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The clinical application of conventional photodynamic therapy (PDT) is often limited by the nonspecific
phototoxicity of "always-on” photosensitizers. Activatable photosensitizers (aPSs) have emerged as
a promising solution to this challenge. These smart agents are designed to remain inactive under normal
physiological conditions and become activated only by disease-specific stimuli, thereby significantly
improving treatment specificity and safety. This review summarizes the key design strategies for
developing effective aPSs. We focus on the general principles of utilizing various quenching mechanisms,
such as energy or electron transfer processes and aggregation behavior control, to suppress

photosensitizer activity until a specific trigger is encountered. Representative examples are discussed to
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Accepted 28th January 2026 illustrate how these designs respond to biomarkers like enzymes, glutathione, or acidic pH to activate
therapeutic functions. By minimizing off-target effects and enhancing spatial control, these mechanism-

DOI: 10.1035/d55c09499b guided approaches pave the way for more precise and clinically viable PDT protocols, aligning with the
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1 Introduction

Since Raab and von Tappeiner first reported the light-induced
cytotoxicity of certain dyes in the early 20th century, PDT has
evolved for more than a century."” As a treatment combining
photosensitizers (PSs), light, and O,, PDT offers clear advan-
tages over traditional chemotherapy and radiotherapy.’ Its
spatiotemporal controllability allows accurate adjustment of
the light position, dose, and duration, enabling localized tumor
treatment while reducing systemic toxicity.**> Beyond directly
causing apoptosis or necrosis through generation of reactive
oxygen species (ROS), PDT can also trigger immunogenic cell
death (ICD), which activates antitumor immune responses and
creates a synergistic link between local tumor damage and
immune regulation.*” PDT can further inhibit tumor angio-
genesis and remodel the tumor microenvironment (TME), and
it can be repeatedly applied with minimal risk of drug
resistance.*™ In recent years, several PSs, such as Photofrin,
Verteporfin, Tookad, and Akalux have been approved for clinical
use in treating cancers of the skin, lung, esophagus, and
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core objectives of precision medicine.

bladder and age-related macular degeneration.'**> With high
selectivity and multiple therapeutic pathways, PDT is becoming
a promising option for precise and minimally invasive cancer
treatment.'**®

The effectiveness of PDT depends on the efficient activation
of PSs under light irradiation. After absorbing light of a specific
wavelength, the PS is excited from the ground singlet state S, to
a short-lived high-energy singlet state S, and then quickly
relaxes to the lowest excited singlet state S; through internal
conversion. From S;, the PS can deactivate through two main
routes: some molecules return to the ground state by fluores-
cence emission, while others undergo intersystem crossing to
form a long-lived triplet state T;. The triplet PS serves as the key
intermediate in PDT and generates ROS through two photo-
chemical pathways, known as Type I and Type II reactions
(Fig. 1). In the Type I pathway, the excited PS reacts with nearby
biomolecules such as lipids, proteins, or nucleic acids through
electron or hydrogen transfer, producing radical intermediates
like PS"~ or PS"*. These radicals then react with O, to form
superoxide anions O, ", which can further produce H,O, or
hydroxyl radicals “OH. This pathway strongly depends on the
redox potential of the PS and the surrounding microenviron-
ment, including the oxygen level, pH, and substrate
availability.”* In the Type II pathway, the triplet PS transfers
energy directly to ground-state triplet oxygen (*0,) to form
singlet oxygen ('0,), which is considered the main reactive
species responsible for PDT-induced cellular damage.**?

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Electronic transitions of photosensitizers that generate ROS
during PDT.
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The photochemical efficiency of PSs is crucial for effective
PDT, but their strong ability to generate ROS also poses the risk
of unwanted phototoxicity.>*** When too many ROS are
produced, they can damage normal tissues within the illumi-
nated area, leading to inflammation, vascular injury, or unin-
tended cell death.”” Local delivery methods, such as
intratumoral injection, can help reduce systemic or skin
toxicity, but they cannot fully stop light-exposed healthy tissues
from being affected.”® Clinical findings have confirmed these
safety concerns, as serious cardiopulmonary problems and local
tissue injuries have been observed in patients treated with
Photofrin® or Visudyne®-based PDT.?*?* These cases show the
difficulty of achieving complete spatial selectivity in vivo.

To enhance the precision of PDT, two main strategies have
been developed: molecular targeting and activation-based
control.®»** Targeted PSs can improve accumulation in
diseased tissue through ligand recognition, but they still face
the problem of off-target activation when exposed to light,
which may cause unintended tissue damage.*** In contrast,
aPSs represent a new class of PDT agents that stay non-reactive
during circulation and become active only in response to
specific biological signals such as abnormal pH, redox imbal-
ance, or high enzyme activity.*® This activation-based mecha-
nism limits PDT effects to diseased regions in both space and
time, greatly reducing harm to normal tissues. Clinically, aPSs
show strong potential to solve one of the major problems of
traditional and targeted PDT, nonspecific phototoxicity, by
combining sensitive diagnosis with controllable treatment.*”**
With rational molecular or supramolecular design, aPSs provide
a promising path toward safer, more selective, and personalized
PDT in line with the goals of precision medicine.*

The realization of precise activation in aPSs fundamentally
relies on rational molecular design. Whether a PS can stay
optically silent under physiological conditions and then be
efficiently activated by disease-specific cues is determined by
its photophysical properties and electronic regulation. Over
the past decade, various molecular engineering strategies
have been developed to control intramolecular energy or
electron transfer pathways, including intramolecular charge
transfer (ICT), photoinduced electron transfer (PET), Forster
resonance energy transfer (FRET), aggregation-induced

© 2026 The Author(s). Published by the Royal Society of Chemistry
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emission (AIE), aggregation-caused quenching (ACQ), and
tetrazine-mediated quenching systems.*>** Each mechanism
offers a distinct way to modulate fluorescence and ROS
generation of PSs, allowing precise control over their optical
and photodynamic outputs. Beyond simply switching lumi-
nescence on or off, these strategies allow aPSs to incorporate
multiple responsiveness elements such as enzymatic activity,
pH changes, redox imbalance, or hypoxia, creating a direct
link between photophysical behavior and pathological
microenvironments. Integrating these mechanisms not only
improves therapeutic selectivity and reduces off-target
phototoxicity but also enables real-time diagnostic imaging
and treatment monitoring.

The seminal review by Li et al. offered a pioneering
summary of aPSs, effectively transitioning the field from
conventional dyes to “smart”, stimuli-responsive thera-
nostics. By systematically categorizing diverse triggers—
including tumor acidity, elevated glutathione levels, and
enzymatic activity—their work established a framework for
achieving precise spatiotemporal control over singlet oxygen
generation.*” In recent years, several reviews have summa-
rized aPSs from different perspectives such as biological
targets, activation triggers, or structural families.***” Despite
these efforts, one essential dimension remains insufficiently
addressed: the classification of aPSs based on their quench-
ing mechanisms. These mechanisms, including pathways
that regulate excited-state energy dissipation or suppress
ROS generation, are the fundamental determinants of
whether a PS can remain optically silent in physiological
environments and be selectively activated within disease
sites. This mechanistic viewpoint is of particular significance
because quenching processes directly shape crucial parame-
ters such as off-state leakage, activation contrast, ROS output
efficiency, photostability, and the overall fidelity of spatio-
temporal control. A precise understanding of how quenching
governs the on/off photophysical transitions is therefore
central to the rational engineering of aPSs with predictable
and tunable activation behaviors. Yet the current literature
seldom organizes aPSs within a unified framework grounded
in these photophysical suppression pathways.

To fill this gap, the present review systematically categorizes
aPSs according to their underlying quenching mechanisms,
establishing a mechanism-centered framework that links
excited-state regulation with activation performance. By
consolidating diverse molecular designs under this photo-
physical logic, this review clarifies the fundamental activation
pathways, distills cross-platform design principles, and
provides a coherent conceptual foundation for developing next-
generation aPSs with higher selectivity, stronger signal-to-
background ratios, and improved therapeutic reliability.

In the following sections, representative activation mecha-
nisms of aPSs will be summarized, with a focus on the molec-
ular design logic, activation principles, and structure-function
relationships. Understanding these mechanisms provides
a blueprint for developing next generation aPSs with higher
precision, deeper tissue penetration, and better clinical trans-
latability in PDT.
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2 FRET-based design of aPSs

2.1 Design principles and basic mechanisms

FRET represents one of the most fundamental strategies for
constructing aPSs.” In a typical FRET-based design, an excited
PS transfers its excitation energy non-radiatively to a nearby
quencher, effectively suppressing intersystem crossing and
consequently inhibiting ROS generation.* The efficiency of this
process is primarily determined by three photophysical
parameters: the degree of spectral overlap between donor
emission and acceptor absorption, the donor-acceptor distance
which usually falls within the 10-100 A range where dipole-
dipole coupling remains effective, and the relative orientation
of the transition dipoles that dictates the strength and direc-
tionality of energy transfer. To ensure robust quenching, donor
and acceptor units are often connected through carefully engi-
neered spacers such as flexible alkyl chains, short peptide
sequences, or nucleic acid fragments. These structural elements
allow fine control over molecular distance, mobility, and
geometric arrangement, which are all essential for maintaining
an optimal FRET configuration. In addition, the local micro-
environment surrounding the aPS, including solvent polarity,
viscosity, and the degree of molecular restriction, can further
influence conformational dynamics and dipole alignment,
thereby modulating overall FRET efficiency.>***

Conceptually, a FRET-based aPS can be viewed as a molec-
ular dyad composed of a PS and a responsive quencher linked
by a cleavable or conformation-dependent bridge. The activa-
tion process involves disruption of the energy transfer pathway
through structural or chemical changes within this linkage,
resulting in recovery of fluorescence and photosensitizing
activity (Fig. 2A). For example, Wang et al. reported an azo-PDT
system in which an azo linker connects the PS Pyro with the
Near-Infrared (NIR) fluorophore SiR-665.>> The design uses an
FRET effect to suppress both fluorescence and phototoxicity
under normoxic conditions. In hypoxic tumor environments,
the azo bond undergoes reductive cleavage, which removes this
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suppression and enables tumor-specific fluorescence imaging
and PDT (Fig. 2B). Such a modular design framework provides
a versatile foundation for tailoring aPSs with desired switching
behaviors and activation mechanisms (Table 1 and Fig. 4).

2.2 Recent progress in FRET-based aPSs

In FRET-based aPSs, controlling the proximity between the donor
and acceptor is the key factor determining energy transfer effi-
ciency. Careful design of the chemical linkage between the PS
and quencher dictates whether the system stays in an off or on
photodynamic state. Among biological stimuli, glutathione
(GSH), which is present at much higher levels in the tumor
cytoplasm than in normal tissues, provides an ideal internal
trigger for selective activation.*>* To take advantage of this redox
gradient, FRET systems often use disulfide bonds as dynamic
linkers.** These bonds can be cleaved by intracellular GSH,
causing the donor and acceptor to separate and restoring fluo-
rescence and ROS production. This simple but effective strategy
allows precise control of the FRET process and has been widely
used in designing GSH-responsive aPS for tumor-selective PDT.

Building on this strategy, Shi et al. reported in 2019 an intelli-
gent FRET-based aPS composed of zinc phthalocyanine (ZnPc) as
the ROS-generating donor and a ferrocenyl-substituted BODIPY as
a NIR dark quencher.*® The donor and acceptor were connected
through a GSH-cleavable disulfide bond, allowing simultaneous
control of FRET and PET processes. When exposed to intracellular
GSH (2-4 mM, 37 °C), the disulfide bond was cleaved, separating
the quencher and markedly enhancing fluorescence (~8-fold at
704 nm) and singlet oxygen generation (up to 5-fold). A non-
cleavable analogue showed negligible change. In HT29 cells, the
cleavable aPS displayed 1.6-fold higher intracellular fluorescence
than the non-cleavable version and a significantly lower ICs, under
irradiation (0.42 pM vs. 1.42 puM), confirming effective GSH-
triggered activation and phototoxicity. In vivo imaging further
revealed sustained tumor fluorescence up to 48 h after intra-
tumoral injection, while the non-cleavable control produced
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Fig. 2 Basic principle (A) and example (B) of FRET based aPS design. Reproduced with permission from ref. 52. Copyright 2020, Springer Nature.
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Table 1 FRET based aPS design
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Response factors Range of stimulation Response moiety Photosensitizer Fluorescence activation ROS activation Ref.
MMP-7 >8 nM Peptide PPa %12 x18 53
MMP-9 >6 nM Peptide PPa — — 54
GSH — Disulfide bond PPa x149 x100+ 55
GSH 0-4 mM Disulfide bond ZnPc x8 x4 56
CTSB — Peptide ZnPc — — 57
GSH/pH ~1.0 mM Aryl chloride BODIPY — x10 58
GSH ~10 mM Disulfide bond BODIPY X ~4 — 59
HCIO 0-100 uM Thioether TPA X22 — 60
Hypoxia — Azobenzene PPa x~15 x~20 52
pH pH 5.5-7.4 Hydrazone ZnPc X~2 X~2 61
CTSB/MMP-2 2 pg per mL (MMP-2) Peptide DSBDP — — 62
1 U per mL (cathepsin B)
GSH 0-10 mM F,TCNQ TPA — — 63

a minimal signal. This work highlighted ferrocenyl-BODIPY as an
efficient and tunable dark quencher and established disulfide-
mediated FRET as a powerful approach for designing GSH-
responsive aPSs for tumor-selective imaging and PDT.

