¥® ROYAL SOCIETY
PP OF CHEMISTRY

ChemComm

View Article Online
View Journal | View Issue

HIGHLIGHT

Photodynamic therapy with

’ '.) Check for updates ‘
photodegradable photosensitizers

Cite this: Chem. Commun., 2025,

61, 2627 .
Haorui Wu,

Youjian Zhang, Lifen Jiang and Huaiyi Huang ‘=) *
Photodegradable photosensitizers have gained significant attention in recent years due to their potential
advantages in photodynamic therapy. By degrading upon light exposure, these photosensitizers reduce
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1 Introduction

Since the introduction of light into modern medicine in the
19th century, significant advances have been made in medical
technology, driven by a deeper understanding of light and light-
matter interactions. Dr Niels Finsen, who pioneered the use of
ultraviolet (UV) light to treat lupus vulgaris, was awarded the
Nobel Prize in Physiology or Medicine in 1903."” The rapid
development of photochemotherapy (PUVA) in the 1970s, par-
ticularly with the combination of psoralen and ultraviolet
A (UVA) for treating psoriasis and vitiligo, marked another
milestone.® In the 21st century, clinical equipment based on
laser diagnosis and treatment has advanced significantly, and
modern light therapy is flourishing. Owing to the unique
benefits of phototherapy, including anti-tumour and antibac-
terial activity, non-invasiveness, and spatiotemporal selectivity,
it has become a widely studied modality in areas such as cancer
therapy, drug-resistant bacterial infections, fungal diseases,
and skin disorders.*”

Photodynamic therapy (PDT) operates through the inter-
action of a photosensitizer, light at a specific wavelength, and
oxygen. After selective absorption by target tissues (e.g., tumour
cells), the photosensitizer is activated by light, transitioning to
an excited state. It then interacts with oxygen molecules to
generate singlet oxygen (*0,) and other reactive oxygen species
(ROS), which cause oxidative damage to cellular membranes,
proteins, and DNA, ultimately inducing apoptosis or necrosis.
Additionally, PDT triggers localized inflammation and immune
responses, aiding in the clearance of remaining diseased
cells.®?
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integration, and combination therapies, are discussed.

Although phototherapy has rapidly advanced in the fields of
anti-tumour and antibacterial treatments, many methods have
yet to achieve clinical translation. This challenge is closely tied
to the limitations of photosensitive materials (photosensitizers)
during treatment. For instance, the hypoxic environment within
tumours constrains the effectiveness of photodynamic therapy
(PDT). These issues can be addressed by employing targeted
delivery strategies, developing self-luminescence systems, or
combining photocatalytic therapy for PDT. Additionally, integrat-
ing phototherapy with other treatment modalities can help
enhance its clinical efficacy."®

Despite significant efforts toward the development of more
efficient and versatile photosensitizers, several inherent limita-
tions continue to impede the clinical advancement of photo-
therapy. For instance, photodynamic therapy (PDT) has
been reported to cause early side effects in the treatment of
skin diseases, including pain, erythema, contact dermatitis,
and immunosuppression, as well as delayed side effects
such as scarring and hyperpigmentation. A particularly con-
cerning issue is the potential for phototherapy to induce or
stimulate skin cancer. Furthermore, conventional photo-
sensitizers, which are often in a constantly active state and
exhibit low metabolic rates, can cause unintended damage
post-therapy.’**

While recently developed activatable photosensitizers have
improved the selectivity and safety of phototherapy to some
extent,"* the problem of residual photosensitizers remains
unresolved. Upon re-exposure to light, these residual photo-
sensitizers may still generate reactive oxygen species (ROS),
causing further damage to healthy tissues and cells. This risk
forces patients to remain in low-light environments for
extended periods following clinical phototherapy, significantly
reducing treatment efficiency and patient compliance. There-
fore, optimizing photosensitizer design to minimize adverse

Chem. Commun., 2025, 61, 2627-2635 | 2627


https://orcid.org/0000-0002-4414-5610
https://orcid.org/0000-0002-2091-7954
http://crossmark.crossref.org/dialog/?doi=10.1039/d4cc05091f&domain=pdf&date_stamp=2025-01-17
https://rsc.li/chemcomm
https://doi.org/10.1039/d4cc05091f
https://pubs.rsc.org/en/journals/journal/CC
https://pubs.rsc.org/en/journals/journal/CC?issueid=CC061013

Published on 09 January 2025. Downloaded on 6/19/2026 5:36:03 AM.

