-Cl-Azo helped to eliminate tumour cells in the surface
layer during PDT and was beneficial for eradicating hypoxic
tumour cells in the tumour center during activation of chemo-
therapy, thereby maximizing the anti-cancer effect on 4T1
tumour-bearing BALB/c mice.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(c) Molecular structures of compounds 1-3. Reproduced with permission from ref. 77. Copyright 2019 American Chemical Society. (d) ICy-N for
hypoxia imaging and cancer therapy. Reproduced with permission from ref. 78. Copyright 2019 The Royal Society of Chemistry.

The off-on PSs retain their phototoxic form even after
treatment. Thus, it is crucial to alleviate the side effects asso-
ciated with post-treatment of PDT. Liu et al. reported an on-
demand switchable type I PS (TPFN-AzoCF;) that was acti-
vated only in the TME (Fig. 7b) and inactivated pre and post
PDT.”® TPFN-AzoCF; was composed of a type I PS (TPFN) and
a hypoxia-normoxia cycling responsive group (AzoCF;). The
arylazo group served as an off-on-off trigger that reversibly
transformed into a hydrazine group depending on hypoxia-
normoxia conditions. TPFN-AzoCF; was converted into TPFN—
HZCF; in hypoxic environments, resulting in PS turn-on and
effective ROS generation, but remained non-toxic in normal
tissues pre or post PDT, which contributed to minimal side
effects. TPFN-AzoCF; revealed a satisfactory antitumour effect
on a xenografted subcutaneous model of HeLa tumours in vivo
with safe pre- and post-treatment for PDT.

Overexpressed nitroreductase (NTR) inside hypoxic tumour
tissues is another widely studied reductase. Peng et al. developed
fluorescein derivatives as smart PSs activated by NTR with ther-
mally activated delayed fluorescence (TADF).”” They designed
compound 1 and compound 2 with fluorescence and PDT effi-
ciency in the “off” state. In the presence of NTR, both compounds
containing a nitrobenzyl substituent were transformed into
compound 3 via intramolecular photoinduced electron transfer

© 2024 The Author(s). Published by the Royal Society of Chemistry

(PET) (Fig. 7c). The faster response observed with compound 2
was ascribed to the higher affinity between compound 2 and NTR.
Further, efficient PDT on compound 2-treated HeLa cells and
HeLa tumour-bearing mice was achieved under 590 nm LED light
irradiation. A similar strategy was applied to the iodized hemi-
cyanine dye conjugated with a nitrobenzyl substituent, which
could be efficiently used for tumour hypoxia imaging (710 nm)
and PDT in 4T1 cells and 4T1 tumour bearing BALB/c mice under
660 nm light irradiation (Fig. 7d).”®

3.1.2 pH-activated PSs. Tumour cells usually rely on
glycolysis for energy production, namely the Warburg effect,
leading to the generation of large amounts of lactate as a by-
product and a weakly acidified TME relative to the normal
tissues and blood.” The extracellular pH in the TME varies
between 5.8 and 7.2, while the pH in lysosomes or endosomes is
approximately 5.5,* which provides a suitable endogenous
stimulus for the activation of prodrugs and promotes the
extensive development of pH-activated PSs in PDT.

In 2022, Yoon et al. constructed an acid-responsive nano-
porphyrin (PN;-NP) based on the self-assembly of a water-
soluble porphyrin derivative (PN3).** PN3-NP could transform
from nanoparticles into dot-like nanospheres due to the
reconstruction of the substructure in the acidic environment.
Simultaneously, NIR fluorescence monitoring and synergistic
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PDT and PTT effects of PN;-NP were also triggered in biofilms,
achieving accurate theranostics without damage to normal
tissues. Siegwart et al. designed an iodinated, water-soluble NIR
BODIPY-based PS that could be activated by leveraging tumour-
specific pH for image-guided and efficient PDT against cancer in
vivo (Fig. 8a).*> At the physiological pH, the 'O, release was
“turned off” via the PET process, while the quenching process
was inhibited and the 'O, release was “turned on” upon the
protonation of the amino groups at acidic pH, inducing cell
death via apoptosis in a cancer-selective manner. The PS pre-
sented excellent photocytotoxicity on different cancer lines in
vitro, and significant anticancer efficacy on athymic nude mice
bearing subcutaneous MDA-MB-231 xenograft tumours after
treatment with a 600-700 nm laser.

Moreover, the acylamide bond was responsive to the acidi-
fied TME as well, which is favorable for designing pH-
responsive prodrugs. In 2023, Chen et al. utilized acylamide

(o]
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O, consumption ¢

blood vessel
destruction
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bonds as a linker to synthesize TPZ-functionalized poly(-
ethylene glycol) (PEG-TPZ), and prepared a multi-responsive
nanoplatform for phototherapy-enhanced chemotherapy
based on PEG-TPZ encapsulated semiconducting polymer
TDPP (Fig. 8b).** The nanoplatform could release TPZ by the
hydrolysis of the acylamide bond. Efficient ROS and photo-
thermal conversion were triggered by laser irradiation, resulting
in the consumption of cellular oxygen as well as damage to the
blood vessels. The aggravated hypoxia contributed to the acti-
vation of TPZ for chemotherapy, which in turn enhanced ther-
apeutic efficacy. TDPP@PEG-TPZ NPs showed a great treatment
effect in in vitro (143B cells) and in vivo (143B tumour-bearing
mice) experiments.