Similarly, Cao et al. reported a GSH-activatable aPS using
a FRET-quenching design (Fig. 3A). This system employed two
BODIPY derivatives as the PS and quencher, linked through
a GSH-cleavable disulfide bond.*® In its intact form, efficient
FRET kept the PS off by suppressing fluorescence and singlet
oxygen generation. In a GSH-rich TME, disulfide cleavage di-
srupted FRET, restoring photoreactivity and fluorescence.
Spectroscopic studies showed that 8a remained stable in 2 uM
GSH, while in 10 mM GSH about 77% of the conjugate was
activated within 720 min following pseudo-first-order kinetics
(kobs = 5.8 x 107> min™"). In cancer cells including A549, HeLa,
and H22, the system displayed strong GSH-dependent fluores-
cence recovery and ROS production, with ICs, values below 0.7
uM, whereas low-GSH fibroblasts showed negligible responses.
In vivo, the PS selectively accumulated in tumors and was effi-
ciently activated, resulting in significant tumor growth inhibi-
tion under 670 nm irradiation without systemic toxicity.

In small-molecule PS systems, GSH can trigger a switch from
off to on by cleaving chemical bonds, which has been well
demonstrated; meanwhile, nanomaterial-based platforms have
also shown immense potential in tumor therapy by providing
a modular architecture to integrate targeted delivery with
programmable, deep-tissue penetration for the treatment of
deep-seated tumors.*>*® In more complex tumor environments,
incorporating a GSH-responsive mechanism into a nanodelivery
system can further improve PS stability in vivo and extend
circulation time. It also allows integration with targeting and
multimodal therapy functions, enabling more precise tumor
treatment. Nanomaterials offer advantages such as modifi-
ability, tumor accumulation through the enhanced perme-
ability and retention (EPR) effect, and the ability to combine PSs
with immune modulators, making them an important direction
for GSH-responsive aPS research. Based on this concept,
researchers developed a redox-activated porphyrin-based lipo-
some system (RAL) to combine PDT and immunotherapy®
(Fig. 3B). The system is formed by self-assembly of porphyrin-

© 2026 The Author(s). Published by the Royal Society of Chemistry

lipid conjugates into liposomes and uses remote loading to
encapsulate the indoleamine 2,3-dioxygenase (IDO) inhibitor
NLG-8189, creating IND@RAL nanoparticles. Under normal
physiological conditions, homotransfer fluorescence resonance
energy transfer (HOMO-FRET) between porphyrin units keeps
fluorescence and PDT activity off. In tumor cells, high GSH
cleaves the disulfide bonds in the liposomes, triggering an
exponential increase in fluorescence and PDT activity (>100-
fold) and releasing the encapsulated drug. After activation,
IND@RAL under 660 nm laser irradiation efficiently generates
ROS, disrupting mitochondrial membrane potential and
inducing ICD, as indicated by calreticulin exposure, high
mobility group box 1 (HMGB1) release, and adenosine
triphosphate (ATP) secretion. The released IDO inhibitor blocks
the Trp-Kyn pathway, reverses the immunosuppressive TME,
and promotes CD8" T cell infiltration. In a 4T1 breast cancer
model, IND@RAL showed prolonged circulation time (half-life
extended from 1.17 h to 8.23 h) and tumor accumulation
more than 11 times higher than that for the free drug. This
treatment effectively inhibited primary tumor growth, sup-
pressed distant metastases, and significantly improved survival
without obvious toxicity to major organs. To further enhance
specificity and overcome the limitations of ACQ, Teng et al.
developed a “dual lock-and-key” supramolecular photosensi-
tizer, BIBCI-PAE NPs. This system integrates pH-responsive
micelle disassembly with a GSH-triggered aromatic nucleo-
philic substitution that initiates the FRET process. This dual-
stimulus logic ensures that photoreactivity is exclusively
restored within the acidic and GSH-rich TME, achieving a 10-
fold increase in singlet oxygen generation compared to the
inactive state. Such multifaceted control provides a more robust
strategy for minimizing off-target phototoxicity in complex
biological environments.*®

The GSH-triggered cleavage of disulfide bonds effectively
controls donor-acceptor interactions within PSs, providing
high tumor specificity while keeping activity low in normal
tissues. Building on this concept of regulating molecular
donor-acceptor relationships, enzyme-responsive systems offer
another important approach. In these systems, disease-specific

proteases  selectively unlock PS activity, providing
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Fig. 3 Examples of FRET based aPS design. (A) GSH responsive FRET aPS design. Reproduced with permission from ref. 59. Copyright 2020,
ELSEVIER. (B) Design and mechanism of action of a redox-activated porphyrin-liposome system. Reproduced with permission from ref. 55.
Copyright 2019, American Chemical Society. (C) aPS design based on dual-lock FRET quenching. Reproduced with permission from ref. 62.
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Fig. 4 The main structures of FRET-based aPSs.

complementary strategies for spatially and temporally
controlled aPS design. Matrix metalloproteinases (MMPs),
a class of zinc-dependent endopeptidases, play a central role in
the degradation and remodeling of the extracellular matrix, and

© 2026 The Author(s). Published by the Royal Society of Chemistry
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their activity is closely associated with tumor invasion, metas-
tasis, and angiogenesis. Because MMPs are markedly overex-
pressed in a wide range of malignant tumors while being tightly
regulated in normal tissues, they are regarded as ideal
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endogenous triggers for achieving precise activation of aPSs
within the tumor microenvironment. Based on this biological
rationale, Zheng et al. first proposed the concept of photody-
namic molecular beacons (PMBs) in 2007, successfully realizing
MMP-7-dependent, specific regulation of the singlet oxygen-
generating capability of photosensitizers.>® In 2018, Stallivieri
and colleagues targeted overexpressed matrix
metalloproteinase-2 (MMP-2), MMP-9, and MMP-14 in the TME
to design five novel enzyme-responsive PSs, referred to as
PMBs.* Each PMB consisted of a PS (pyropheophorbide a or P1-
COOH), a singlet oxygen quencher (BBQ-650 or BHQ3), and an
MMP-cleavable peptide, with some incorporating polyethylene
glycol (PEG) spacers to improve solubility and spatial confor-
mation. Optical and photochemical studies showed that in the
activatable uncleaved state, FRET efficiently suppressed fluo-
rescence and singlet oxygen generation, achieving optical
silence and photodynamic inactivity. Enzymatic assays
confirmed that MMP-2 and MMP-14 effectively activated the
PMBs, and the PEG spacers further enhanced cleavage effi-
ciency. Subsequent cell experiments demonstrated that the
PMBs could be activated by MMPs secreted from tumor cells.

Similarly, Wang et al. developed a cathepsin B NQO1(NAD(P)
H dehydrogenase (quinone 1))-activatable fluorescent probe
and PS (Pc-FcQ) based on a ferrocene-BODIPY dark quencher.””
The research team first designed and synthesized an iron-based
BODIPY quencher featuring broad absorption in the NIR region
(500-800 nm) and negligible fluorescence. The introduction of
di-triethylene glycol substituents significantly improved its
hydrophilicity and biocompatibility. Zinc porphyrin (Pc-COOH)
was selected as the fluorophore and photosensitizing unit and
conjugated to the quencher through a CTSB-cleavable peptide
linker (Gly-Phe-Leu-Gly-Lys) to afford Pc-FcQ. The fluorescence
and singlet oxygen generation of the Zn-porphyrin moiety were
strongly quenched via both FRET and PET, with a fluorescence
quenching efficiency of approximately 92% and singlet oxygen
yield markedly lower than that of free Pc-COOH. A non-
cleavable analogue, N-Pc-FcQ, exhibited similarly quenched
optical properties. In vitro studies, Pc-FcQ underwent CTSB-
mediated peptide cleavage in HepG2 cells, leading to fluores-
cence recovery. Pre-treatment with a CTSB inhibitor markedly
suppressed the fluorescence signal, confirming enzyme-specific
activation. Under red-light irradiation, Pc-FcQ showed a lower
phototoxic ICs, value (0.32 pM) than N-Pc-FcQ (0.53 puM),
demonstrating that its photodynamic activity was CTSB-
dependent. In in vivo experiments, after intratumoral injec-
tion into HT29 tumor-bearing nude mice, the fluorescence
intensity of Pc-FcQ in the tumor region gradually increased
within 10 h, whereas N-Pc-FcQ exhibited only weak fluorescence
even after 48 h. These results confirmed that Pc-FcQ could be
effectively activated by CTSB in vivo. This study broadens the
application of dark quenchers in the precise spatiotemporal
control of fluorescence and photodynamic activity, providing
valuable guidance for the future design of aPSs.

To further improve tumor specificity, Tam et al. designed an
enzyme-responsive dual-lock PMB (compound 1) to address the
low selectivity and skin phototoxicity of conventional PDT*
(Fig. 3C). The PMB follows an AND logic gate mechanism,
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requiring sequential cleavage by MMP-2 in the extracellular
space (PLGVR substrate) and CTSB in lysosomes (GFLG
substrate) to separate the PS DSBDP from the quencher BHQ-3.
In its inactive state, FRET completely suppresses fluorescence
(¢ = 0.01) and ROS generation (@, = 0.02) compared with free
DSBDP (& = 0.22, &, = 0.52). Single-enzyme treatment
restored only about 13-16% fluorescence and minimal ROS,
while dual-enzyme cleavage produced nearly 85% fluorescence
recovery and ROS generation similar to DSBDP. LC-MS
confirmed complete conversion to DSBDP and BHQ-3 frag-
ments. In cell studies, strong activation occurred in MMP-2-
high tumor cells such as A549 and U-87 MG, whereas weak
signals were observed in HeLa and HEK-293 cells with low
enzyme expression. ROS detection with H,DCFDA and light-
induced cytotoxicity (A > 610 nm, 28 ] cm™?) were maximal in
dual-enzyme-activated tumor cells (ICs, = 0.78-0.91 pM) but
much lower in low-expression or inhibitor-treated cells (ICsq =
3.06 uM). The activated PMB mainly accumulated in lysosomes,
consistent with an endocytosis-lysosomal activation process. In
vivo, intratumoral injection of the PMB into A549 tumor-bearing
mice produced strong tumor fluorescence that peaked at 6 h,
about 4.3 times higher than that of the non-cleavable control.
Light treatment at 680 nm (0.3 W cm > and 180 ] cm ?)
significantly inhibited tumor growth without body weight loss
or organ toxicity. Notably, the PMB avoided the skin phototox-
icity seen with “always-on” DSBDP. This work demonstrates
that a dual-enzyme AND gate can achieve high tumor specificity,
efficient ROS generation, and minimal off-target toxicity,
offering a precise and safe strategy for anticancer PDT and
a model for future multi-stimuli-responsive PS design.

FRET-based aPSs offer a versatile and modular strategy for
achieving precise control over both fluorescence emission and
ROS generation. Beyond enzyme-responsive systems, FRET
activation can be rationally coupled to a variety of tumor-
associated stimuli, such as acidic pH,** redox gradients,
hypoxia-induced changes,” or specific small biomolecules®
(e.g., glutathione, hydrogen peroxide, and ATP), to achieve
selective activation within the complex TME. The flexibility of
FRET allows for the incorporation of diverse recognition motifs
and linkers, enabling the construction of programmable aPSs
that respond to endogenous biochemical cues or exogenous
therapeutic triggers.