Highlight

reactions during phototherapy is of critical importance, both
for advancing scientific research and improving clinical
outcomes.

2 Photodegradable photosensitizers:
an innovative approach

Photobleaching refers to the phenomenon where fluorescent
molecules or photosensitizers gradually lose their ability to
emit light after repeated exposure to excitation light.">™*® Dur-
ing this process, chemical changes occur in the molecular
structure, leading to the loss of fluorescence or other optical
properties. This is a common occurrence for dyes under light
irradiation. Besides the intrinsic properties of the photosensi-
tizer, the photobleaching rate also depends on the surrounding
environment. In many applications, such as fluorescence detec-
tion or imaging, photobleaching is undesirable, and efforts are
made to enhance the photostability of photosensitizers for
more accurate results.™

However, in the context of phototherapy discussed in this
article, photobleaching serves as a double-edged sword. On one
hand, excessively rapid photobleaching may reduce the thera-
peutic efficacy. On the other hand, residual photosensitizers
post-therapy can pose safety risks. Therefore, the optimal
scenario for photobleaching is when the photosensitizer “self-
degrades” after achieving high therapeutic efficiency, thereby
minimizing the side effects of phototherapy and enhancing
patient safety.

A novel approach to addressing these challenges is the
development of photodegradable photosensitizers. These photo-
sensitizers are designed to break down after exerting their
therapeutic effects, thus reducing the risk of residual toxicity.
By incorporating controlled photodegradation mechanisms, this
strategy ensures that photosensitizers self-degrade once their
therapeutic function is complete, thereby minimizing post-
treatment side effects and improving the overall safety profile
of phototherapy. This emerging technique offers a promising
avenue for achieving both high efficacy and enhanced safety in
clinical applications (Fig. 1).

2.1 Advances in phototherapy using photodegradable
photosensitizers

Cyanine polyene is a crucial fluorescent moiety widely used in
the design of small-molecule photosensitizers for photo-
dynamic therapy. While it offers strong light absorption and
fluorescence properties, one of its major limitations is suscepti-
bility to photobleaching, which can reduce its effectiveness over
prolonged light exposure during treatment. Overcoming this
limitation is key to enhancing its clinical utility in PDT applica-
tions. Schnermann et al®® have elucidated the mechanisms
underlying the photodegradation of cyanine-like fluorophores
(Fig. 2A). These mechanisms include: (1) photoinduced self-
degradation, where the chemical instability of the photosensitizer
under light induces structural changes via photooxidation, lead-
ing to degradation; (2) ROS (reactive oxygen species)-triggered
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Fig. 1 Mechanisms of photodynamic therapy (A) and photodegradable
therapy (B).

self-degradation, in which ROS generated by the photosensiti-
zer upon irradiation react with specific molecular groups,
resulting in structural breakdown and degradation; and
(3) electron transfer-triggered self-degradation, where electron
transfer between the photosensitizer triplet state and oxygen
produces reactive species such as superoxide radicals, initiating
self-degradation. Below, we summarize recent advancements in
the development of photodegradable photosensitizers.