Reversibly switchable ISC is crucial to deactivate photosen-
sitization when PS is transferred or metabolized away from the
pathological region. The availability of conjugated backbone
twist (CBT)-enhanced ISC offers a unique opportunity for the

————
-
-
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Fig. 8 (a) The pH-activatable BODIPY derivative for 'O, generation and PDT. Reproduced with permission from ref. 82. Copyright 2018
American Chemical Society. (b) lllustration of the TDPP@PEG-TPZ nanoformulation for phototherapy-enhanced chemotherapy. Reproduced
with permission from ref. 83. Copyright 2023 The Royal Society of Chemistry. (c) Reversible switching of ISC and potential application in PDT.

Reproduced with permission from ref. 84. Copyright 2019 Wiley-VCH.
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reversible on-off switch of PSs. Prasad et al. presented reversible
switching of ISC using PE5 through the pH-responsive CBT
(Fig. 8¢).®* At physiological pH (pH 7.4), PE5 existed mainly in
anionic form with no electrostatic interactions to drive the
twisted geometry, showing “ISC off”. However, PE5 transformed
to a zwitterionic form at pH 6.0 and formation of the CBT
conformation occurred, which led to “ISC on” and an efficient
PDT effect. In the in vitro study, PE5 exhibited outstanding
selectivity for tumour cells.

3.1.3 Enzyme-activated PSs. Cancer cells often overexpress
a variety of enzymes such as prostate-specific membrane
antigen (PSMA), hyaluronidases (HAase), esterase, matrix met-
alloproteins (MMPs), and phospholipases, for the rapid growth

%0, Cell Apoptosis

\ I/ MAO-A specific activation
\ ¥/ Mitochondrial targeting
\ I/ Photosensitization ability

\.~.~ 'llll \' from “0” to “1" * P Q0 ~
. a5 i
: ~. ; TPE-TThPy
~
4 ~" 0L 0 ~
B S 8 SY
TPE-TPys TaV

N 8
Y X I N
° L L -

@, GFLGC-PelS8

4§ PEGy-PSMA
N targeting ligand

ok o, o °
for-gu-tRoon-dH-cn-d
AA: O O
<+ S strong fluorescence
G o

- - PDT

e

AuNPs-Pc158 conjugates

Y PSMA receptor

cathepsin cleavage
free Pc158 from AuNPs

laser

destination
of Pc158

mitochondrion

/
Fig. 9

(b)

i

View Article Online

Chemical Science

and metathesis of tumours.®*® Thus, the difference in the level
of enzyme expression has been exploited widely in designing
enzyme-activated PSs with the targeting capability on tumour
areas.

Compared to traditional PSs with the aggregation-caused
quenching (ACQ) effect, aggregation-induced emission (AIE)
molecular PSs can restrict intermolecular m-m stacking and
intramolecular motions when aggregated, which will be
conducive to improving fluorescence imaging and photo-
therapy.**® To develop novel PSs with higher photosensitive
properties and specific target response ability, Li et al. synthe-
sized an enzyme-activatable AIE molecular photosensitizer
(TPE-TThPy) using the conjugation of tetraphenylethylene
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(@) TPE-TThPy as a mitochondria-targeting photosensitizer for MAO-A-activatable PDT. Reproduced with permission from ref. 88.

Copyright 2022 Wiley-VCH. (b) Enzyme KIAA1363-activated mechanism for NBS-L-AX based PDT. Reproduced with permission from ref. 90.
Copyright 2023 The Royal Society of Chemistry. (c) Cathepsin-activated AuNPs—Pc158 conjugates for selective PDT. Reproduced with
permission from ref. 94. Copyright 2020 American Chemical Society. (d) Molecular structure of the double-locked PMB 1 and its dual-enzyme-
unlocked mechanism. Reproduced with permission from ref. 95. Copyright 2023 American Chemical Society.
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(TPE) and tetrahydropyridine (ThPy) with thiophene (T) as the
m-bridge (Fig. 9a).%® The TPE-TThPy molecule was responsive to
monoamine oxidase (MAOs), a kind of flavinase overexpressed
in tumour cells, which converted ThPy to methylpyridine salts
(Pys). The cationic TPE-TPys showed mitochondrial targeting
properties and ROS photogeneration capability. In vivo studies
revealed a strong inhibitory effect of photoexcited TPE-TThPy
on nude BALB/c mice bearing a subcutaneous SH-SY5Y xeno-
graft with high MAO-A expression.

AX11890 has strong binding affinity toward the KIAA1363
enzyme and is an inhibitor of overexpressed KIAA1363 enzyme
in breast cancers.** Foley et al. constructed NBS-L-AX by
attaching a benzo[a]phenothiazine moiety with a short linear
alkyl chain (NBS-L) to enzyme targeting agent AX11890
(Fig. 9b).”° In normal tissues, NBS-L-AX exhibited a compact
sandwiched conformation due to the strong m-7 interaction
between the NBS-L and AX11890 moieties, which favored a PET
process from AX11890 to NBS-L and quenched the fluorescence
and PDT activity of NBS-L. In breast cancer cells, when NBS-L-
AX was in contact with the KIAA1363, KIAA1363 bound to the
AX11890 segment and concomitantly unraveled the sandwiched
NBS-L-AX molecule to form a fully extended linear conforma-
tion, switching on the fluorescence and PDT activities of the
NBS-L segment. In the in vitro experiments, higher photo-
cytotoxicity to KIAA1363-positive MCF-7 cells than KIAA1363-
negative HUVEC cells was observed. In the in vivo experi-
ments, NBS-L-AX presented good selectivity on the 4T1 tumour-
bearing mice model under 635 nm laser irradiation (100 mW
cm™ 2, 20 min).