Overall, FRET provides (i) spatiotemporal regulation of PS
activity through controllable donor-acceptor proximity, (ii)
tunable quenching and activation efficiencies via spectral and
structural optimization, and (iii) the potential implementation
of multi-stimuli “AND/OR” logic gates to enhance selectivity
and minimize false activation. Moreover, by integrating FRET
mechanisms with nanocarriers or supramolecular assemblies,
researchers have realized real-time imaging-guided PDT
systems that combine diagnostic and therapeutic capabilities in
a single platform. By effectively minimizing background fluo-
rescence and off-target phototoxicity, FRET thus establishes
a robust foundation for the rational design of next-generation
aPSs, representing a key molecular strategy for highly selec-
tive, controllable, and clinically translatable tumor-targeted
PDT.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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3 PET-based design of aPSs

3.1 Design principles and basic mechanisms

PET is another fundamental mechanism employed in aPSs to
regulate photophysical processes at the molecular level. In a PET
system, the excited-state energy of a PS is modulated through
intramolecular electron transfer between the photosensitizing
core and a nearby electron donor or acceptor unit. Unlike FRET,
which relies primarily on spatial proximity and spectral overlap,
PET efficiency is determined by the redox potentials and frontier
orbital energy levels of the interacting components.®

Depending on the direction of electron flow, PET can be
classified into donor-type (d-PET) and acceptor-type (a-PET)
configurations.”®”* In a-PET, an electron from an electron-rich
moiety fills the excited-state vacancy of the PS, thereby deacti-
vating its excited singlet or triplet state. Conversely, in d-PET,
the excited PS donates an electron to an electron-deficient
group, forming a charge-transfer state that quenches both
fluorescence and ROS production. The thermodynamic feasi-
bility of PET is governed by the energy gap between the donor's
highest occupied molecular orbital (HOMO) and acceptor's
lowest unoccupied molecular orbital (LUMO), which can be
finely tuned through chemical modification, conjugation
adjustment, or substitution with electron-withdrawing or
electron-donating groups.”

A typical PET-based aPS consists of a PS core electronically
coupled to a responsive recognition unit through covalent or -
conjugated linkage. This regulatory unit serves as an internal
quencher, maintaining the molecule in an “off” state until
a specific stimulus alters the redox landscape or disrupts the
coupling pathway. The resulting change in orbital alignment
prevents electron transfer, thereby restoring the PS's excited-state
activity (Fig. 5A). For example, Wang et al. (2022) developed
a NanoPcM nanoprobe, formed by the self-assembly of
morpholine-substituted silicon phthalocyanine (PcM) with
albumin.” Under normoxic conditions, its fluorescence is
quenched by the combined effects of PET and ACQ. In the acidic
TME, protonation of the morpholine nitrogen removes this
quenching and promotes nanoparticle disassembly, thereby
activating fluorescence imaging and Type-I PDT. When
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combined with aPD-1 treatment, NanoPcM further enhances
antitumor immunity and induces a strong abscopal effect
(Fig. 5B). Based on this principle, a variety of stimulus-responsive
systems have also been developed. For example, He et al. and
Turan et al. independently reported phthalocyanine- and
BODIPY-based aPSs in which GSH induces the cleavage of
electron-donating or “electron-trap” modules, thereby enabling
efficient activation within tumor cells. In addition, the PET
mechanism has been successfully extended to the sensing of
gaseous signaling molecules. Hu et al. developed a nitric oxide
(NO)-activatable platform that precisely regulates fluorescence
imaging and photodynamic therapeutic performance in response
to pathological levels of NO.”*7® Such modular and electronically
tunable designs form the basis for constructing PET-based aPSs
capable of precise controlled activation through rational molec-
ular engineering (Table 2 and Fig. 7).

3.2 Recent progress in PET-based aPSs

For PET-based aPSs, the design principle relies on PET between an
electron donor and an electron acceptor, which can effectively
quench fluorescence and suppress singlet oxygen generation under
inactive conditions. In this system, the PS can act either as an
electron donor (d-PET) or an electron acceptor (a-PET), depending
on the electronic properties of the neighboring recognition moiety.
Upon encountering specific stimuli, such as changes in pH, redox
state, or enzymatic cleavage, the electron transfer process is
blocked, restoring the photophysical activity of the PS.

A common PET-based design strategy employs iron-
containing ferrocene (Fc) wunits as electron-donating
quenchers. Fc derivatives are attractive due to their strong
electron-donating capacity, chemical robustness, and tunable
amphiphilicity, making them ideal for constructing PET-based
aPSs. By tethering Fc to the PS through cleavable linkers, elec-
tron transfer remains active under physiological conditions but
is selectively disrupted within pathological microenvironments,
thus restoring fluorescence and 'O, generation. In Lau's work in
2014, the ferrocenyl units function as effective quenchers that
suppress both the fluorescence and the singlet oxygen produc-
tion of the phthalocyanine core via the PET mechanism. The
design is characterized by the integration of two distinct

0.
()
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Sl ‘5“50‘? 4
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= CLNS
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# e
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o
, Low pH
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Fig. 5 Basic principle (A) and example (B) of PET based aPS design. Reproduced with permission from ref. 73. Copyright 2022, American

Chemical Society.
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Table 2 PET based aPS design

Response Range of Fluorescence ROS

factors stimulation Response moiety Photosensitizer activation activation Ref.

GSH 0-1 mM 2,4-Dinitrobenzene ZnPc xX~20 — 74
sulfonyl moiety

GSH — 2,4-Dinitrobenzene BODIPY — — 75
sulfonyl moiety

NO 0-135 uM o-Phenylenediamine Bis(phenylethynyl) x~45 x100+ 76

benzene

Hypoxia 0-0.75 pgmL ™" 4-Nitrobenzyl Fluorescein x7 x~3.3 77

Hypoxia 0-1 pg mL™* 4-Nitrobenzyl Cyanine 78

GSH — Disulfide bond TPE — — 79

pH — Amino group BODIPY — — 80

pH — Protonation of the tertiary TPP x2.9 x~6.1 81
amine group (tetraphenylporphyrin)

v-GT ~100 uM Acylamide bond BODIPY — — 82

pH PH 6.0-7.2 Morpholine Phthalocyanine — — 73

GSH 0-10 pg mL ™" Disulfide bond TPE — — 83

ALP — Phosphate group TPA %126 — 84

Hypoxia — Azobenzene linker AlEgen T-2TM x7 x1.8 85

Hypoxia 0-10 pg mL ™" 4-Nitrobenzyl Thio-pentamethine — x2.5 86

cyanine

bioresponsive linkers; specifically, a redox-sensitive disulfide
bridge and an acid-labile hydrazone unit were utilized to tether
the quenchers to the central photosensitizer. This dual-
responsive configuration essentially operates as a molecular
logic gate, where the maximum restoration of therapeutic
activity is only achieved in environments that are simulta-
neously acidic and rich in thiols. By demonstrating significantly
enhanced in vitro photocytotoxicity and successful in vivo tumor
inhibition, this work validated the utility of ferrocene as
a versatile quencher for “smart” theranostics. This pioneering
study proved that integrating multiple control elements could
drastically reduce non-specific activation, thereby providing the
foundational principles for the subsequent evolution of
increasingly sophisticated, multi-responsive, and logic-gated
photodynamic systems. PET-based aPSs have also been inte-
grated with AIE design principles to circumvent ACQ and
minimize nonspecific ROS damage.?” A representative example
based on this work is TPEPY-S-Fc, developed for GSH-
activatable, imaging-guided PDT.” TPEPY-S-Fc couples an Fc
moiety to a TPEPY core via a GSH-cleavable disulfide bond.
Under normal conditions, PET from Fc effectively quenches
TPEPY fluorescence and 'O, production (Fig. 6A). In tumor
cells, elevated GSH cleaves the bond, releasing TPEPY-SH and
restricting intramolecular motion, which restores red fluores-
cence (620 nm, 12-fold enhancement, ®: 0.2% to 10.3%) and
'0, generation (®,: 2.4% to 21.3%), thereby activating both
imaging and PDT. Cellular studies revealed mitochondrial
accumulation and strong fluorescence in high-GSH cancer cells,
but weak emission in normal HUVECs. Upon white-light irra-
diation (25 uM, 10 min), TPEPY-S-Fc achieved around 90%
tumor cell ablation while sparing normal cells, demonstrating
its high selectivity and therapeutic precision.

PET-based aPSs have also been engineered to respond to the
TME, particularly hypoxia. Conventional PDT suffers from

3966 | Chem. Sci,, 2026, 17, 3958-3990

reduced efficacy in oxygen-deficient regions;**** however, the
tumor periphery often exhibits mild hypoxia (~10% O,), which
can be exploited for enzymatic activation. Nitroreductase (NTR)-
activatable theragnostic systems based on thermally activated
delayed fluorescence (TADF) fluorophores have emerged as
effective platforms for fluorescence imaging and PDT under
such conditions. Liu et al. developed a smart activatable mole-
cule derived from TADF luminophores that undergoes NTR-
mediated activation under 10% O,, enabling efficient fluores-
cence detection and PDT.” The PSs showing superior NTR
responsiveness, in vitro, demonstrated rapid activation kinetics
(completed within 15 min) and high sensitivity (detection limit
of 8 ng mL ). Mechanistic analysis revealed that NTR reduced
PSs, suppressing the intramolecular PET process and simulta-
neously restoring fluorescence and PDT efficiency. Cellular
studies confirmed hypoxia-dependent activation, with
achieving enhanced PDT efficacy against HeLa cells under 10%
0, (IC5¢ = 5.91 uM), outperforming protoporphyrin IX (IC5, =
6.46 uM). In vivo, the PS enabled bright tumor fluorescence
imaging and significantly inhibited tumor growth in HeLa-
bearing mice. This study demonstrates the strategic use of
mild hypoxia at tumor margins as an activation trigger, effec-
tively overcoming the limitations of conventional PDT under
severe hypoxia and integrating diagnostic and therapeutic
functions in a single design.

Building on the concept of mild hypoxia-activated PET-based
aPSs, Zheng et al. reported a NIR theranostic PS, CYNT-1,
derived from a trimethylammonium phthalocyanine dye.”®
CYNT-1 is activated by NTR under mild hypoxia, enabling
selective fluorescence imaging and efficient PDT. The molecule
was constructed by introducing a 4-nitrobenzyl group into
CYNT, a phthalocyanine dye with a long triplet-state lifetime
(9.16 ps), where fluorescence and PDT efficiency remained “off”
due to intramolecular PET. CYNT-1 exhibited high selectivity

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Examples of PET based aPS design. (A) GSH responsive PET aPS design. Reproduced with permission from ref. 79. Copyright 2020, The
Royal Society of Chemistry. (B) Mechanistic study on the regulation of C2’-substituted TCy5 derivatives. Reproduced with permission from ref.
86. Copyright 2024, Wiley-VCH GmbH. (C) Nano-to-molecular disassembly aPS design. Reproduced with permission from ref. 80. Copyright
2021, Elsevier.
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toward NTR (detection limit 16 ng mL™") and rapid activation models to mimic the TME, CYNT-1 penetrated up to 160 pm and
within 15 min. In cell studies, CYNT-1 showed strong hypoxia- was activated within the spheroids. Mechanistic studies indi-
dependent activation and optimal PDT efficacy against HeLa cated lysosomal targeting, where 'O, generation disrupted
cells under varying hypoxic conditions. Using 3D spheroid lysosomal integrity and induced apoptosis. This represents the
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first NIR-range NTR-activatable theragnostic molecule, over-
coming the limited tissue penetration of visible-light-based
agents and providing a promising strategy for integrated diag-
nosis and therapy of deep tumor tissues.