2.1.1 Photodegradable small-molecule photosensitizers.
Thiocarbonyl compounds have emerged as a promising class
of photosensitizers (PS) due to their heavy atom-free nature, low
cytotoxicity, and excellent performance under hypoxic condi-
tions. As type I photosensitizers, they offer distinct advantages,
including effective reactive oxygen species generation and
reduced potential side effects, making them suitable for photo-
dynamic therapy in challenging tumour microenvironments.
Sun et al.>" developed novel thiocarbonyl compounds based on
a heavy atom-free methylene blue (MB) structure, exhibiting
high ROS production and low cytotoxicity. The results showed
that the thioketone and thioester structures oxidize to carbonyl
groups upon light irradiation, and the degradation products
are minimally toxic. This offers a straightforward solution to
the issue of PS residue without compromising PDT efficiency
(Fig. 2B).

In recent years, transition metal complexes, particularly
Ru(n) complexes, have demonstrated significant potential as
photosensitizers (PS) for photodynamic therapy (PDT). Their
appeal stems from unique photophysical, photochemical, and
electrochemical properties, as well as their structural diver-
sity, enabling tailored designs for enhanced therapeutic

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 The photodegradation mechanism of action of cyanine polyene (A) and thiocarbonyl compounds (B).
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Fig. 3 Photooxidative cleavage of C—C bonds as an effective strategy to
develop self-reporting self-immolative photosensitizers in cancer cells.
Figure adapted from ref. 23 Copyright: 2023, with the permission from
American Chemical Society.

performance. Zhou et al.>* designed and synthesized a novel
BODIPY-modified Ru(u) photosensitizer, demonstrating high
PDT activity under both normoxic and hypoxic conditions, with
a high singlet oxygen yield (¢ = 0.7 in CH3;CN) and excellent
superoxide radical (O,°") generation. It effectively kills cancer
cells with low dark toxicity and shows solvent-dependent
photodegradation in water. Oxygen presence may accelerate
the photolysis process, though the exact mechanism remains
unclear.

Accurate assessment of the timing, location, and dosage of
photosensitizers is crucial for optimizing treatment efficacy
while minimizing toxicity and side effects. Precise monitoring
ensures that the photosensitizers are activated in the target
tissue at the appropriate moment, reducing off-target effects
and enhancing therapeutic outcomes. Zhang et al.>* designed a
novel self-immolative photosensitizer based on the photode-
gradation of traditional photosensitizers, generating a large
amount of reactive oxygen species via photo-regulated oxidative
cleavage of C—C bonds for cancer phototherapy. Red-emitting
products are produced during photolysis, enabling real-time
monitoring of the photosensitizer’s activity. Additionally,

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 Structures of TIDT and schematic illustration of photodegradation
strategy for antibacterial and cancer phototherapy. Figure adapted from
ref. 26 Copyright: 2024, with the permission from Elsevier.

glutathione (GSH)-responsive groups were introduced to
achieve tumour-specific activation, enhancing phototherapy
selectivity (Fig. 3). The presence of oxygen and elevated GSH
levels in the tumour microenvironment were found to accel-
erate the photolysis process.

NIR-absorbing photosensitizers are often formulated as
nanoparticles (NPs),>*** which are more challenging to photo-
degrade than their monomeric forms. Liu et al.*® investigated
the photodegradation effects in both monodisperse and aggre-
gate states, designing a new A-D-A skeleton photosensitizer
that exhibited excellent photosensitivity and photothermal
properties. This photosensitizer could oxidize both monodis-
perse and aggregated states through ROS generated by light.
However, the specific degradation mechanisms and products
remain largely unexplored (Fig. 4).

Photosensitizers with responsive degradation properties are
still rare, primarily due to the absence of a universal design
strategy. Additionally, identifying the fragmented components

Chem. Commun., 2025, 61, 2627-2635 | 2629


https://doi.org/10.1039/d4cc05091f

Published on 09 January 2025. Downloaded on 6/19/2026 5:36:03 AM.