The fact that extracellular adenosine triphosphate (ATP) is
overexpressed in the tumour tissues has been applied in fabri-
cating nanodrugs for tumour-targeting delivery. Schanze et al.
reported metal-free helical nanofibers formed in aqueous
solution using the co-assembly of a cationic porphyrin and ATP
for PDT.”* The porphyrin-ATP assembly was delivered to the
tumour site through whole-body blood circulation and was
stabilized via overexpressed extracellular ATP within tumour
tissues. The release of porphyrin upon biodegradation of ATP by
intracellular phosphatases gave rise to tumour-selective PDT.

Cathepsins are highly abundant within intracellular endo-
lysosomal vesicles in cancer cells. Upregulated cathepsin
activity is strongly associated with tumour invasion and
metastasis,”*® which has made cathepsin an excellent tumour-
associated biomarker to “turn on” PSs for precise PDT. Basilion
et al. designed PSMA-targeting cathepsin activatable AuNPs for
treating prostate cancer.” Silicon phthalocyanine (Pc158) was
synthesized and conjugated to gold nanoparticles (AuNPs) via
a cathepsin-cleavable linker, GLFGC, to obtain AuNP-Pc158
(Fig. 9c). The AuNP-Pc158 conjugates were inactive and
nonfluorescent, while Pc158 released with time upon cathepsin-
induced cleavage restored fluorescence and PDT activity. In the
in vivo study on bearing PC3pip tumours, AuNP-Pc158 pre-
sented tumour specificity via PSMA targeting, and a sustained
release of active Pc158 through cathepsin-activation led to
multiple sequential PDT treatments.

Dual stimuli-responsive photosensitizing systems
enhance the tumour specificity, functioning as a molecular

can
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“AND” logic gate. Lo et al. synthesized a photodynamic molec-
ular beacon (PMB), which could only be activated by the coex-
istence of matrix metalloproteinase-2 (MMP-2) and cathepsin B
(Fig. 9d).*® In the PMB structure, a distyryl boron dipyrrome-
thene (DSBDP)-based PS and a Black Hole Quencher 3 (BHQ-3)
moiety were connected with a cyclized peptide containing
sequences PLGVR and GFLG. PMB was largely quenched in
normal tissues and even in the presence of one of two enzymes
due to the highly efficient Forster resonance energy transfer
(FRET) process. In the co-existence of MMP-2 and cathepsin B,
PMB was cleaved, and the capability of fluorescence emission
and ROS generation was recovered. PMB showed a more
significant PDT effect on MMP-2-positive A549 and U-87 MG
cells than MMP-2-negative HeLa and HEK-293 cells. The PDT
effect of PMB was efficient on the A549 tumor-bearing nude
mice model using a diode laser at 680 nm (300 mW cm >, 10
min), causing no damage to the skin of the mice.

3.1.4 Redox-activated PSs. The basic design principle of
redox-activated PSs is based on the different redox potentials
between normal and tumour tissues. GSH/glutathione disulfide
(GSSQG) is the richest redox couple in cells. The GSH concen-
tration in tumour cells is significantly higher than in normal
cells,® which provokes the construction of GSH-responsive PDT
systems. In addition, considering the elevated level of H,O, in
the tumours, H,0,-activatable PSs have been attracting
increasing interest as well.””*®

Ng et al. reported a thioketal-linked polydopamine (PDA)-
based nanosystem (PDA-Dox-Pc-QRH) that could release the
immobilised chemotherapeutic and photosensitising drugs (Dox
and Pc) upon interactions with the intracellular ROS (Fig. 10a).”®
The disaggregation of the Pc molecules resulted in activation
upon excitation with NIR light to generate 'O,. The photody-
namic reaction accelerated the degradation of the thioketal-
linked structure and the release of larger amounts of thera-
peutic components. The light-triggered on-demand release of Dox
induced additional cytotoxicity through a different pathway and
reduced the undesired side effects. PDA-Dox-Pc-QRH showed
effective in vitro (A549 and A431 cells) and in vivo (A431 tumour-
bearing nude mice) anticancer activity via a synergistic treatment
manner including chemotherapy and PDT.

Generally, the therapeutic effect of PDT is weakened by the
upregulated antioxidants (GSH in particular) in the tumour
cells. Yan et al. designed H,O,-responsive polymer prodrug
nanoparticles (Ce6@P(EG-a-CPBE) NPs) with the GSH-
scavenger for chemo-photodynamic synergistic cancer therapy
(Fig. 10b)."* Ce6@P(EG-a-CPBE) NPs were constructed by the
co-self-assembly of Ce6 and amphiphilic polymer prodrug P(EG-
a-CPBE), which was synthesized from a hydrophilic alternating
copolymer P(EG-a-PD) by conjugating hydrophobic anticancer
drug chlorambucil (CB) via an H,O,-cleavable linker 4-
(hydroxymethyl)phenylboronic acid (PBA). In the normal
tissues, Ce6@P(EG-a-CPBE) NPs were in the “off” state due to
the high stability of the PBA linker, while in the tumour tissues,
PBA was cleaved rapidly by endogenous H,0, to release CB and
Ce6 for a synergistic effect. PBA could be transformed into
a GSH-scavenger (quinine methide, QM) under intracellular
H,0,, thereby preventing the scavenging effect of GSH against

© 2024 The Author(s). Published by the Royal Society of Chemistry
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'0, and inducing stronger oxidative stress. The synergistic
chemo-photodynamic therapy of Ce6@P(EG-a-CPBE) NPs was
efficient in both in vitro (MCF-7 cells) and in vivo (MCF-7
tumour-bearing mice) studies.