Although these aPSs display favorable photophysical prop-
erties, more advanced molecular regulation strategies are
needed to address the challenges of clinical applications under
varying conditions. Peng et al. reported a series of C2'-
substituted TCy5 derivatives, including C2-NO, and C2-NH,, as
NTR-aPSs for hypoxia-targeted PDT.* The dyes were synthesized
via a three-step strategy introducing electron-withdrawing
groups (e.g., -NO, and —-CF;) or electron-donating groups (e.g.,
-OMe and -NH,) at the C2’ position (Fig. 6B). These substitu-
tions modulate twisted intramolecular charge transfer (TICT)
and PET: electron-withdrawing groups enhance TICT and
quench fluorescence, whereas electron-donating groups reduce
TICT, strengthen PET, and simultaneously improve ®r and
intersystem crossing (ISC) efficiency. Under hypoxic tumor
conditions, C2-NO, is reduced by NTR to C2-NH,, restoring
photophysical activity. In vitro characterization using UV-vis-
NIR absorption, fluorescence spectroscopy, di-
phenylisobenzofuran assay, and electron spin resonance
confirmed 'O, generation, ROS type, and excited-state
dynamics, with femtosecond transient absorption revealing
rapid excitation processes. Cellular studies showed that HepG2
cells under hypoxia exhibited a 4.9-fold fluorescence increase
compared with normoxia, and 660 nm irradiation (20 mwW
em 2, 15 min) reduced tumor cell viability below 20% while
sparing normal cells (>70% survival). C2-NO, preferentially
localized in mitochondria (Pearson’s r = 0.91). In BALB/c mice
bearing 4T1 xenografts, intratumoral injection of C2-NO,
produced peak fluorescence within 3 h, and combined 671 nm
irradiation (100 mW ecm ™2, 15 min) over 14 days limited tumor
growth to 1.5-fold, outperforming indocyanine green controls,
without observable toxicity. This C2'-substituted TCy5 platform
overcomes the conventional trade-off between fluorescence and
ISC efficiency in cyanine dyes, providing a tunable molecular
strategy for hypoxia-responsive fluorescence-guided PDT and
a promising avenue for precise tumor theranostics.

Beyond redox and hypoxia responsiveness, tumor tissues and
intracellular compartments also exhibit significant acidification,
providing an opportunity for pH-responsive regulation of aPSs.
Zhang et al. developed PEG = R-BDP-NEt NPs based on BDP, in
which PEG and cRGD-BDP-NEt were linked via a Schiff base to
form dual-stage pH-responsive nanoparticles.*” Under mildly acidic
extracellular conditions (pH = 6.5), the PEG shell hydrolyzed to
expose cRGD, enabling o,B; targeting (Fig. 6C). Upon lysosomal
entry (pH = 4.5), protonation of the NEt group blocked PET, trig-
gering complete nanoparticle disassembly and restoring strong
fluorescence and photosensitivity. The system showed potent
phototoxicity toward tumor cells at pH 6.5 (ICso = 0.8 uM), signif-
icantly lower than that under neutral conditions, and achieved
substantial tumor growth inhibition in vivo (tumor growth inhibi-
tion = 85%) without systemic toxicity. To further enhance the
precision and multifunctionality of aPS delivery systems, Zhang
and colleagues, building on a stepwise activation strategy, designed

a sequentially responsive polypeptide-based nanoplatform

© 2026 The Author(s). Published by the Royal Society of Chemistry
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(PPTP@PTX2 NPs) to achieve synergistic PDT and chemotherapy.®
This system was constructed by encapsulating a diselenide-linked
paclitaxel dimer prodrug (PTX2) within acid-activatable poly-
peptide micelles, whose surface was functionalized with tetra-
phenylporphyrin (TPP) photosensitizers and cRGD targeting
ligands. Under physiological pH conditions, TPP molecules
confined within the micellar state remain quenched due to the
combined effects of PET and ACQ. Upon accumulation in the
acidic tumor microenvironment or lysosomes (pH = 5.0), proton-
ation of the micellar core triggers micelle disassembly, thereby
restoring the fluorescence and photodynamic activity of TPP.
Subsequently, the elevated intracellular GSH levels further cleave
the diselenide bonds in the prodrug, releasing bioactive paclitaxel.
This acidity-initiated and redox-regulated sequential activation
strategy not only markedly reduces off-target toxicity but also ach-
ieves exceptionally high tumor inhibition in breast cancer models.
As such, it provides an effective paradigm for the construction of
highly controllable multimodal therapeutic platforms.

Overall, PET-based activation provides a highly flexible and
universal molecular regulation framework for the precise
design of aPSs. By incorporating electron donor or acceptor
units that respond to external stimuli (such as pH, ionic
strength, polarity changes, or molecular recognition events),
PET enables controllable “on/off” switching of fluorescence and
photoreactivity at the molecular level. This allows aPSs to ach-
ieve higher selectivity and signal-to-noise ratios in complex
biological environments, effectively avoiding the high back-
ground and nonspecific phototoxicity seen in “always-on”
systems. Beyond pH, PET has been applied to various respon-
sive modalities, including enzyme catalysis (such as NTR, B-gal,
and y-GT), redox potential, viscosity, and hypoxia.*** Recent
advances include PET-regulated hypoxia-responsive systems for
promoting cancer immunotherapy and heavy-atom-free plat-
forms for real-time in situ monitoring of therapeutic feedback.*
Coupling these mechanisms with specific physiological or
pathological signals enables precise visualization and regula-
tion of tumors, inflammation, and metabolic states. In
summary, PET is not only one of the most fundamental and
versatile molecular control strategies in aPS design, but also
provides a foundation for developing intelligent photosensitiz-
ing systems that integrate diagnostic and therapeutic functions.

4 |CT-based design of aPSs

4.1 Design principles and basic mechanisms

ICT occurs in molecules that contain an electron donor and an
electron acceptor linked by a 7t-conjugated bridge.?* When these
molecules absorb light, electrons move from the donor to the
acceptor, forming a polarized excited state. The extent of this
charge movement depends on molecular features such as
conjugation length, planarity, and the electronic nature of
substituents.” ICT efficiency is also influenced by the spatial
relationship between the donor and acceptor. Factors such as
bond rotation, torsion, and local flexibility affect orbital overlap,
which determines whether the excited energy is released as light
or dissipated through non-radiative pathways.®>** By adjusting
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Fig. 8 Basic principle (A) and example (B) of ICT based aPS design. Reproduced with permission from ref. 94. Copyright 2020, The Royal Society

of Chemistry.

these parameters, researchers can regulate the fluorescence
intensity and ROS generation efficiency of PSs.

In a typical ICT-based aPS, the donor and acceptor units are
electronically connected, and their interaction can be switched
on or off by environmental cues. A regulatory group may
temporarily block the charge transfer process, keeping the
molecule in an inactive state under normal conditions. When
disease-related stimuli such as enzyme action, pH variation, or
redox imbalance occur, this group is removed or transformed
and the ICT pathway is restored (Fig. 8A). The molecule then
regains its fluorescence and photodynamic activity. A repre-
sentative example can be seen in the work reported by Yang
et al. in 2020.** In this study, the authors designed the probe
DPP-I-GT based on a diketopyrrolopyrrole (DPP) core and
introduced a vy-glutamyl group to target y-glutamyl trans-
peptidase (I'-GT). The ICT effect gives the probe red fluores-
cence. After I'-GT specifically cleaves the amide bond, the ICT
process is blocked, causing the fluorescence to shift to yellow
and simultaneously activating the PS DPP-py (Fig. 8B). This
design enables selective PDT toward HepG2 cells with high I'-
GT expression. This design principle provides a flexible strategy

for building ICT-based aPSs. It allows precise control of pho-
toactivation behavior and enables selective ROS generation in
diseased tissues while maintaining low background activity in
healthy environments (Table 3 and Fig. 10).

4.2 Recent progress in ICT-based aPSs

The ICT process relies on the redistribution of electron density
between donor (D) and acceptor (A) units within a molecule,
and enzymes, due to their excellent substrate selectivity, often
serve as effective triggers in ICT-based aPS designs.'® y-Glu-
tamyl transpeptidase (I'-GT), a membrane-associated enzyme
upregulated in various tumors, provides a tumor-specific trigger
for ICT-based aPS.""° Incorporating y-glutamyl moieties into the
PS suppresses fluorescence and ROS generation until enzymatic
cleavage restores the ICT pathway. Liu et al. developed Cyl-Glu,
in which a NIR cyanine fluorophore (CyI-OH) was masked by
a y-glutamyl group via a 4-amino-benzyl alcohol linker.*®
Without I'-GT, the probe showed negligible fluorescence and
ROS generation. In tumor cells with high I"-GT expression, the
v-glutamyl group was cleaved, releasing CyI-OH and inducing
a 38-fold fluorescence enhancement at 718 nm and efficient 'O,

Table 3 ICT based aPS design

Response

factors Range of stimulation Response moiety Photosensitizer Fluorescence activation ROS activation Ref.
Hypoxia — 4-Nitrobenzyl Hemicyanine — x2.5 95
CTSB — Peptide BODIPY — — 96
CTSB — Peptide Hemicyanine — — 97
Y-GT 0-200 UL ™" v-Glutamyl Diketopyrrolopyrrole %80 — 94
v-GT 80UL™" v-Glutamyl Rhodamine X7 X~3.3 98
v-GT 0-60 UL™" y-Glutamyl Synthesized — — 99
B-Gal 0-5U Glycosidic linkage Resorufin %22 — 100
ALP 1UL! Phosphate group Hemicyanine x21.3 x3.8 101
Hypoxia 0.2 ug mL™* 2-Nitroimidazole Synthesized — — 102
NQO1 3.4 ug mL™* Quinone DSBDP X45 — 103
NQO1 0-10 pg mL ™" Quinone Bromic cyanine — — 104
NQO1 0.05-1.5 pg mL ™" Quinone Hemicyanine — — 105
H,0, — Boronic acid Ir(m) phenylpyridine — — 106
ALP 0-120 UL ™" Phosphate group Hemicyanine — — 107
Hypoxia 0-10 pg mL ™" 2-Methoxy-4-nitrophenyl Benzophenothiazine — X4 108
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responsive ICT aPS design. Reproduced with permission from ref. 105. Copyright 2024, Elsevier. (D) H,O,-responsive Ir(i) PS design based on
density functional theory (DFT) calculations. Reproduced with permission from ref. 106. Copyright 2024, Elsevier.

generation under 690 nm irradiation (Fig. 9A). The detection
limit was as low as 0.014 U L%, and cell studies showed selec-
tive phototoxicity, with over 80% of HepG2 tumor cells killed
under light, while normal LO2 hepatocytes remained largely
unaffected. Similarly, Li et al. introduced Glu-RdEB, a multi-
functional construct linking a rhodamine fluorophore and the
ENBS PS via a self-degradable arm.”® The y-glutamyl group

© 2026 The Author(s). Published by the Royal Society of Chemistry

blocked rhodamine fluorescence and ENBS photoreactivity.
Enzymatic cleavage in I'-GT-overexpressing cells restored
rhodamine fluorescence (580-650 nm) for imaging and acti-
vated ENBS to generate O, under 660 nm light. This system
achieved 90% tumor cell killing in U87 cells at 0.4 uM, while
sparing normal hepatocytes. Collectively, these I"-GT-activated
ICT-type aPSs demonstrate excellent selectivity, low detection
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Fig. 10 The main structures of ICT-based aPSs.

limits, and strong therapeutic efficacy, highlighting ICT
modulation as a robust strategy for enzyme-specific, image-
guided PDT.

The ICT strategy can also be extended to other tumor-
associated enzymes, such as ALP, which is overexpressed in
various cancers and serves as a promising trigger for aPSs.
Zhang et al. employed a phthalocyanine core and a halogen-
substitution strategy, synthesizing four derivatives: CyH,
CyBro, CyBr, and Cyl. DFT calculations confirmed that Br/I
introduction increased spin-orbit coupling constants (CyBr:
0.24 em™"), accelerating ISC while suppressing 'O, generation
and promoting Type I ROS production.’ An ALP-responsive
probe, CyBrP, was constructed based on CyBr, in which
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orenzymatic cage

a phosphate group blocked the ICT effect (Fig. 9B). In the
inactive state, fluorescence and phototoxicity were negligible.
ALP-mediated hydrolysis released CyBr, resulting in 21.3-fold
NIR fluorescence enhancement and a 12.5-fold increase in the
photoacoustic signal. In HepG2 cells and tumor-bearing mice,
CyBrP enabled efficient PDT under both normoxic and hypoxic
conditions, achieving 90% tumor growth inhibition without
organ toxicity. Building on this halogen-substitution strategy,
Zhao et al. (2024) incorporated fluorescence upconversion
luminescence technology to overcome limited light penetration
in deep tumors.'” NFh-Br derivatives were synthesized on
a phthalocyanine scaffold, with doubly brominated NFh-Br,,
exhibiting excellent fluorescence upconversion luminescence

© 2026 The Author(s). Published by the Royal Society of Chemistry
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performance (emission at 735 nm) and 'O, generation efficiency
(diphenylisobenzofuran degradation of 97.5% in 15 min) under
808 nm excitation. The ALP-responsive probe NFh-ALP used
phosphate caging to remain inactive until ALP hydrolysis
released NFh-Br;4, enabling lysosomal targeting in A549/HeLa
cells (Pearson coefficient of 0.92) and reducing cell viability
below 40% at 10 pM. In vivo, 808 nm light-guided tumor fluo-
rescence confirmed selective accumulation, and treatment
achieved complete tumor suppression with favorable biosafety.
Collectively, these studies demonstrate the versatility of ALP-
responsive ICT-based aPSs, highlighting the combination of
halogen substitution and enzyme-triggered activation as
a powerful strategy for precise PDT in hypoxic tumors and
advancing the potential for clinical translation.