Highlight

é 0 &
Donor C.D» A > Acceptor D»<% <AD

( self-breaking e
Photosensitizer On Photosensitizer Off

A VA [ D A
DD o0 /o< ) CAD ————— DD (N CAD

Fraz;ments oo

Fig. 5 Chemical structure of anthracene-bridged D—-A PSs and self-
degradation mechanism. The generated 'O, could oxidize the anthracene
to get the endoperoxide- and anthrone-derived fragments, which break
the photosensitizing capacity. Figure adapted from ref. 27 Copyright: 2023,
with the permission from American Chemical Society.

from decomposed photosensitizers is challenging, hindering
the understanding of their pharmacokinetics. Most organic
photosensitizers are constructed using m-conjugated units for
light absorption and orbital energy regulation. When the n-
system is disrupted, ROS generation capacity is lost. For
example, anthracene, a n-conjugated unit, is oxidized by singlet
oxygen ('0,) into anthracene peroxides, which further decom-
pose into anthraquinone and oxanthracene. Liu et al?*’
developed a series of highly responsive degradable D-A photo-
sensitizers using anthracene as a n-bridge. Coupling D-A units
at positions 9 and 10 of anthracene introduces steric hin-
drance, distorting the n-conjugation and separating the HOMO
and LUMO distributions. This increases ROS production for
efficient PDT. Simultaneously, the generated singlet oxygen
(*0,) oxidizes anthracene, breaking the m-conjugation, thereby
eliminating ROS generation capacity and reducing post-PDT
phototoxicity (Fig. 5).

Conjugated double bonds, due to their low bond energy and
electron delocalization, are prone to nucleophilic and electro-
philic attacks, radical addition, and oxidation reactions, offer-
ing potential for instability and degradability. Squaric acid,
with its multi-double bond structure, has been used as a
n-bridge to design fluorophores and photosensitizers with
long-wavelength absorption (600-700 nm). Squaric acid
offers several advantages as a biodegradable n-bridge: (1) its
substituents can be modified to create photosensitizers
more suitable for hypoxic tumour environments; (2) squaric
acid dyes are typically hydrophilic, small, and easily metabo-
lized along with their degradation products; (3) the multiple
functional groups in squaric acid enable easy adjustment of its
photosensitivity and metabolic characteristics. Li et al>®
designed and synthesized several near-infrared-emitting
photosensitizers capable of producing various reactive
oxygen species (ROS) under light exposure. Singlet oxygen
and superoxide anion radicals were used to kill cancer cells,
while hydroxyl radicals facilitated the rapid degradation of the
photosensitizers. The degradation products were excreted in
urine, as confirmed by both in vivo and in vitro experiments

(Fig. 6).
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Fig. 6 Schematic illustration of SQO, SQS and SQSe with multiple degra-
dation modes for postoperatively safe PDT. And proposed mechanism for
the photodegradation of SQSe. Figure adapted from ref. 28 Copyright:
2023, with the permission from Elsevier.

Tetrapyrrole-based photosensitizers, some of which are
clinically approved, are effective in PDT. However, few design
strategies consider the link between their molecular structure
and self-degradation, which could reduce long-term toxicity.
Zhang et al®® developed a new class of porphyrinolactone
photosensitizers and their zinc complexes, which exhibited
strong NIR absorption, high fluorescence, and efficient ROS
generation. The lactone structure enabled in situ conversion
into non-cytotoxic products. Using isotopic tracers, they
revealed the oxidative degradation mechanism of the photo-
sensitizers, identifying superoxide rather than singlet oxygen as
the key intermediary. This system demonstrated effective ther-
apeutic results, rapid metabolism, and minimal phototoxicity
(Fig. 7).

2.1.2 Photodegradable polymer photosensitizers. Conven-
tional conjugated polymers are typically non-biodegradable,
leading to prolonged metabolic retention and potential adverse
side effects. Wei et al.*° developed a self-degrading conjugated
polymer based on aggregation-induced emission (AIE) and
imidazole units, which demonstrated excellent superoxide
anion (O, ~*) generation. The generated O, * further degrades
the imidazole units in CP1, forming biocompatible small
molecules that lose the ability to produce ROS under light
irradiation (Fig. 8).