At present, redox-activated PSs with AIE characteristics are
drawing increasing interest. In 2022, He et al. reported a type-I

© 2024 The Author(s). Published by the Royal Society of Chemistry

PS (TPE-TeV-PPh;) consisting of a tetraphenylethylene group
(TPE) as an imaging moiety with AIE properties, triphenyl-
phosphonium (TPP) as a mitochondria-targeting group, and
telluroviologen (TeV>*) as a ROS (0,'~, ‘OH) generating moiety.
TPE-TeV-PPh; was oxidized to luminescent TPE-TeOV-PPh; by
excess H,0, (Fig. 10c).** Exposure of TPE-TeV-PPh; to white
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light led to killing 7402 cells and MCF-7 cells under normoxia
and hypoxia. In the in vivo experiments, the tumour growth of
7402-tumour-bearing nude mice was inhibited by 88% after the
PDT procedure (450 nm, 200 mW cm™ 2, 10 min).

In 2024, Huang et al. developed a GSH-responsive shape-
transformable nanotheranostics Ce6 (Gd*")-FFVLGGGC-SS-
PEG (GdCFS) by combining Gd, Ce6 and a peptide (Phe-Phe-Val-
Leu-Gly-Gly-Gly-Cys) that was conjugated with polyethylene
glycol (PEG) through a disulfide bond, and performed dual-
modal T;/T, magnetic resonance imaging (MRI) specifically at
the tumour site (Fig. 10d)."> The spherical GACFS nanoparticles
were responsive to GSH and transformed to nanofibers (NFs),
resulting in T; positive contrast and T, negative contrast
enhancement, accompanied by the generation of ROS. More-
over, the depletion of GSH could potentiate PDT efficacy. In the
in vivo studies, GACFS presented noticeable proliferation inhi-
bition of tumours in C666-1 tumour-bearing BALB/c nude mice.

In view of the availability of GSH and H,0, in tumours, dual-
activatable PDT has advantages in therapeutic controllability. In
2020, our group designed a donor-acceptor type organic PS
(™i°aps) which could be co-activated by GSH and H,0, via
domino reactions on the benzothiadiazole (BTD) ring for
mitochondria-targeting PDT (Fig. 10e)."® The ™aPS was
a precursor of compound NO,ArSH," and double caging
modes were responsible for the molecular activation. First, the
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fluorescence and photosensitizing properties were caged by the
electron-withdrawing nitro group. Second, the thiol group,
a precursor of the thiyl radical, was caged by a self-immolative
boronic ester that was H,0,-specific. The triphenylphospho-
nium (TPP) ligand-terminated alkyne substituent was attached
to the BTD ring to render mitochondria-targeting properties.
The ™®apS was resistant to GSH alone. In the co-existence of
GSH and H,O0,, the uncaged thiol group on the BTD ring by
H,0, was oxidized into free radical intermediates that caused
intramolecular cyclization and nitro disproportionation. GSH
participated in the free radical reaction process through
hydrogen atom transfer and accelerated the conversion of
mitoaps into an active PS. One of the advantages using the free
radical-relevant thiol chemistry lies in the molecular design free
of installation of an active site for GSH, which helps reduce the
molecular size of the PDT agent and avoid early uncontrolled
activation by GSH. The nitro group of ™*aPS was not reducible
by enzyme nitroreductase, guaranteeing reaction selectivity.
The mutual activation of ™®aPps by GSH and H,0, in HeLa cells
led to “turn on” of both fluorescence and ROS photogeneration,
allowing for two-photon excited cellular imaging and hypoxia-
tolerant PDT.

In 2022, Qian et al constructed a dual-activatable PDT
nanosystem that could be regulated by external NIR laser irra-
diation and the tumour-specific redox microenvironment
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(Fig. 10f).** The Ce6 was conjugated to hyaluronic acid (HA) via agent). During blood circulation, the photoactivity of Ce6 for
a diselenide linkage to form an amphiphilic polymer (HSeC). PDT was “double-locked” by the aggregation-caused quenching
The HSeC/IR NPs was assembled from HSeC and IR780 (a PTT (ACQ) effect and FRET from Ce6 to IR780. After selective
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accumulation into tumours, HSeC/IR NPs were decomposed
due to the dissociation of the diselenide bond in the presence of
GSH and H,0,. The Ce6 photoactivity was recovered after
photothermal degradation of IR780 upon NIR laser irradiation.
Consequently, the quenching effect mediated by aggregation
and FRET was unlocked by the endogenous redox environment
and external NIR light, allowing photoactivation of Ce6 under
660 nm laser irradiation for PDT. HSeC/IR NPs showed low skin
660 nm-photosensitization on the shaved back of healthy mice,
while presenting superior tumour suppression via synergetic
cascaded PTT-PDT in SCC7 tumour-bearing mice.

3.2 Light-activated PSs

Light-responsive PSs have advantages such as spatiotemporal
control of drug activation and reduction of side-effects on
healthy tissue.'**'%” A variety of light-responsive molecules have
been explored for the fabrication of photocages such as deriv-
atives of o-nitrobenzyl, phenacyl, BODIPY, cyanine, and Ru
complex structures.?*'***' In 2021, we established a GSH-light
co-responsive PS (DANO) that could be converted to its photo-
active form (DAPS), presenting a high performance PDT effect,
and a more detailed mechanism is provided in Fig. 3.*

In 2022, Tang et al. reported a series of triphenylamine (TPA)
derivatives based on 1,4-dihydropyridine (1,4-DHPy) as the
light-responsive group and optimized photoactivation efficiency
by the substituent effect.'"* Amongst these TPA derivatives,
TPA-DHPy-Py exhibited the highest photoactivation efficiency
(Fig. 11). White light irradiation induced rapid conversion of
the non-fluorescent TPA-DHPy-Py into its pyridine counterpart
TPA-Py-Py via photo-oxidative dehydrogenation, leading to
aggregation-induced near-infrared emission. TPA-DHPy-Py
presented type I/II combined photodynamic activity, with
remarkable ROS production efficiency, and could precisely
discriminate cancer cells from co-cultured cells (cancer cells
MDA-MB-231 and normal cells NIH-3T3) without the assistance
of extra targeting components because of the larger number of
lipid droplets (LDs) in the cancer cells. TPA-DHPy-Py was
beneficial for in situ monitoring of LDs and endoplasmic
reticulum alteration under ROS-induced stress. Moreover, the
tumour growth of MDA-MB-321-bearing nude mice treated with
TPA-DHPy-Py was efficiently inhibited after exposure to white
light (30 mW cm™?) for 20 min.