Other tumor-specific enzymes have also attracted attention.
Lu et al. (2020) addressed the nonspecific toxicity and low
therapeutic efficiency of conventional PSs by developing
a CTSB-activatable aPS (ABP) based on BODIPY dimers.”® A
CTSB-specific cleavable peptide (Gly-Phe-Leu-Gly) was conju-
gated to a BODIPY dimer (BDP-BDP-NH,), in which the peptide
blocked the amino group, suppressing ICT and markedly
reducing "0, production. To enhance tumor targeting and drug-
loading capacity, ABP was further modified with PEG and the
cRGD peptide. This construct effectively encapsulated the
hydrophobic  chemotherapeutic ~ 10-hydroxycamptothecin
(HCPT), forming stable RNC/HCPT nanoparticles (~200 nm)
with excellent serum stability, providing a multifunctional
platform for enzyme-triggered imaging and combined chemo-
photodynamic therapy. In vitro studies with 4T1 cells demon-
strated that CTSB cleaved the peptide linker, restoring the ICT
effect of BDP-BDP-NH,. Upon 488 nm irradiation, 'O, genera-
tion increased significantly. The cRGD modification facilitated
nanoparticle binding to a.f; integrin, enhancing cellular
uptake. Combination PDT and chemotherapy induced 48.8%
cell death, compared with only 15.9% for chemotherapy alone.
In 4T1 3D tumor spheroids, RNC/HCPT penetrated to the
spheroid core, and subsequent laser irradiation caused marked
spheroid shrinkage and structural disruption, validating the
system in a tumor-mimicking environment and establishing
a model for enzyme-activatable combinational therapy. To
overcome the limitations of BODIPY-based systems in NIR
responsiveness and in vivo safety, Cheng et al. developed a Se-
bridged phthalocyanine-based CTSB-activatable NIR aPS.””
The Se atom's heavy-atom effect enhanced ISC, enabling effi-
cient 'O, generation in the 700-800 nm NIR-I window. ICT was
blocked via phenol hydroxyl caging (methoxy protection) to
minimize off-target phototoxicity. A CTSB-responsive peptide
(Val-Cit/GFLG) was conjugated to the Se-phthalocyanine via
a self-degrading 4-aminobenzyl alcohol linker, and PEGylation
improved solubility, yielding compound 18. In U87 cells, enzy-
matic cleavage released the active PS, while inhibition with E-64
significantly reduced fluorescence and phototoxicity. In zebra-
fish bearing U87 microtumors, 720 nm irradiation with
compound 18 reduced tumor volume by >60% without affecting
morphology, heartbeat, or motility. This work demonstrates
that optimizing organic scaffolds via Se-bridging and modular
design addresses NIR penetration and in vivo safety, providing

© 2026 The Author(s). Published by the Royal Society of Chemistry
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a promising strategy for enzyme-activatable NIR aPSs in clinical
applications.

Expanding on enzyme-activatable ICT strategies, NQO1 has
emerged as a valuable tumor-specific trigger due to its high
expression in various solid tumors. ICT-based aPSs activated by
NQOI1 enable spatiotemporal control of photodynamic activity,
minimizing off-target damage. Cao et al. (2024) addressed the
limitations of conventional PSs, including poor targeting, low
PDT efficiency, and weak immune responses, by developing
a NIR multifunctional theranostic probe, I'HCy-Q.'”* The probe
employs iodine-substituted phthalocyanine (I-HCy) as the
fluorescent and photosensitizing core, with an NQO1-specific
recognition group directly conjugated to suppress ICT
(Fig. 9C). In the inactive state, fluorescence (Aexem = 685/703
nm) and 'O, generation are minimal. I-HCy-Q exhibits
a linear NQO1 detection range of 0.05-1.5 pg mL ™", a detection
limit of 5.66 ng mL ™", and excellent selectivity and pH toler-
ance. In NQO1-positive A549 and 4T1 cells, enzymatic activation
released I-HCy, which localized to mitochondria (Pearson
coefficient of 0.902). Under 660 nm light, substantial ROS
production induced mitochondrial membrane depolarization
and cytochrome c release, with apoptosis reaching 74.8% (early
22.4% + late 52.4%) after 20 min of irradiation. Notably,
mitochondrial-targeted PDT triggered ICD, promoting calreti-
culin exposure, HMGB1 secretion, and ATP release, providing
a foundation for combination immunotherapy. In vivo, intra-
tumoral injection in 4T1 tumor-bearing mice produced strong
fluorescence within 30 min, which was significantly diminished
by pre-treatment with the NQO1 inhibitor dicoumarol, con-
firming enzyme-specific activation. Beyond mitochondrial tar-
geting, NIR-activated aPSs improve tissue penetration for
deeper tumor therapy. Xue et al. developed a far-red light-
responsive BODIPY-based PS in which photodynamic activity
was caged by an ester group.'® NQO1-catalyzed two-electron
reduction of quinone, coupled with self-immolative linker
cleavage, converted the ester to a carboxylate, restoring ICT and
PDT activity. Post-activation, the absorption maximum shifted
to 652 nm, fluorescence quantum yield increased from 0.026 to
0.59, and 'O, quantum yield rose from 0.03 to 0.15. At the
cellular level, the probe selectively activated NQO1-positive A549
and HT29 cells (fluorescence is 5-8 x higher than that of NQO1-
negative HUVECs), with phototoxic ICs, values of 5.56 uM and
4.65 uM, predominantly via apoptosis. In HT29 tumor-bearing
mice, intratumoral activation was confirmed, with fluores-
cence peaking at 24 h. These studies collectively demonstrate
that NQO1-activatable ICT aPSs offer precise tumor targeting,
efficient ROS generation, and NIR compatibility, providing
a robust platform for enzyme-guided, image-assisted PDT with
potential immunotherapeutic synergy.

Designing aPSs responsive to TME stimuli is a crucial
strategy to enhance the precision and hypoxia adaptability of
PDT. Barretta et al approached this from a theoretical
perspective, developing H,O,-responsive Ir(ur) complexes (IrOH)
and optimizing their structures using DFT and time-dependent
density functional theory calculations to maximize the thera-
peutic window'*® (Fig. 9D). By introducing m-conjugated elec-
tron donors such as N,N-dimethyl-N-ethylvinylamine (dmva) or
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methoxyvinyl (mv) into the 2-phenylpyridine (ppy) ligand, or
substituting the metal center with isoelectronic Os(u), absorp-
tion was red-shifted: Ir,/Ir, exhibited elevated HOMO levels and
narrower gaps, with absorption at 560-598 nm, while OsOH
reached 780 nm in the NIR region. The heavy atom effect
enhanced spin-orbit coupling, ensuring ISC efficiency and 'O,
generation (T; energy is 1.31 eV > 0.93 eV O, excitation
threshold), while avoiding Type I ROS pathways, providing
computational guidance for metal-based stimulus-responsive
aPS design.

Hypoxia is a characteristic feature of solid tumors that
significantly limits the therapeutic efficacy of traditional
oxygen-dependent PDT. Consequently, engineering hypoxia-
activatable systems has emerged as a key strategy to improve
treatment selectivity and overcome oxygen-related resistance in
deep-seated tumors.”'** Zeng et al. addressed hypoxic tumor
therapy limitations by developing an NTR-activatable, fully
caged Type I pro-PS, BPN2, demonstrating translation from
theoretical design to preclinical application.®® BPN2 incorpo-
rates benzo [b]phenothiazine (BP) as the Type I PS core, linked
via a carbamate to 2-methoxy-4-nitrophenyl as the NTR-
responsive moiety. In its inactive state, BP's conjugation is di-
srupted, exhibiting no NIR absorption (500-800 nm) or photo-
reactivity. Under hypoxic tumor conditions with elevated NTR,
the nitro group is reduced to an amine, releasing free BP and
restoring 680 nm absorption, 705 nm fluorescence (detection
limit is 5.66 ng mL™'), and superoxide (O, ) generation
(DHR123 fluorescence is enhanced 3.1x). Notably, single-pulse
680 nm laser irradiation allows BPN2 to trigger simultaneous
Type I PDT (oxidative damage) and photoacoustic cavitation
(mechanical damage). In vitro, EMT6 cells under CoCl,-simu-
lated hypoxia treated with 25 pM BPN2 plus laser showed 28.3%
survival and 78.36% apoptosis. In EMT6 tumor-bearing mice,
tail vein injection achieved a tumor signal-to-background ratio
of 54.3 at 12 h, and 18-day combined therapy resulted in 92.1%
tumor inhibition without cardiac or hepatic toxicity. This
enzyme-activated, dual-effect synergistic design overcomes the
hypoxia sensitivity and nonspecific toxicity of traditional PDT,
offering a translatable approach for precise treatment of
hypoxic solid tumors.

ICT-based aPSs offer a highly adaptable strategy for
achieving precise control over both fluorescence emission and
ROS generation. By modulating the electronic coupling between
donor and acceptor units, ICT enables stimulus-responsive
activation in response to a wide range of pathological cues,
including enzymatic activity, pH changes, redox imbalance, and
reactive oxygen/nitrogen species. Careful molecular design—
through adjustment of conjugation length, planarity, and
substituent electronics—allows fine-tuning of activation effi-
ciency, photodynamic output, and temporal response, while
maintaining minimal background activity in healthy tissues.
Moreover, ICT can be integrated with multifunctional nano-
carriers or supramolecular assemblies to achieve real-time
imaging-guided PDT, combining diagnostic and therapeutic
functions in a single platform. By providing precise, selective,
and tunable control over PS activity, ICT establishes a robust
framework for the rational design of next-generation aPSs,

3974 | Chem. Sci, 2026, 17, 3958-3990

View Article Online

Review

advancing the development of highly selective, controllable,
and clinically translatable tumor-targeted PDT.

5 ACQ-based design of aPSs

5.1 Design principles and basic mechanisms

ACQ is a common photophysical process observed in many PSs,
which can be used to design activatable systems for PDT. Most
PSs have planar and hydrophobic molecular frameworks that
tend to aggregate in aqueous environments. When aggregation
occurs, strong intermolecular interactions form non-emissive
ground-state complexes. As a result, both fluorescence and
singlet oxygen generation are suppressed. This quenching
behavior can be deliberately integrated into molecular design.
Multiple PS molecules can be assembled into nanoparticles or
supramolecular aggregates, remaining in an inactive state
during circulation. Such assemblies show minimal background
fluorescence and negligible phototoxicity under physiological
conditions.

Activation takes place when pathological cues induce disas-
sembly or structural rearrangement of the aggregates. Stimuli
such as enzymatic cleavage, pH variation, or redox imbalance
can disrupt molecular packing and restore the monomeric form
of the PS.*'* Once disassembled, the molecules recover their
fluorescence and ROS generation ability (Fig. 11A). A classic
design can be seen in the study reported by Chu et al. in 2024. In
this work, the authors developed the nanoPS Gal-(ZnPc*), by
linking a dimeric zinc phthalocyanine with a B-galactose unit
and a self-immolative linker.'*> The conjugate self-assembles
into nanoparticles in aqueous solution, where both fluores-
cence and singlet oxygen generation are quenched (Fig. 11B).
After entering senescent cells, B-galactosidase cleaves the
glycosidic bond, triggering self-immolation and releasing the
active monomer. This process enables fluorescence imaging
and photodynamic eradication of senescent cells.