B ROS production
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Fig. 7 Schematic illustration of conversion from ZnBPL to ZnBPD. Figure
adapted from ref. 29 Copyright: 2022, with the permission from John
Wiley and Sons.
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o Min dqy
—

Effective cancer therapy should not only target the primary
tumour but also stimulate systemic anti-tumour immunity to
provide long-term tumour resistance. Immunogenic cell death
(ICD) has emerged as a promising concept in cancer treatment.
Although certain photodynamic therapy processes have been
reported to induce ICD in cancer cells,*** only a few photo-
sensitizers can trigger ICD by inducing oxidative stress. Wei
et al** developed a self-degrading conjugated polyelectrolyte
for photodynamic therapy, incorporating an AIE group and
imidazole unit, and capable of loading immunoadjuvants.
The positively charged surface of the polyelectrolyte enables
electrostatic adsorption of negatively charged cytosine-phos-
phoguanine (CpG), significantly enhancing cellular uptake.
During the photodynamic process, superoxide anion radicals
degrade the nanoparticles, resulting in the in situ release of
CpG, which initiates a robust anti-tumour immune response
(Fig. 9).

2.1.3 Supramolecular photodegradable photosensitizers.
Supramolecular methods offer another approach to construct-
ing photodegradable materials. These assemblies, stabilized by
weak non-covalent interactions, are easily modulated by exter-
nal stimuli and typically consist of small molecules, favoring
the disassembly process. Despite advances in photoresponsive
supramolecular assemblies, more efficient photodegradable
materials are still needed. Among non-covalent interactions,
macrocyclic molecules have garnered significant attention in
molecular recognition and assembly due to their host-guest
properties, symmetrical structure, adjustable molecular size,
and ease of modification.**”” p-Sulfonatocalix[n]arenes
(SCnAs), with their high water-solubility and biocompatibility,
can modulate the aggregation behavior of aromatic or amphi-
philic molecules by lowering the critical aggregation concen-
tration and enhancing aggregate density—this phenomenon is
termed calixarene-induced aggregation (CIA). Liu et al.*® con-
structed a photodegradable supramolecular assembly using

This journal is © The Royal Society of Chemistry 2025
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Fig. 9 Schematic illustration of the preparation procedure and the
mechanism of CP*-CpG NPs on the synergistic treatment of PDT and
immunotherapy. Figure adapted from ref. 34 Copyright: 2023, with the
permission from Elsevier.

SC4A as the host and amphiphilic 9-alkoxy-substituted AnPy
as the photoactive guest. SC4A induced tight anthracene pack-
ing and inhibited fluorescence quenching of AnPy, enhancing
photosensitization. In the presence of exogenous photosensiti-
zers, these assemblies demonstrated effective photolysis under
visible light, marking the first report of such a photo dissoci-
able supramolecular system (Fig. 10). The authors proposed
two potential mechanisms for the observed photolysis:
(1) increased oxygen solubility and/or extended singlet oxygen
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Fig. 10 Schematic illustration of the photolyzable supramolecular amphi-
philic assembly. Figure adapted from ref. 38 Copyright: 2015, with the
permission from American Chemical Society.
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lifetime in the hydrophobic core compared to bulk water;
(2) tight anthracene packing within the SC4A-AnPy assembly
enhanced interaction with singlet oxygen, facilitating further
autoxidation, as photosensitization efficacy relies on proximity
to the target.

Pillararenes, a novel class of macrocycles with symmetric
columnar frames and rn-rich cavities, offer versatile platforms
for functional supramolecular materials. Wang et al.*° intro-
duced a photodegradable bola-type super amphiphile featuring
9,10-dialkoxy-anthracene groups and rod-like coil molecules at
the ends. These assemblies formed supramolecular complexes
with WP5 (pillar[5]arene)-induced aggregation, significantly
enhancing photolysis efficiency. Additionally, WP5-G aggre-
gates, co-assembled with exogenous photosensitizers (eosin Y,
ESY), exhibited effective decomposition under visible light,
confirming that stable singlet oxygen within the aggregates
promoted photolysis (Fig. 11). This approach holds promise for
applications in phototherapy. Liu et al.*® introduced an inno-
vative method for the efficient photolysis of BODIPY dyes via
WP5-triggered free radical reactions based on the structure of
pillar aromatic compounds. Unlike Wang et al, controlled
experiments demonstrated that this photodecomposition pro-
cess, induced by free radicals, is independent of supramolecu-
lar interactions, offering a novel strategy for the efficient
photolysis of organic dyes.