Sun et al. constructed a Ru-based photocage (PolyTHCRu)
with a NIR light-triggered photocleavage reaction (Fig. 12a)."**
The commercial anticancer drug tetrahydrocurcumin (THC)
was coordinated to the Ru(u) center and formed THCRu with
significantly enhanced absorption in the NIR region. The
THCRu was coordinated to an amphiphilic polymer bearing
pendant benzonitrile groups, forming photocleavable Ru-N
coordination bonds. The self-assembled polymeric nanoparticle
(PolyTHCRu) was sensitive to 760 nm NIR light which induced
the dissociation of the Ru(u) complex from the side chains of
polymers in the presence of water molecules. In the in vivo
study, upon 760 nm NIR light irradiation, PolyTHCRu inhibited
tumour proliferation on 4T1 tumour-bearing mice via
combining chemotherapy and PDT. Ding et al. developed CD44-
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Fig. 13 (a) Plausible mechanism for PC-mediated photocatalytic
NADH oxidation under normoxia and hypoxia. (b) Schematic diagram
of photocatalytic NADH oxidation via ROS produced by PS.

targeting and red-light-activatable Ru-HA@DOX NPs through
conjugating hydrophilic biodegradable hyaluronic acid (HA)
and hydrophobic photoactivatable ruthenium (Ru) complexes
(Fig. 12b)."** Ru-HA@DOX NPs were selectively accumulated at
the tumour through an enhanced permeability and retention
(EPR) effect and CD44-mediated internalization. Ru-HA@DOX
NPs were photolabile at the Ru-N coordination bond under
660 nm laser irradiation, releasing DOX and producing 'O, for
PDT in both in vitro (A549 cells) and in vivo (A549-tumor-bearing
mice) studies.

4. Photocatalytic NADH oxidation for
PDT

As the electron source of the mitochondrial electron transport
chain (mito-ETC), NADH plays an important role in living
cells.”* NADH participates in the maintenance of the intracel-
lular redox balance and functions as a coenzyme in over 400
oxidoreductases.”*** Photoredox catalysis for NADH oxidation
to perturb the NADH/NAD" balance and the electron flow in
intracellular mito-ETC is emerging as a novel strategy to induce
metabolic dysfunction and cell death.

Photocatalysts (PCs) including metal complexes, organic
compounds and nano-catalysts catalyze NADH oxidation mainly
through two pathways. One is based on a photocatalytic cycle
(Fig. 13a)."*® The photoexcited PC extracts an electron from
NADH, forming the anionic radical PC*~ and NAD" radical. In
the presence of oxygen, PC is regenerated with concomitant
production of O, " after electron transfer from PC"~ to oxygen.
Then O,'~ extracts an electron from NAD' and consumes two
protons from the medium to generate H,0,, accompanied by
the conversion of NAD" into NAD". Under hypoxia, hemoprotein

© 2024 The Author(s). Published by the Royal Society of Chemistry
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cytochrome ¢ (Cyt ¢ (Fe**)) acts as a terminal electron acceptor to
enhance the PDT effect via an O,-independent pathway.
Another pathway for photocatalytic NADH oxidation is available
through photogeneration of ROS which oxidize NADH to NAD"
(Fig. 13b).*”” In this section, recent progress on photocatalytic
NADH oxidation for PDT via the above two pathways will be
discussed.

4.1 Metal complexes

Transition metal complexes have attractive photochemical and
photophysical properties (e.g., excellent photostability, long
excited-state lifetime and suitable excited-state reduction
potential),** available by coordinating ligands to metal ions in
a combinatorial manner.® The use of transition metal
complexes for photocatalytic NADH oxidation is of increasing
interest in PDT."®* We will focus on the recent approaches
harnessing transition metal complexes such as Ir(m), Ru(u) and
Os complexes for PDT via NADH oxidation.

4.1.1 Ir(m) complexes. In 2019, Sadler et al. reported pio-
neering work on interfering the electron flow in intracellular
mito-ETC via photoredox catalytic NADH oxidation and Cyt ¢
(Fe**) reduction to enhance PDT in hypoxic tumours, using
a stable Ir(m) photocatalyst (complex 1) with a relatively
positive excited-state reduction potential (Fig. 14a)."*
Complex 1 could photo-oxidize NADH to NAD" with turnover
frequency (TOF) more than two orders of magnitude higher
than that of organometallic half-sandwich catalysts, and was
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responsible for disrupting electron transfer pathways in
mitochondria to promote redox imbalance due to its accu-
mulation in mitochondria. Under normoxia, dramatic deple-
tion of NADH and ATP occurred after photoexcitation of
complex 1. Of note, complex 1 also exhibited high photo-
cytotoxicity towards A549 lung cancer multicellular spheroids
(MCSs) under hypoxia by disrupting the mitochondrial
membrane potential (MMP) and inducing immunogenic
apoptotic cell death.