ACQ-based aPSs provide a simple and reliable design
strategy for spatially and temporally controlled activation (Table
4 and Fig. 13). By confining photodynamic activity to diseased
regions and minimizing collateral damage in normal tissues,
this approach improves therapeutic precision and overall
biosafety.

5.2 Recent progress in ACQ based aPSs

In PDT, selective activation of PSs and precise signal regulation
are essential for maximizing therapeutic efficacy while mini-
mizing off-target damage. Conventional “always-on” fluorescent
PSs often cause phototoxicity in normal tissues, whereas
nanoparticle-based PSs exploiting ACQ offer a practical solution
for controlled activation. In these systems, self-assembly or
aggregation strongly suppresses fluorescence and ROS genera-
tion, maintaining the PS in an “off” state during circulation or
in healthy tissues. Within the TME, local acidity (pH ~6.5) or
lysosomal pH (4.5-5.0) can disrupt the aggregates, abolishing
ACQ and specifically restoring fluorescence and photodynamic
activity. Consequently, pH responsiveness has emerged as a key
design principle for ACQ-type aPSs, enabling tumor-specific

© 2026 The Author(s). Published by the Royal Society of Chemistry
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imaging and providing a molecular basis for Type I PDT under
hypoxic conditions.

Building on pH-responsive ACQ strategies, Song et al. devel-
oped dynamic nanoparticles BNP@R for combined ferroptosis
and PDT."*® Using PEG-b-PDPA as a carrier, acid-sensitive PBE
bonds stably encapsulated the GSH peroxidase 4 (GPX4) inhibitor
RSL-3, while conjugating the PS PPa. At neutral pH (7.4), BNP@R
remained stable and inactive; upon exposure to acidic tumor
endosomes/lysosomes (pH 5.8-6.2), the nanoparticles di-
sassembled, releasing RSL-3 and restoring PPa fluorescence and
photodynamic activity (Fig. 12A). In vitro, BNP@R plus 671 nm
laser irradiation generated ROS, induced ICD, and synergized
with RSL-3 to enhance lipid ROS accumulation and tumor cell
apoptosis, while promoting bone marrow-derived dendritic cell
maturation. In vivo, BNP@R accumulated in tumors via the EPR
effect; laser treatment inhibited GPX4 and triggered ferroptosis.
Combined with aPD-L1, it increased CD8" T cell infiltration and
IFN-y secretion, preventing tumor recurrence. In the 4T1 model,
this approach reduced lung metastasis, achieved 35% tumor-free
survival in 50 days, eliminated cancer stem cells, and maintained
excellent biocompatibility.

Also based on pH response, Liu and her team addressed the
key limitations of fluorescence-image-guided PDT, including
background fluorescence interference, phototoxicity during

Table 4 ACQ based aPS design

circulation, and limited tumor penetration.*”® They designed an
intelligent nanoplatform, LipoHPM, using a NIR PS MBA (a BDP
derivative, A,ps = 630 nm and A, = 670 nm) as the core. MBA
was linked to biotin-PEG via an acid-labile amine linker to form
photodynamic molecular (PM) micelles, which exhibited an
ACQ-induced “OFF” state of fluorescence and ROS due to -
stacking. These PM micelles, co-encapsulated with the tumor
penetration enhancer HDZ, were incorporated into pH-sensitive
liposomes (with biotin modification for active targeting).
During blood circulation, LipoHPM remained stable and
leakage-free. After tumor accumulation and endocytosis, the
acidic lysosomal environment triggered liposome disassembly
and PM micelle protonation/de-aggregation (de-ACQ), restoring
strong NIR fluorescence (130-fold enhancement) and dual-type
ROS generation ("OH via type I and 'O, via type II). HDZ further
improved tumor penetration by arresting cells in the Gy/G;
phase and disrupting tight junctions, extending penetration
depth from 100 pum to 500 pm. In vitro, LipoHPM exhibited
uniform particle size (193.7 £ 21.4 nm), good serum stability,
and strong phototoxicity toward 4T1 cells (IC5o = 2.2 uM under
irradiation). In vivo, in 4T1 tumor-bearing mice, the tumor
signal-to-background ratio reached 58 at 12 h post-injection.
Upon light irradiation, tumor volume decreased to 35 mm?®
within 30 days without recurrence, and lung metastasis was

Response factors Range of stimulation Response moiety Photosensitizer =~ Fluorescence activation ROS activation Ref.
— — CB [8] Toluidine blue  — X2.5 113
GSH/pH 10 mM Aryl chloride BODIPY — %10 114
pH pH 6.5-7.4 Schiff base bond Pyrochlorophyll a — — 115
pH pH 5.8-6.2 Phenylboronate ester bond Pheophorbide a  x12 116
GSH 0-10 mM Disulfide bond MB x17.7 — 117
pH pH 5.0-7.4 Protonation of the tertiary amine group TPP x2.9 X ~6.1 118
GSH 0-10 mM Disulfide bond — — — 119
B-gal 1.5 U/mL Glycosidic linkage ZnPc x4 — 112
pH PH 5.0-5.5 Amino linker Hemicyanine %x12.8 x32.4 120
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markedly suppressed, with no pathological damage to major
organs. This study, building upon the pH-responsive ACQ
strategy, achieved significant advancements by integrating NIR
fluorescence  optimization, HDZ-mediated penetration
enhancement, and dual-mode ROS generation, thereby
expanding the application of ACQ-based nanoplatforms in FIG-
PDT and offering a promising strategy for precise solid tumor
therapy.

Beyond single-mechanism ACQ designs, aPSs combining
ACQ with additional activation strategies have shown great
promise for precise tumor targeting. Zhang et al. developed
dual-responsive biodegradable polypeptide nanoparticles,
PPTP@PTX, NPs, for synergistic photodynamic—-chemotherapy
of breast cancer.™® The system integrated an acid-sensitive
group with a PS, enabling pH-triggered fluorescence and ROS
generation in the acidic TME (Fig. 12B). The ROS further

© 2026 The Author(s). Published by the Royal Society of Chemistry
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promoted drug release, achieving enhanced therapeutic effects.
Both in vitro and in vivo studies demonstrated efficient tumor
inhibition with minimal systemic toxicity, highlighting a versa-
tile strategy for precise cancer treatment. Similarly, Teng et al.
proposed a “dual-lock-and-key” design combining ACQ and
FRET to construct supramolecular PSs, BIBCI-PAE NPs, over-
coming traditional ACQ limitations and nonspecific phototox-
icity."** The dual-BODIPY core included an iodine-substituted
BI unit to enhance ISC and singlet oxygen generation and
a chlorine-substituted BCI unit providing GSH responsiveness
and energy-donor function, all encapsulated within a pH-
responsive  PEG-PAE copolymer. BIBCI-PAE NPs displayed
uniform spherical morphology (85 + 11 nm), a zeta potential of
—8 + 9 mV, excellent colloidal stability over 15 days in PBS, and
high photostability in 10% FBS or under 48 h of white-light
exposure. At neutral pH (7.4), ACQ and PEG-PAE micelle

Chem. Sci., 2026, 17, 3958-3990 | 3977


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5sc09499b

Open Access Article. Published on 29 January 2026. Downloaded on 4/15/2026 2:03:25 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Chemical Science

encapsulation kept the PS inactive. Under acidic tumor-like
conditions (pH 5.0-6.8) with high GSH (1-15 mM), PEG-PAE
protonation triggered micelle disassembly and BIBCI release.
GSH substitution of the chlorine on the BCl unit formed water-
soluble BIBSG, where FRET between BGS and BI units (64%
efficiency) enhanced 'O, generation by 10-fold relative to the
inactive state and 2-fold relative to Ce6. Biologically, BIBCI-PAE
NPs were selectively activated in HepG2, A549, and HeLa cells,
showing a 7-fold NIR fluorescence increase and light-triggered
cytotoxicity (ICso = 4.5-5.2 pg mL ') while maintaining >85%
viability in normal LO2 cells. In vivo, tumor fluorescence peaked
at 9 h post-intravenous injection in HepG2 xenografts, and light
irradiation over 14 days resulted in significant tumor suppres-
sion, including complete regression in 2 mice, without histo-
pathological organ damage, weight loss, or systemic toxicity.

Building on GSH-responsive ACQ strategies, Zeng et al.
designed a single-molecule self-assembled nanoprodrug (MSSP-
NP) to overcome GSH-mediated tumor drug resistance and
achieve synergistic photodynamic-chemotherapy.'” The MSSP
molecule linked methylene blue (MB) and a GSH-sensitive Pt(v)
prodrug via a disulfide bridge, with a tumor-targeting CPA-
PAPRGD peptide for enhanced selectivity. In its inactive state,
the disulfide linkage quenched MB photoactivity and MSSP self-
assembled into stable ~100 nm nanoparticles that accumulated
in tumors through EPR and RGD-mediated targeting. In the
high-GSH TME, disulfide cleavage released MB, Pt (IV), and
quinone methide, cooperatively depleting ~80% of intracellular
GSH. Upon 680 nm laser irradiation, MB generated 'O, for PDT,
while Pt(iv) reduced to Pt(u) exerted chemotherapeutic effects. In
vitro, the combined treatment killed 80% of A549cis cells at 20
uM with irradiation, outperforming free Pt(v) (20%). In vivo,
tumor fluorescence and photoacoustic signals peaked at 8 h
post-injection, and 18-day laser treatment resulted in 96.4%
tumor inhibition without systemic toxicity.

Expanding this concept, Li et al. developed a GSH-activated
single-molecule self-assembled nanoprodrug (SSZ-SS-PS) with
hybrid membrane coating to tackle intrinsic ROS resistance in
triple-negative breast cancer."® Amphiphilic SSZ-SS-PS linked
a cyanine-derived PS (Ayps = 666 nm; Ao, = 721 nm) and the
SLC7A11 inhibitor sulfasalazine (SSZ) via a GSH-responsive di-
sulfide bond, driving self-assembly into ~50 nm nanospheres
(PDI of 0.08-0.15) with 30-day colloidal stability (Fig. 12C).
Under physiological conditions, ICT kept the PS and SSZ inac-
tive, minimizing off-target toxicity. In triple-negative breast
cancer, 1-15 mM GSH cleaved the disulfide bond, releasing the
PS and SSZ; light irradiation (40 mW c¢m™?) triggered the PS to
generate 'O, and restore NIR fluorescence, while SSZ inhibited
cystine uptake and GPX4 activity, depleting >60% of GSH to
overcome ROS resistance. Coating with hybrid 4T1/RAW 264.7
cell membranes (CM-SSZ-SS-PS NPs, 231.2 nm, zeta —8.9 mV)
preserved membrane proteins, enhancing serum stability and
tumor uptake (1.8-fold) while reducing normal cell toxicity
(viability >85%). In vitro, optimal PS: SSZ (1: 1) ratios achieved
2.3-fold higher apoptosis than the free PS with elevated ROS. In
vivo, tumor fluorescence peaked at 6 h (3.5% higher than that of
uncoated), shrinking tumors to ~100 mm?® versus >700 mm? for
the free PS within 21 days, reducing lung metastases (<5
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nodules/mouse vs. >30), and extending survival (>60 days in 4/5
mice) without organ damage. Western blot confirmed SLC7A11
and GPX4 downregulation (—55% and —48%, respectively).
Together, these studies establish a translatable paradigm for
GSH-activated, ROS-resistance-suppressing, and tumor-
targeted PDT with synergistic chemo-photodynamic effects.

In conclusion, ACQ, traditionally viewed as a limitation of
conventional PSs, has been strategically exploited in the design
of aPSs to address the central challenge of balancing off-target
phototoxicity with tumor-specific activation in PDT. By
leveraging the ACQ effect, aPSs remain in an “OFF” state during
circulation, with aggregation suppressing both fluorescence
and ROS generation, thereby protecting normal tissues. Upon
exposure to tumor-specific stimuli—such as acidic pH or
elevated GSH levels—these aPSs undergo disassembly (de-ACQ),
restoring photoreactivity and fluorescence and enabling precise
“circulation-silent, tumor-active” control. Experimental studies
have demonstrated that ACQ-based designs have evolved from
single-stimulus responsiveness to multi-mechanistic synergy,
including coupling with PET to stabilize the OFF state, inte-
grating FRET to enhance ROS generation, and incorporating
GSH responsiveness to overcome ROS resistance. Delivery
performance has been further optimized via single-molecule
self-assembly and biomimetic membrane coatings. Overall,
ACQ not only addresses the challenge of targeted aPS activation
but also functions as a central design node linking stimulus
responsiveness, functional integration, and therapeutic
enhancement, providing a key paradigm for the clinical trans-
lation of PDT.