Cucurbit[n]urils (CB[x]), a class of highly symmetric macro-
cycles made of glycoluril units, can stabilize or activate organic
radicals through host-guest complexation in a reversible, con-
trollable, and adaptive manner. Zhang et al*' explored a
cationic iodo-BODIPY derivative with a benzyl group (BDP2IPh)

WPS

(WP5),5G Vesicles

Promoted
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UV Irradiation

i
_\>_;

/I -~
Fig. 11 Schematic illustration of the photolyzable supramolecular amphi-

philic assembly. Figure adapted from ref. 39 Copyright: 2016, with the
permission from Royal Society of Chemistry.
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apoptosis in photodynamic therapy. Figure adapted from ref. 41 Copyright:
2022, with the permission from John Wiley and Sons.

as a supramolecular photosensitizer in complex with CB[7],
characterized by isothermal titration calorimetry (ITC) in ultra-
pure water. This supramolecular photosensitizer exhibited the
same photodynamic therapeutic efficiency but superior bio-
compatibility compared to the photosensitizer alone. Further-
more, after photodynamic therapy (PDT), the supramolecular
complex degraded via self-generated ROS, losing its PDT
activity, highlighting its potential for safe and efficient cancer
treatment (Fig. 12).

2.2 Challenges and potential optimization directions

Compared with the conventional chemotherapy and radiother-
apy, the most important clinical therapeutic of PDT lies in the
spatiotemporal selectivity towards lesion site while minimizing
damage to the surrounding healthy tissues. In addition, PDT is
valued for repeatable treatment, low risk, low drug resistance
and broad-spectrum against various cancers and infection
diseases. However, the residual photosensitizers post treatment
may cause damage to normal tissues during systematic circula-
tion and metabolism in the body, due to the non-degradability
and slow metabolic rates of photosensitizers. Traditional PSs,
especially those that absorb near-infrared light, can be parti-
cularly problematic due to their high phototoxicity, as most of
the energy of sunlight falls within the phototherapeutic window
ranging between 650-850 nm. For example, the clinical used
PSs, such as Photofrin and Temoporfin, etc., retain long-lasting
photosensitization and have a long clearance time in vivo, thus
the patients should avoid direct exposure of the skin and eyes
to sunlight or strong indoor light sources for several days to
weeks after PDT treatment.’® As a result, the clinical applica-
tion of PDT is constrained by limited tissue penetration of light
and the risk of phototoxic reactions post-treatment, including
skin reactions, burning sensations, oxygen dependent-
mechanism of action, pain, infection risk, scarring, eye sensi-
tivity, allergic reactions, and prolonged sun sensitivity. Though
the severity and occurrence of these side effects vary among
individuals, these side effects are primarily due to subsequent

This journal is © The Royal Society of Chemistry 2025


https://doi.org/10.1039/d4cc05091f

Published on 09 January 2025. Downloaded on 6/19/2026 5:36:03 AM.

ChemComm

generation of reactive oxygen species, poor tumour selectivity
of the PSs, slow metabolic rate, light dosage, and treatment
area.!' "

To address the above challenges, it's necessary to design
novel PSs with the hope to conquer the historical photosensi-
tive reactions that have plagued PDT for over a century. The
ideal next-generation PSs should not only effectively produce
ROS for high therapeutic efficacy but also undergo rapid
metabolism after PDT treatment, thereby mitigating the side
effects associated with traditional PSs and improving the safety
of phototherapy. This suggests developing a feasible approach
to eliminate PS residues in PDT, which is crucial for enhancing
the clinical application and safety of phototherapy.