To date, a variety of Ir(i1) complexes have been developed to
obtain longer wavelengths and improve biocompatibility.
Huang et al. reported a water-soluble coumarin-functionalized
Ir(m) photocatalyst (Ir3) that absorbed visible light
(Fig. 14b)."*° Compared with Ir1 and Ir2, Ir3 presented high TOF
(308.0 h™') on NADH oxidation under normoxia. Ir3 induced
remarkable photo-triggered cytotoxicity against various cancer
cell lines (1-15 pM), while maintaining low toxicity (>100 uM)
on normal cells in the dark. Huang's group further designed
three glucose-appended cyclometalated Ir(m) complexes (Ir4-
Ir6) containing the N,N-glucose ligand and various N,C-ligands
to optimize their photochemical properties and non-
glycosylated complex Ir7 (Fig. 14c).”* Ir6 presented the stron-
gest aqueous solubility and the highest photocatalytic NADH
oxidation efficiency, exhibiting necro-apoptotic photo-
cytotoxicity on HeLa cells at sub-micromolar concentrations
upon light irradiation. Espino et al. prepared four Ir(u) biscy-
clometallated complexes with N*N’ ancillary ligands containing
an amide-substituted benzimidazole fragment and pyridine
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(a) The complex 1 used for photocatalytic NADH oxidation. Reproduced with permission from ref. 116. Copyright 2019 Springer Nature.

(b—d) The complexes Irl-Ir9 used for photocatalytic NADH oxidation. Reproduced with permission from ref. 119. Copyright 2021 Wiley-VCH.
Reproduced with permission from ref. 120 and 121. Copyright 2022 The Royal Society of Chemistry.
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(Ir8) or thiazolyl (Ir9) rings (Fig. 14d).*** [1a]Cl and [2a]Cl were
accumulated primarily in mitochondria, disrupting electron
transport via NADH photocatalytic oxidation and presumably
inducing mtDNA damage.

Altered cellular metabolism is a hallmark of cancer, where
NADH plays an important role in the excess energy required for
various anaplerotic reactions.’>*** Maiti et al. reported a quin-
oline appended Ir(m) complex (QAIC) as a molecular probe to
detect endogenous NADH in cancer cells via the “turn-on”
luminescence and “turn-off” SERS phenomenon (Fig. 15)."**
QAIC could recognize the dynamic fluctuations of NADH and
trigger PDT through NADH depletion. The activated N-QAIC in
the cellular milieu presented excellent phototoxicity on HepG2
cells by the generation of 'O, under normoxia and toxic NAD"
under hypoxia.

4.1.2 Ru(u) complexes. Photoactive Ru(u)-based complexes
have been widely utilized for the light-driven anticancer effect
through PDT, photochemotherapy (PCT) and photoredox
catalysis.”>*** The Ru(u) polypyridyl complex, TLD-1433, is
currently in clinical trials for PDT."”’

Zhou et al. constructed a PCT system via the use of a Ru(u)
complex and Fe(tpy)Cl; (tpy = 2,2':6',2-terpyridine).”*® The
Ru(ir) complex photocatalyzed NADH oxidation accompanied by
the generation of H,0, in situ with a high yield of 73.2%. At
a neutral pH, the decomposition of H,0, was mediated by
Fe(tpy)Cl; and afforded highly cytotoxic ‘OH. To extend the
excitation light from blue light into the NIR region, the same
group loaded the Ru(i) complex (Ru;) and Fe*" simultaneously
onto the mesoporous silica-encapsulated rare earth-doped
upconversion nanoparticles (Fig. 16a)."** Moreover, Zhou's
group designed a chloromethyl-modified Ru(u) complex as
a mitochondria targeting PS to overcome the limitation of

12248 | Chem. Sci., 2024, 15, 12234-12257

hypoxia in PDT,"° which could be photoexcited to generate
a carbon radical in the presence of NADH, accompanied by the
oxidation of NADH, thereby giving rise to DNA damage and
cancer cell inactivation under hypoxia (3% O,).

In 2023, Sadler et al reported a hypoxia-activated
mitochondria-accumulated  Ru(u)  polypyridyl  prodrug,
RuAzNM, that was functionalized with an azo group and
a nitrogen mustard moiety for multimodal theranostic studies
(Fig. 16b).*** In hypoxic tumour microenvironments, the azo
group was reduced selectively by reductase and cleaved to
generate two primary amine products including the aniline
mustard and polypyridyl RuNH, complex. The aniline mustard
triggered oxidative stress and mtDNA crosslinking. Meanwhile,
the polypyridyl RuNH, complex catalyzed NADH oxidation
based on its favorable excited-state photoredox potential and
superior binding affinity toward NADH. This multimodal ther-
apeutic manner presented an efficient inhibition effect on the
HepG2 MCS model.

4.1.3 Os complexes. Osmium complexes emit intense
infrared phosphorescence and have strong light stability, which
provides an anti-biological-background-interference
ability."***** The structural plasticity allows applications of
osmium complexes in bioimaging and PDT."***** Zhang et al.
reported three mitochondria-targeting NIR terpyridine Os(u)
complexes.”® The increased conjugate plane of the terpyridine
ligand caused enhanced NIR phosphorescence emission and
prolonged phosphorescence lifetime (Fig. 17a). The complexes
produced 'O, efficiently upon both 465 nm and 633 nm light
irradiation and were used for the strong PDT effect against
HepG2 cells by photo-oxidation of NADH into NAD". In 2022,
Zhang et al. designed another osmium-peroxo complex (0s2),
which was inactive in the dark."” Light irradiation of Os2 led to

© 2024 The Author(s). Published by the Royal Society of Chemistry
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the release of O,"~ even in severely hypoxic conditions (1% O,)
and generated a cytotoxic osmium complex (Os1) (Fig. 17b).
Disproportion of O, by superoxide dismutase (SOD) afforded
H,0, and O,. The "OH was derived from H,0, at Fe>" exposure.
Photo-oxidation of NADH was mediated by Os2 via two path-
ways including NADH/photoexcited Os1 interaction and oxida-
tion by O," . The downregulation of NADH indirectly affected
the reduction of GSSG to GSH by glutathione reductase, leading
to the accumulation of lipid peroxides and ultimately the
synergistic induction of ferroptosis. In vivo studies confirmed
that the Os2 could inhibit the growth of solid hypoxic tumours

© 2024 The Author(s). Published by the Royal Society of Chemistry

in HeLa tumour-bearing BALB/c mice after light irradiation (465
nm, 13 mW cm 2, 60 min).