6 AlE-based design of aPSs

6.1 Design principles and basic mechanisms

AIE is a proximity-dependent mechanism frequently used in
aPSs.»*** AlE-active molecules usually contain large, flexible,
and hydrophobic m-conjugated structures.'*'*® In a monomeric
or well-dispersed state, intramolecular motions such as rotation
and vibration consume excitation energy through non-radiative
relaxation. As a result, both fluorescence and ROS generation
are weak. When the molecules aggregate, these internal
motions are restricted. Energy is then released through radia-
tive emission or intersystem crossing, which leads to strong
fluorescence and efficient ROS production.” This process
forms the basis of AIE-based activation.

In typical designs, AIE-based aPSs remain inactive in solu-
tions or in normal tissues. Aggregation is triggered by disease-
related signals such as enzymatic cleavage, pH change, altered
viscosity, or polarity variation in the TME. Once aggregation
occurs, both fluorescence and photodynamic effects are turned
on. The AIE mechanism allows precise control of where and
when activation happens. By adjusting molecular hydropho-
bicity, rigidity, and aggregation tendency, researchers can fine-
tune the responsiveness and selectivity of the system (Fig. 14A).
For example, in the study published by Xiong et al. in 2024, the
authors designed an ALP-responsive AIE probe, TPE-APP
(Fig. 14B). TPE-APP is functionalized with phosphate groups,
giving it good solubility and keeping it monodispersed under

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 14 Basic principle (A) and example (B) of AIE based aPS design. Reproduced with permission from ref. 128. Copyright 2024, American

Chemical Society.

physiological conditions, where it exhibits weak fluorescence
and minimal ROS generation due to free intramolecular rota-
tion of the TPE core.” When encountering ALP, overexpressed
in prostate, breast, and bone cancers, enzymatic dephosphory-
lation triggers aggregation of the hydrolysis product TPE-DMA,
activating strong yellow-green fluorescence (400-fold increase)
for tumor imaging and generating quinone methide interme-
diates. The aggregates produce 'O, under white light for PDT,
while QM intermediates enable oxygen-independent CDT by
generating ROS and depleting intracellular GSH (~40% in HeLa
cells), amplifying oxidative stress synergistically. In vitro, TPE-
APP selectively lights up ALP-high cancer cells (HeLa, HepG2,
RD) within 5 minutes, disrupts membranes and mitochondrial
potential within 30 minutes, and reduces viability to ~9% at 10
uM under light, while ALP-low normal MDCK cells remain
>90% viable. Subcellular localization shows predominant
membrane accumulation (Pearson correlation coefficient up to
88.3%) with minor mitochondrial targeting, promoting
apoptosis. In vivo, intratumoral injection in HeLa xenograft
mice produces immediate fluorescence activation (peak at 1
minute), which is blocked by the ALP inhibitor sodium ortho-
vanadate, and combinatorial CDT-PDT treatment inhibits
tumor growth by 84.5% over 14 days without significant weight
loss, hematological changes, or organ toxicity. This work
advances the enzyme-instructed self-assembly (EISA)-based AIE

Table 5 AIE based aPS design

aPS design by combining dual therapeutic modalities,
biomarker-responsive imaging, and hypoxia-resistant therapy,
while maintaining biocompatibility and safety. TPE-APP
provides a versatile template for modern AIE probes for
precise cancer theranostics. Compared with other activation
modes, AIE offers several advantages, including a high signal-
to-background ratio, stability against self-quenching, and
amplified ROS output at the target site. These characteristics
make AIE-based PSs an appealing platform for selective, effi-
cient, and low-toxicity PDT (Table 5 and Fig. 16).

6.2 Recent progress in AIE-based aPSs

As a pioneering study on AlIE-based aPSs, Liu and her team in
2015 first integrated AIE characteristics with enzyme-responsive
activation mechanisms, overcoming the intrinsic limitations of
traditional ACQ PSs and establishing a novel paradigm for aPS
design.”” The core concept involved synthesizing enzyme-
responsive AIE PSs by using tetraphenylethylene (TPE) as the
AlE-active core and linking hydrophilic segments via enzyme-
cleavable peptide bonds to construct amphiphilic “hydro-
philic-hydrophobic” molecules (Fig. 15A). In aqueous solution,
the hydrophilic segment maintained the molecule in
a dispersed state, allowing free intramolecular motion of the
TPE unit, thereby suppressing both fluorescence and singlet
oxygen generation (“OFF” state) and minimizing background

Response

factors Range of stimulation Response moiety Photosensitizer Fluorescence activation ROS activation Ref.
CTSB 10 pg mL™* Peptide TPP — — 129
ALP 0-1 UmL™* FpYGpYGpY TPE — — 130
GSH 0.5-10 mM — TPAAQ — — 131
H,0, 0-100 pM Boronate ester Tetraphenylpyrazine X ~24 — 132
H,0, 0-100 uM Boronate ester TPA — — 133
ALP 0-100 UL " Phosphate group TPA x50 — 134
Hypoxia 0-10 pg mL ™" Arylazo TPFN x~54 — 135
Hypoxia 0-10 pg mL ™" Azobenzene linker AlEgen T-2TM X7 %x1.8 85
ALP 0-160 UL " Phosphate group TPE — — 128
GSH/Cys 0-10 mM F,TCNQ TPA — — 63

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 15 Examples of AIE based aPS design. (A) CTSB responsive AIE nanoaPS design. Reproduced with permission from ref. 129. Copyright 2015,
Wiley-VCH GmbH. (B) Enzyme-instructed self-assembly aPS design. Reproduced with permission from ref. 130. Copyright 2018, The Royal
Society of Chemistry. (C) Hypoxia responsive AIE aPS design. Reproduced with permission from ref. 135. Copyright 2024, Wiley-VCH GmbH.

toxicity. Upon entering TMEs containing specific hydrolytic
enzymes, the peptide bonds were selectively cleaved, releasing
the hydrophilic segments. The remaining hydrophobic TPE
units rapidly aggregated, restricting intramolecular motion,
triggering the AIE effect, and simultaneously restoring strong

3980 | Chem. Sci., 2026, 17, 3958-3990

fluorescence and efficient 'O, generation (“ON” state),
achieving integrated “enzyme activation-imaging-PDT.” This
work was the first to demonstrate that AIE can serve as a precise
activation switch for aPSs, coupling enzyme specificity with
aggregation-induced activation, thereby addressing the dual

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 16 The main structures of AlE-based aPSs.

challenges of “aggregation-caused quenching” and “nonspecific
activation” inherent to traditional PSs. It represents the foun-
dational work in the AIE-based aPs field.

In 2018, Ji and colleagues further advanced the design of
enzyme-responsive AIE-based aPSs by deeply integrating EISA
with AIE properties, achieving precise fluorescence imaging and
PDT of cancer cells with high alkaline phosphatase (ALP)
expression.”*® Building on the “aggregation-activated” principle
established in 2015, this study innovatively incorporated EISA
into the activation mechanism, using enzyme-catalyzed self-
assembly to enhance both the efficiency of AIE triggering and
targeting specificity (Fig. 15B). By selecting ALP, a widely
expressed tumor marker, as the target, the work expanded the
applicability of AIE aPSs and provided a critical reference for
subsequent molecular design and clinical translation of
enzyme-responsive AIE aPSs. It represents a key step in the field,
moving from concept validation toward optimized targeting
strategies. Building on the pioneering work of Ji et al., subse-
quent studies have further enhanced the diagnostic-

© 2026 The Author(s). Published by the Royal Society of Chemistry

therapeutic contrast and application depth of ALP-responsive
aPSs by introducing chromophores with long-wavelength
emission potential and more efficient shielding strategies. In
2023, Lam et al. reported a phosphate-modified probe, TPAPY-
PO, based on a near-infrared AIE core (TPAPY).*** In this
design, the phosphate group confers good water solubility,
allowing the probe to remain in a monodispersed state under
physiological conditions, where intramolecular motion dissi-
pates the excited-state energy and both fluorescence and
photodynamic activity remain in an ¢“OFF” state. Upon
encountering ALP-overexpressing cancer cells, the phosphate
group is specifically hydrolyzed, and the resulting hydrophobic
TPAPY core rapidly aggregates to trigger the AIE effect. This in
situ aggregation process not only activates intense near-infrared
fluorescence for high-contrast tumor imaging but also markedly
enhances singlet oxygen generation, enabling precise eradica-
tion of tumor cells. By integrating the deep-tissue penetration
advantage of near-infrared imaging with the precise control
afforded by enzyme-mediated assembly, these studies indicate

Chem. Sci., 2026, 17, 3958-3990 | 3981
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that ALP-responsive aPSs are evolving toward higher spatio-
temporal resolution and greater clinical translation potential.

Liu's team further advanced AIE-based aPS design by
combining the delivery advantages of metal-organic frame-
works (MOFs) with the optical properties of AIE PSs."*' They
constructed rod-shaped mesoporous Cu-MOFs via defect engi-
neering to overcome the limitations of traditional MOF carriers,
such as low drug loading, poor tumor targeting, and activity
suppression of AIE PSs during delivery, providing a new strategy
for PDT carrier design. Mechanistically, the platform enables
precise control through a “carrier protection — tumor response
— activity restoration” sequence. Under normal physiological
conditions, the Cu-MOF channels isolate TPAAQ from oxygen,
maintaining the PS in an “OFF” state ('O, generation <10%).
Upon entering tumor cells, high intracellular GSH concentra-
tions (0.5-10 mM) reduce Cu™, triggering MOF disassembly
and TPAAQ release, while Cu®>" consumption of GSH (~50 pg
per mL MOF removes 0.5 mM GSH) alleviates ROS scavenging.
Released TPAAQ aggregates to activate AIE, restoring strong far-
red fluorescence (emission peak at 680 nm) for imaging and
efficiently generating 'O, under white light (100 mW em~?) with
9,10-anthracenediyl-bis(methylene)dimalonic acid degradation
>80%, enabling activatable PDT. In HeLa xenograft mice, the
rod-shaped nanorods achieved peak tumor accumulation fluo-
rescence at 12 h, 1.8-fold higher than that of nanodots (NDs) at
8 h, with enhanced tumor penetration (deep tissue fluorescence
is 3.5-fold higher than that of NDs). Combined with light irra-
diation, tumor inhibition reached 85%, compared to 52% for
the ND group, with no pathological damage to major organs,
confirming good biosafety. This study represents the first inte-
gration of rod-shaped mesoporous MOFs with AIE PSs,
employing defect engineering and morphology control to
simultaneously enhance MOF drug loading, targeted delivery,
and AIE PS activity modulation, establishing a paradigm for
MOF-based AIE PS delivery systems and advancing PDT carriers
toward “high loading — precise targeting — controllable
activation”.

Building on the general design principles of AIE-based aPSs,
recent studies have demonstrated the versatility of this strategy
for TME-responsive PDT. For instance, Wu et al. developed
a H,0,-responsive AIE probe, TTPy-H,0,, which utilizes a bor-
onate ester moiety for specific recognition and a pyridinium
cation for initial mitochondrial targeting.'** Upon responding
to H,0,, the probe undergoes a conversion that shifts its
localization from mitochondria to lipid droplets, accompanied
by a distinct change from red/NIR to yellow fluorescence. This
dual-signal read-out enables real-time monitoring of mito-
chondrial damage during PDT, providing a powerful tool for
investigating ROS-induced cellular responses.