During the past few years, the academic community has
witnessed the development of effective and degradable photo-
sensitizers, which is key to promote the clinical application of
photodynamic therapy and enhance biosafety. Biodegradable
small molecular PS that can be oxidized by substances in the
biosystem has been developed. The photodegradation and
metabolic pathways of small molecule PSs can be easily ana-
lysed by liquid chromatograph mass spectrometer and nuclear
magnetic resonance spectroscopy. A specific example given is
the water-soluble ZnBPL, which has shown effective therapeutic
outcomes, fast metabolism, and minimal phototoxic reactions,
despite the degradable mechanism of action should be verified
by the relatively complicated isotope labeling.>* While this
strategy reduces phototoxicity to some extent, it does not
completely eliminate the risk during the long-term degradation
process. Furthermore, the dicyano-modified squaraine PSs
SQSe has been designed to enhance NIR absorption and prone
to carbon-carbon double bond initiated electrophilic addition,
radical addition reaction by superoxide anion during PDT.*®
Importantly, the photodegradation rate and degradation frag-
ments in buffer solution as well as in vivo biodegradation and
blood biochemical analysis post-treatment were comprehen-
sively investigated to identify the biosafety of SQSe. This study
provides a typical example for the discovery of degradable small
molecule PS.

In addition to promising photodegradation property, the
tumour targeting capability of PSs is another important factor
that should be concerned. The phototoxic side effects of tradi-
tional PSs are mainly due to low tumour targeting efficiency,
which consequently leads to damage to normal tissue.'® For
example, the PpIX prodrug 5-aminolevulinic acid (5-ALA) can be
absorbed by rapid proliferating cancer cells and then converted
into protoporphyrin IX in mitochondria.””> However, due to
such passive diffusion mechanism, 5-ALA can also be taken
up by normal cells, despite the intracellular concentration of
PpIX is relatively lower than that in cancer cells. In contrast,
NG-cRGD functionalized with ¢(cRGD) and GSH response func-
tional group provides an example for precise tumour targeting
and photodegradable PDT, which may promote the develop-
ment of precision and personalized photo-medicine. The cyclic
pentapeptide of NG-cRGD can specifically bind tumour cells
over-expressed integrin ovfB3 while the glutathione-responsive
group ensure subsequently activated by the high concentration
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glutathione in cancer cells.*® Similar to SQSe, NG-cRGD can
undergo photodegration via light-manipulated oxidative clea-
vage of C—C bonds. With such self-immolative and photo-
degradable PSs, NG-cRGD has the potential to visualize the
therapeutic process and precisely regulate treatment outcomes
for precision and personalized medicine.

Apart from small molecular PSs, photodegradable polymer
nanoparticles have also been developed for photodegradable
PDT. Nanomaterials exhibit tumour targeting efficiency due to
the enhanced permeability and retention effect.”® Until now,
only two polymer nanoparticles functionalized by triphenyl-
amine or tetraphenylethylene have been reported for photo-
degradable PDT.**** Photosensitizers generally show great
tendency for self-aggregation in aqueous media, leading to
quenched fluorescence and lower photosensitizing ability.
However, both of the polymer PSs showed typical AIE proper-
ties, which can overcome the self-aggregation induced excited
state quenching and lower photosensitizing ability of small
molecular PSs. However, it’s necessary to mention that AIE
polymer PSs may be challenge for photodegradation process,
since aggregation will improve photostability and avoid ROS
degradation. Moreover, in contrast to small molecule PSs,
nanomaterials contain extended and heterogeneous polymeric
chains, which make it much more complicated to identify the
degradation mechanism, in vivo metabolism profile and evalu-
ate the cytotoxicity of the degraded products towards normal
cells. The contemporary research emphasis mainly focus on the
development of polymers capable of undergoing oxidative
scission by reactive oxygen species. It's necessary to clarify
the structural features of photodegraded polymer products
and evaluate biosafety profiles in the future. In addition, most
of these polymer PSs absorb short wavelength light, with
limited photodegradation efficiency under NIR light. Therefore,
there is a necessity to develop NIR light activated photode-
graded polymer PSs for safe and effective PDT.