4.2 Organic metal-free photocatalysts

For metal complexes, unpredicted metal toxicity, inferior bio-
stability, and limited tissue penetration (UV, blue or green light
excitation) arouse concerns in the biomedical field.*****”
Organic photocatalysts alleviate potential metal-associated
concerns. At present, the application of organic molecules has
emerged as photocatalytic anticancer agents.
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Huang et al. designed compound bpyPCN with favourable
aqueous solubility. The significant PDT performance was
ascribed to its excellent ability for 'O, generation and photo-
catalytic NADH oxidation.”*® To render the absorption of

12250 | Chem. Sci., 2024, 15, 12234-12257

photocatalysts for photoredox catalysis in the NIR spectral
range, Kim et al. conjugated a BODIPY moiety to erlotinib (ER,
an FDA-approved tyrosine kinase inhibitor) to obtain a photo-
catalyst (CatER) (Fig. 18a)."* Under normoxia, photoactivation

© 2024 The Author(s). Published by the Royal Society of Chemistry
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of CatER gave rise to 'O, production and NADH oxidation with
high TOF (49.3 min~"). In vitro studies revealed that CatER
exhibited light dose-dependent depletion of NADH and a high
level of antiproliferation activity toward A549 cells with NIR
irradiation. Additionally, tumour growth was significantly sup-
pressed in BALB/c mice bearing 4T1 tumours.

Considering the off-target risk and safety concerns of pho-
tocatalysts in living systems, Peng et al. explored a conditionally
activatable photoredox catalysis (ConAPC) system and designed
ConAPC architecture (Se-NO,) in which the inherent photo-
catalytic properties were temporarily caged (Fig. 18b)."*° Se-NO,
was converted to Se-NH, by the overexpressed nitroreductase
(NTR) in tumours. Se-NH, was activated by NIR light and
catalyzed NADH oxidation with high TOF (18.8 min "), which
triggered the reductive transformation of Cyt ¢ (Fe’"). The
hypoxic tumour-specific ConAPC system proceeded indepen-
dently on O,, and the anti-cancer activity toward hypoxic
tumours was achieved through perturbing the mitochondrial
respiration ETC and cellular metabolism. In the in vivo PDT
experiments on HeLa-tumour-bearing female BALB/c mice, the
tumour growth inhibition up to 91% was obtained. This work
offers a possibility by leveraging artificial photocatalytic reac-
tions toward the development of facile and intelligent photo-
catalytic theranostics.

4.3 Nano-catalysts

The EPR effect has been recognized as the central paradigm in
tumour-targeted delivery in the past few decades.'*" Especially,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(a) Formulation of LSC NPs. (b) Application of LSC NPs for overcoming the cancer drug resistance. Reproduced with permission from ref.

nano-based drug delivery systems are more beneficial to
enhance the EPR effect of the tumour vasculature for in vivo
tumour targeting to reduce the systemic toxicity. Recent studies
on photocatalytic NADH oxidation using nano-catalysts
demonstrate great potential in photoredox -catalysis for
PDT.1427144

Multidrug resistance is a major challenge in chemotherapy
and its phenotype is associated with the overexpression of
ATP-driven transmembrane efflux pumps in cancer cells.'>'4¢
Therefore, cancer drug resistance can be overcome by inhib-
iting the production of ATP in cancer cells, which is achievable
through oxidizing NADH into NAD". In 2018, He et al. reported
a lipid membrane-coated silica-carbon (LSC) hybrid nano-
particle that targeted mitochondria through pyruvate
(Fig. 19a)."*” Doxorubicin (DOX) was encapsulated into the
LSC NPs to form LSC-D NPs. The size of the LSC-D NPs (~45
nm) was suitable for the requirement of the EPR effect for in
vivo tumour targeting. Upon NIR laser (800 nm) irradiation of
the LSC-D NPs, ROS was generated and the oxidation of NADH
into NAD" caused a reduction in the amount of ATP available
for the efflux pump. Consequently, multidrug-resistant cancer
cells lost their multidrug resistance capability for at least 5
days due to the compromised drug efflux pumps, which
created a therapeutic window for chemotherapy (Fig. 19b).
The in vivo data showed that the LSC-D NPs in combination
with NIR laser treatment effectively inhibited the growth of
multidrug-resistant tumours (nude mice with NCI/RES-ADR
xenograft) without evident systemic toxicity. This study
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provides a promising nanotechnology-based strategy for
fighting cancer multidrug resistance via photocatalytic NADH
oxidation.