Similarly, Li et al reported a H,O,-responsive small-
molecule AIE-based aPS, DPP-BPYS, as a representative
example.”® This PS features a DPP core functionalized with
a boronate ester moiety, enabling selective responsiveness to
elevated H,O, levels in tumor tissues. Under physiological
conditions, DPP-BPYS remains in a dispersed, non-aggregated
state, with fluorescence and photodynamic activity effectively
“off”. In the presence of tumor-associated H,0,, oxidation of
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the boronate ester converts DPP-BPYS into hydrophobic DPP-
BPY, inducing aggregation and triggering the AIE effect. This
transition restores NIR fluorescence (684 nm and a Stokes shift
of 180 nm) and efficient singlet oxygen generation. Notably,
DPP-BPY demonstrates selective subcellular targeting, prefer-
entially accumulating in lipid droplets (Clog P = 14.284) with
a high co-localization coefficient of 0.96 relative to commercial
lipid droplet probes. In vitro, H,O,-triggered activation
combined with white light irradiation effectively kills tumor
cells (MCF-7 and ZJU0430) and induces apoptosis via Bax
upregulation and Caspase-3 activation. In vivo, in an inflam-
mation mouse model, DPP-BPYS enables specific imaging of
endogenous H,0,, exhibiting an 8.2-fold fluorescence
enhancement in 45 minutes, with no detectable toxicity to
major organs. This work exemplifies a concise and efficient
molecular paradigm for designing small-molecule, TME-
responsive AlE-based aPSs, integrating precise stimulus-
triggered activation, subcellular targeting, and high photody-
namic efficiency.

Similarly, based on TME responsiveness, in 2023, a study
reported the design of a hypoxia-normoxia reversible I-type AIE-
based aPS, TPFN-AzoCF;, addressing limitations of traditional
PDT such as pre- and post-treatment phototoxicity and low
efficacy under tumor hypoxia.”*® The PS combines a tri-
phenylamine-derived I-type AIE core (TPFN, producing ROS
under low oxygen) with a trifluoromethyl-substituted azo-
benzene group (AzoCF;) as a hypoxia-responsive switch
(Fig. 15C). Under normoxic conditions, the EZ isomerization of
AzoCF; consumes TPFN's excited-state energy, keeping fluo-
rescence and ROS generation “OFF.” In hypoxic tumor envi-
ronments, the azobenzene is reduced to a hydrazine derivative
(TPFN-HZCF;), triggering AIE, restoring NIR fluorescence (671
nm), and producing I-type ROS (mainly hydroxyl radicals). This
process is reversible, allowing the PS to return to the “OFF” state
in normoxia, thus minimizing phototoxicity outside tumors. In
vitro, TPFN-AzoCF; exhibited a 54-fold fluorescence increase
under 0.1% oxygen, with an ICs, of 5.686 uM in HeLa cells and
negligible toxicity to normal HEK293 cells (IC5o > 50 uM). In
vivo, DSPE-PEG-2000-coated nanoparticles (~100 nm) accumu-
lated in HeLa xenograft tumors via the EPR effect, showing
strong tumor fluorescence within 60 minutes. Combined light
treatment over 21 days significantly inhibited tumor growth,
with no skin phototoxicity or organ damage. This study provides
a new paradigm for designing hypoxia-responsive AIE-based
aPSs for precise and safe PDT in the TME. Expanding on this
logic, the coupling of hypoxia-responsive AIE systems with
advanced therapeutic outcomes, such as pyroptosis-mediated
immunotherapy, has further broadened the clinical potential
of these agents. Recent designs have demonstrated that
hypoxia-triggered AIE activation can serve as a potent inducer of
immunogenic cell death, effectively transforming local photo-
dynamic damage into a systemic anti-tumor immune
response.®* Despite the success of hypoxia-targeted strategies,
the tumor microenvironment is also characterized by other
distinct biochemical hallmarks that can be leveraged for even
greater precision. Chief among these is the significant redox
gradient maintained by intracellular GSH, which has inspired

© 2026 The Author(s). Published by the Royal Society of Chemistry
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the development of a diverse array of GSH-responsive AIE
photosensitizers designed for specific intracellular activation.

Wu et al. developed bovine serum albumin-encapsulated
activatable NIR AIE PS nanoparticles (a-NA-PSNPs), integrating
a NIR AIE PS (N-PS) with a cysteine (Cys)/GSH-responsive charge
transfer complex (CTC).** Under physiological conditions, the
CTC serves as an energy acceptor, quenching both N-PS NIR-II
fluorescence and ROS generation. Upon exposure to the TME,
elevated Cys/GSH levels degrade the CTC, restoring N-PS fluo-
rescence and photodynamic activity. In vitro, a-NA-PSNPs
selectively killed 4T1 and other cancer cells while exhibiting
minimal toxicity to normal cells, and in vivo studies in 4T1
tumor-bearing mice demonstrated high signal-to-background
NIR-II imaging-guided PDT with significant tumor suppres-
sion and excellent biocompatibility. This study exemplifies
current trends in AIE aPS development: moving from single-
enzyme-triggered activation to multi-mechanism cooperative
regulation, here, combining FRET-mediated quenching with
AIE activation to enhance selectivity. It highlights adaptation to
complex TMEs, integrating redox modulation with Cys/GSH
responsiveness to maximize therapeutic efficacy. Furthermore,
the design emphasizes theranostic integration, achieving
precise coordination of NIR-II imaging and PDT, while BSA
encapsulation improves biocompatibility and in vivo stability.
Collectively, these advances illustrate the evolution of AIE aPS
platforms toward precise, microenvironment-responsive cancer
therapy with clinical translatability.

AlE-based aPSs provide a robust and highly versatile plat-
form for achieving precise control over both fluorescence
emission and ROS generation. By exploiting aggregation-
induced restriction of intramolecular motions, AIE enables
stimulus-responsive activation in response to a variety of
pathological cues, including enzymatic cleavage, pH changes,
oxidative stress, or local viscosity shifts. Rational tuning of
molecular hydrophobicity, conjugation, and flexibility allows
precise modulation of aggregation behavior, activation kinetics,
and photodynamic output, while minimizing background
fluorescence and off-target phototoxicity. Furthermore, AIE-
based aPSs can be integrated with subcellular targeting strate-
gies or multifunctional delivery systems, enabling imaging-
guided PDT with high spatial specificity. Collectively, these
features establish AIE as a powerful design principle for next-
generation aPSs, offering controllable, selective, and clinically
translatable tumor-targeted PDT.

7 Conclusions and future prospects

APSs have emerged as a pivotal advancement in PDT, funda-
mentally addressing the longstanding limitation of nonspecific
phototoxicity that constrains conventional “always-on”
PSs."**'%” Through mechanism-guided molecular design, aPSs
achieved precise spatiotemporal control over their photody-
namic activity. They remain inert under normal physiological
conditions and activate exclusively in response to tumor-
specific stimuli within the TME, thereby aligning PDT with
the core objectives of precision medicine. This review has
systematically explored five core design strategies for effective

© 2026 The Author(s). Published by the Royal Society of Chemistry
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aPS, all leveraging distinct photophysical or photochemical
mechanisms to regulate the “on-off” switch of photoreactivity
while integrating diagnostic capabilities, which collectively
enhance treatment safety and efficacy.

These design strategies converge on modulating aPS activity
via TME cues, though each follows unique regulatory logic.
Some rely on adjusting energy transfer between PS donors and
quenchers: in states, efficient energy transfer
suppresses fluorescence and reactive ROS generation, while
TME stimuli disrupt this transfer to restore photoreactivity.
Others regulate electron flow between the PS and quenching
moieties, with TME factors like acidic pH or hypoxia-driven
enzymatic reactions interrupting electron transfer to reactivate
the system. Additional strategies focus on ICT or aggregation
behavior: certain aPSs used “caging” groups to suppress charge
redistribution, with tumor-overexpressed enzymes removing
these groups to reactivate ROS production; others inverted
traditional ACQ limitations, forming stable aggregates during
circulation to keep activity “off” and relying on TME stimuli for
disassembly and photoreactivity restoration; still others exploit
AIE, where TME-triggered aggregation restricts intramolecular
motion, simultaneously enhancing fluorescence imaging and
ROS generation that are suppressed in monomeric states.
Together, these designs have transformed PDT from a non-
selective approach to a targeted therapy, minimizing healthy
tissue damage while maximizing tumor-specific efficacy.

Despite significant progress in aPS development, several
challenges remain to fully unlock their clinical potential. It is
critical to enhance the adaptability to the complex TME,
particularly for deep-seated and hypoxic tumors, as current aPSs
often respond to visible or NIR-I light with limited tissue
penetration;***'** advancing NIR-responsive designs or
combining aPSs with materials that convert light to more
penetrative wavelengths can address deep-tissue treatment
needs, while optimizing Type I ROS generation pathways will
improve efficacy in hypoxic regions where Type II ROS produc-
tion is oxygen-constrained.

Improving the robustness of aPS activation in the heteroge-
neous TME is also essential, as single-stimulus responsive
systems may fail to activate uniformly across tumors with vari-
able stimulus distribution. Developing designs that respond to
combinations of TME cues, such as pH paired with redox
changes or enzyme activity paired with hypoxia, will enhance
activation reliability, and integrating multiple quenching
mechanisms into a single aPS system can further suppress
background activity, reducing off-target phototoxicity risks.*>**
Another key strategy to further enhance the robustness of aPSs
lies in the development of intelligent systems that integrate
multiple mechanisms in a synergistic manner. For example,
Kocak et al recently reported a dual-enzyme-responsive
photosensitizer, RAM, based on an iodinated tryptanthrin core,
in which APN and MAO are sequentially gated through an AND
logic operation to achieve highly specific recognition of neuro-
blastoma cells.*** This design markedly improves the safety
profile of PDT by minimizing off-target activation. Nevertheless,
future designs are expected to evolve toward even higher levels
of intelligence, focusing on constructing multifunctional, self-
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regulating systems capable of addressing tumor heterogeneity
and the complexity of the tumor microenvironment. The “dual-
lock” activatable probe reported by Wei et al. provides a repre-
sentative example in this direction.'** This probe ingeniously
employs GGT and NTR as two logical switches, enabling an
automatic transition from a PDT mode at the tumor periphery
to a PTT mode in the hypoxic tumor core. By dynamically
coupling the recognition of multiple biomarkers with adaptive
therapeutic modalities, this design strategy not only overcomes
the intrinsic oxygen dependence of conventional aPSs but also
offers a new paradigm for achieving full-process precise inter-
vention. Such highly intelligent, self-adjustable aPS systems
mark a critical shift from “passive responsiveness” toward
“active adaptation to heterogeneity.”

Advancing delivery systems is key to enhancing tumor
accumulation and biocompatibility, as current carriers often
face issues like rapid clearance by the reticuloendothelial
system,'** poor tumor penetration,**>'*¢ or potential immuno-
genicity.*” Biomimetic carriers leveraging biological membrane
properties can reduce clearance and improve biocompatibility,
while active targeting strategies using tumor-specific ligands
and environment-adaptive carriers that respond to TME cues
for controlled release will further optimize aPS delivery to tumor
parenchyma.**®°

Accelerating clinical translation requires addressing safety
concerns and establishing standardized evaluation methods.**®
Long-term toxicity assessments of aPSs and their carriers,
including evaluations of chronic organ damage, persistent
phototoxicity, and metabolic profiles, are insufficient and need
expansion to meet clinical standards. The lack of unified
criteria for evaluating aPS performance, such as ROS generation
efficiency, activation threshold, and imaging signal-to-
background ratio, hinders cross-study comparisons; establish-
ing consistent in vitro and in vivo evaluation protocols will
facilitate screening of clinically viable candidates, and devel-
oping scalable synthesis methods will reduce production costs
to support large-scale clinical applications.

Integrating emerging technologies will drive the develop-
ment of more intelligent aPSs. Artificial intelligence can accel-
erate molecular design by predicting structure-activity
relationships, optimizing properties like light responsiveness
and stimulus specificity while reducing trial-and-error in
synthesis. Real-time imaging technologies, such as photo-
acoustic imaging or fluorescence lifetime imaging, can be
combined with aPSs to enable imaging-guided PDT, allowing
real-time monitoring of aPS activation and tumor response to
adjust treatment parameters for personalized therapy.*** Self-
monitoring aPSs, which exhibit activation-dependent fluores-
cence changes, can also provide direct feedback on therapeutic
efficacy, further enhancing treatment precision.

In summary, aPSs have redefined PDT as a precision thera-
peutic approach, with diverse mechanism-guided designs
enabling tumor-specific activation and integrated theranostic
functions.'”® By addressing current challenges in TME adapt-
ability, activation robustness, delivery efficiency, clinical trans-
lation, and technological integration, aPSs will continue to
advance toward more personalized, effective, and safe cancer

3984 | Chem. Sci, 2026, 17, 3958-3990

View Article Online

Review

treatment. Their ongoing development and optimization will
solidify their role as a cornerstone of precision oncology,
expanding clinical impact across the treatment of diverse
malignancies.
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