Differ from polymer PSs, supramolecular assembly estab-
lished via multiple weak intermolecular interactions provide
another strategy to void self-aggregation of hydrophilic PSs.
Host-guest complexation is particularly convenient and
advantageous in constructing water-soluble supramolecular
architectures.>*” Typical water-soluble and photolysable
supermolecule PSs architectures use the amphiphilic anthra-
cene or BODIPY type PSs as the guest and SCnAs, CB[n] or CB[x]
as the host.>®**! The supramolecular assembly systems showed
highly photoreactive and photolysis with visible light during
PDT, despite that short wavelength visible light is needed to
excite the PSs and limited cancer targeting efficiency. Though
supramolecular assembly extended the design of photodegrad-
able PDT, photodegradable supermolecular system with
high tumour targeting ability and strong near-infrared light
triggered therapeutic efficiency still remain to be discovered.

The photodegradable PSs or system reviewed above require a
strict balance between the photoreactivity and photodegrading
rate of PSs. However, as the old saying goes, no one can have
the cake and eat it too. In this case, blocking the phototoxicity
of PSs after PDT treatment maybe an alternative solution to
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Fig. 13 Working principle of the bioorthogonal antidote BCN-Q for
deactivation of the residual photosensitizer PS-Tz after the photodynamic
treatment. Figure adapted from ref. 44 Copyright: 2024, with the permis-
sion from John Wiley and Sons.

enhance the safety of PDT. Ng et al. proposed a novel bioortho-
gonal chemistry strategy, where PSs will be inactivated by an
antidote containing quencher.** This strategy can neutralize
the photosensitization activity of PSs under physiological con-
ditions without disrupting natural biochemical processes
(Fig. 13). However, though the reaction yield and selectivity of
bioorthogonal chemistry are high in biological environments
without side reactions, it’s still very challenging to achieve
100% quenching of PSs in extremely complicated pathological
environments. In addition, the introduction of quencher and
formation of the bioorthogonal adduct make it even more
complicated to evaluate the safety, toxicity and drug meta-
bolism than small self-photodegradable PSs.

It introduces tumor-targeting functional groups to NIR-
absorbing PSs and develop intelligent PSs specifically activated
by tumour microenvironment (e.g., pH, over-expressed protein
or enzymes) to enhance the targeting efficiency in complex
pathological environments.

3 Summary and outlook

In this review, we have highlighted the potential of photode-
gradable photosensitizers to enhance the safety profile of
photodynamic therapy (PDT). These photosensitizers degrade
upon light activation, reducing the accumulation of residual
substances post-treatment, and thereby minimizing potential
side effects. With advancements in photodegradable photosen-
sitizers, not only can the specificity and efficacy of photother-
apy be improved, but photochemical stability and degradation
kinetics can also be optimized through structural modifica-
tions and fine-tuning of reaction conditions.

Despite promising results from both in vitro and in vivo
studies, several challenges remain. First, a thorough evaluation
of the toxicity of the degradation products is crucial to ensure
safety in clinical applications. Second, the degradation rate
must be synchronized with the therapeutic window to maintain
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treatment efficacy. Furthermore, enhancing the light absorp-
tion efficiency and tissue penetration depth of these photosen-
sitizers will be critical areas for future research.

The integration of novel materials and nanotechnology is
expected to further advance the field of photodegradable
photosensitizers, especially in precision medicine. For exam-
ple, the combination of photosensitizers with smart nanocar-
riers could enable controlled release and targeted delivery.
Additionally, the development of multifunctional photosensiti-
zers will likely expand their applications in theragnostic. We
believe that photodegradable photosensitizers hold significant
potential to revolutionize both the safety and effectiveness of
PDT and other phototherapy modalities.
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