In 2022, Yang et al. reported a new strategy to boost the type-I
PDT reaction by introducing electron acceptors to the existing
type-II PS through the supramolecular assembly."*® Three
different types of electron acceptors were co-assembled with
a type-II PS to form quadruple hydrogen-bonded supramolec-
ular photodynamic agents (DA1, DA2 and DA3) (Fig. 20a). Upon
light irradiation of 660 nm, electron transfer took place from
the PS to the electron acceptor and then to O,, which led to an
efficient production of O, . In addition, this process was
accompanied by the generation of a strong oxidizing cationic
radical of the PS (PS"") that was able to oxidize NADH into NAD"
(Fig. 20b). The supramolecular systems showed excellent activ-
ities of photocatalytic NADH oxidation (24.8 min~" for DA1,

12252 | Chem. Sci., 2024, 15, 12234-12257

53.7 min~' for DA2, 24.3 min ' for DA3). As a result, the
supramolecular PS exhibited superior PDT performance in
treating tumours at in vitro and in vivo (a subcutaneous tumour
model of HeLa in the BALB/c mice) levels. This work will
broaden the insight into type-I PDT and inspire researchers to
develop effective nano-catalysts for tumour therapy.

5. Conclusions and future prospects

This review has systematically discussed most recent strategies
for PDT based on new mechanisms, including (1) developing
novel radicals to reduce the dependence on O,; (2) designing
activatable PSs on tumour cells to minimize damage to normal
cells; (3) photocatalytic NADH oxidation to perturb the electron
flow in intracellular mito-ETC.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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At present, fortunately, some strategies based on new
mechanisms have drawn interest in clinical trials. TLD-1433 is
the first Ru-based PS and has completed a phase I clinical trial
for the treatment of bladder cancer. The phase II clinical study
of TLD-1433 commenced in 2019 in the USA and Canada with
a plan to treat 100-125 patients who developed nonmuscle
invasive bladder cancer (NMIBC) and are intolerant or unre-
sponsive to bacillus Calmette Guérin (BCG) therapy.**>*** Pho-
totherapy and immunotherapy in combination, namely
photoimmunotherapy (PIT), is emerging as a promising thera-
peutic strategy to both primary and metastatic tumours. PIT
utilizes the PDT effect to induce systemic immune responses
against tumours,"”" maximizing the merits of both therapy
modalities, leading to long-term immunity against cancer and
increasing the selectivity of cancer therapy. Cetuximab sar-
otalocan (RM-1929), the first PIT drug in clinical trial, is an
antibody-drug conjugate (ADC) carrying cetuximab and organic
dye IRdye700DX, which can be activated by NIR irradiation at
690 nm to induce PDT and stimulate the anti-cancer immune
response. Currently, cetuximab sarotalocan is being investi-
gated under a world-wide phase III clinical trial and has been
conditionally approved in Japan in 2020 for the treatment of
unresectable locally advanced or unresectable locoregionally
recurrent head and neck carcinoma (HNC).'** Based on the
clinical trials of RM-1929 in PIT, in 2023, Mitsunaga et al. dis-
cussed abundant cases on how to set up and perform PIT
applications in vitro and in vivo from a lot of aspects such as
source of antibody, choice of dye and target, and methods used
to characterize the labeled antibody, which is useful for targeted
elimination of microbes and cells regardless of the target
species or drug resistance status of the target.’>® Other clinical
trials based on innovative PDT are also under process. For
example, Roswell Park Cancer Institute Corp put forward
a phase I study utilizing PDT to amplify the response to
immunotherapy in patients with non-small cell lung cancer
(NSCLC) with pleural disease or malignant pleural mesothe-
lioma (NCT04836429). The Mayo Clinic Foundation has pro-
ceeded with a phase II study of EUS-guided Verteporfin PDT in
solid pancreatic tumours (NCT03033225).

However, most PDT strategies are in the basic research or
preclinical phase, and there is a long way to go for clinical
applications. One of the major challenges is the development of
deep-tissue PDT, which needs to develop PSs with strong
absorption in the deep red or NIR regions. Although two-photon
excitation has been used to enhance the penetration depth of
PDT and improve spatial selectivity, their clinical application is
hindered due to the requirement of expensive devices and
limitation in the excited domain. Thus, developing
chemiluminescence/bioluminescence-based PSs for PDT will be
a promising direction. Another important concern is how to
improve the tumour-selectivity in PDT theranostics to maximize
the therapeutic effect while minimizing damage to normal
tissues, which will inspire increasing efforts in harnessing
tumour biomarkers (hypoxia, GSH, ROS, NADH, enzyme, pH,
etc.) to selectively activate PSs or convert precursors into PSs in
tumours. Exogenous 5-ALA is a good case for imaging-guided
PDT with good tumour selectivity, as it can be converted into

© 2024 The Author(s). Published by the Royal Society of Chemistry
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protoporphyrin IX (PpIX), a fluorogenic PS, via a biosynthetic
pathway in the tumour cells. In 2022, we reported an example of
in-cell synthesis of a trimethine cyanine-type PDT agent via
a pseudo-trimerization mechanism using an exogenous iodo-
substituted indole derivative as a precursor and intrinsic ROS
as the inducer, which provides an opportunity for imaging-
guided PDT by taking advantage of the redox environment of
tumours.***

Importantly, regarding the efficacy of PDT, the barrier of
heterogeneous tumour hypoxia, which affects most clinically
used PDT agents, highlights the need to develop new PSs that
are active in type I or non-classic photosensitizing mechanisms
with minimal oxygen dependence. The exploration of active free
radicals for PDT beyond ROS and RNS provides an opportunity
to evade the barrier of heterogeneous tumour hypoxia. So far,
the intermediates produced in the regular PDT process cover
a large scope of reactive oxidative species to treat cancers by
photo-oxidative damage. Opposite to the photo-oxidative
strategy, reactive reductive species (RRS)-involving PDT is free
of O, dependence and has started to attract attention, which
leaves plenty of research space in understanding the biological
functions of RRS, designing efficient RRS generators and aim-
ing at hypoxic cancers with satisfactory selectivity and efficacy.
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