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Recent advances in nitroreductase-activatable
small molecule-based photosensitizers for precise
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Photodynamic therapy (PDT) represents an innovative and highly promising modality for tumor treatment,

attracting considerable attention within the medical community. However, it still faces several challenges,

including limited selectivity, inadequate tissue penetration of light, and suboptimal generation of reactive

oxygen species (ROS). The utilization of probes, which are activated by nitroreductase (NTR) , an enzyme
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that is overexpressed in hypoxic tumor tissues, for imaging and PDT represents a compelling strategy for
diagnosing and treating cancerous tumors. In this review, we summarize and discuss the current progress
in NTR-responsive photosensitizers for cancer imaging and therapy. We also discuss current challenges

and perspectives for NTR-activatable photosensitizers. We believe these probes offer promising modalities

rsc.li/sensors for precise cancer therapy.

1. Introduction

Cancer cells, due to rapid proliferation and insufficient
blood oxygen supply, form hypoxic regions within tumors.
More importantly, accumulating evidence suggests that
hypoxia contributes to increased tumor invasiveness and
poor prognosis.> Moreover, due to the scarcity of blood
vessels around hypoxic cancer cells, anticancer drugs are
difficult to deeply penetrate into tumor tissue, leading to
poor therapeutic efficacy.” The overexpression of
nitroreductase (NTR) under hypoxic conditions plays a
crucial role in tumor progression and angiogenesis,® which
is also an indicator of highly invasive diseases in various
hypoxic cancer cells. NTR is a flavin-containing enzyme that
reduces nitroaromatic compounds to the corresponding
nitrites, hydroxylamines, or amino derivatives.” It can aid in
assessing the hypoxic status of tumors and guide tumor
diagnosis, treatment, and the development of activatable
drugs.® Furthermore, NTR has been harnessed to trigger the
release of prodrugs, enhancing anticancer efficacy.”
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Therefore, the NTR-activatable strategy provides new
approaches for precise cancer therapy.

Photodynamic therapy (PDT) is a promising modality for
cancer treatment. As a fundamental agent in PDT,
photosensitizers can convert oxygen molecules into reactive

oxygen species (ROS), leading to cell death. Compared to

conventional chemotherapy, PDT offers precise
controllability, negligible drug resistance, and non-
invasiveness.® Although PDT has attracted significant
attention as an effective treatment modality, most

photosensitizers (PSs) still face challenges,” such as low
tumor specificity, leading to the accumulation of PSs in
normal tissues and causing off-target phototoxicity.'
Additionally, some PSs induce unintended side effects in
normal tissues upon light exposure,'* limiting the clinical
translation of PDT. To achieve precise treatment, it is
imperative to develop advanced photosensitizers that can be
selectively activated within specific tumor
microenvironments, thereby enhancing the specificity and
accuracy of therapeutic interventions. Given that NTR is a
well-established biomarker for the hallmark of tumor
hypoxia, the integration of NTR activation with concurrent
photodynamic therapy (PDT) into a single molecular entity
has been proposed as a promising strategy for precise cancer
treatment,'” effectively addressing the limitations associated
with traditional photosensitizers in the management of
hypoxic tumors.

In recent years, numerous phototherapy probes that
combine NTR-specific activation with PDT have been
reported through mechanisms such as photoinduced electron

Sens. Diagn., 2025, 4, 451-459 | 451


http://crossmark.crossref.org/dialog/?doi=10.1039/d5sd00014a&domain=pdf&date_stamp=2025-06-11
http://orcid.org/0000-0001-7104-6661
http://orcid.org/0000-0002-1458-6263
http://orcid.org/0000-0002-5038-6541
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5sd00014a
https://pubs.rsc.org/en/journals/journal/SD
https://pubs.rsc.org/en/journals/journal/SD?issueid=SD004006

Open Access Article. Published on 02 April 2025. Downloaded on 3/25/2026 5:59:08 PM.

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

(cc)

Critical review

transfer (PET),"® intramolecular charge transfer (ICT),"* and
aggregation-induced emission (AIE),"> providing dynamic
information about cellular hypoxia, which are suitable for
tumor diagnosis, and therapeutic evaluation. Although some
good reviews have been reported for activatable PDT,” ">
it still lacks a specific review on NTR-activatable small
molecule-based photosensitizers for precise cancer therapy.
This paper presents the advances in NTR-responsive PDT,
which  classifies and  summarizes  NTR-activatable
photosensitizers according to three fundamental types of
fluorescent mechanisms: PET, ICT and AIE. We also discuss
current challenges and perspectives for this type of
photosensitizers.

2. Mechanism of PDT

Since the discovery of phototoxicity in some dyes in the early
20th century, PDT has steadily advanced with the continuous
development of photochemistry and photophysics.’® PDT
induces apoptosis and vascular closure, ultimately removing
lesions, by utilizing  photosensitizers  administered
systemically and generating localized ROS wupon laser
irradiation of the affected area.'®?° Traditionally, PDT is
classified into type I PDT and type II PDT (Fig. 1), depending
on the different photochemical processes involved.*' The
photosensitizer absorbs a photon with an appropriate
wavelength, transitioning from its ground state (So) to the
first singlet excited state (S;) or the second singlet excited
state (S,). S, rapidly decays to S; through internal conversion
(IC). S, is also unstable, with a lifetime on the nanosecond
scale, thus deactivating through either fluorescence emission
or heat generation during the IC process. At the same time,
S; may undergo intersystem crossing (ISC), forming a more
stable triplet excited state (T;).>* T, exhibits a longer lifetime
(microseconds), and it directly reacts with intracellular
biological substrates, generating free radicals through
hydrogen or electron transfer processes. These free radicals
may further react with O, and water to produce ROS,
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including hydroxyl radicals (-OH) and superoxide anions
(0,7). However, in type II PDT, T; participates in type II
photochemical reactions, transferring energy to convert
ground-state O, into highly cytotoxic singlet oxygen (*0,).**
Thus, the type II process primarily occurs under normoxic
conditions but is limited under hypoxic conditions, while the
type I process can occur in both normoxic and hypoxic
microenvironments.

3. NTR-activatable small molecule-
based photosensitizers based on the
PET mechanism for PDT

PET is an excited-state electron transfer process, where an
excited-state electron transfers to a ground-state molecules.**
The classic structure of a PET probe consists of a fluorophore
conjugated to the recognition receptor via a spacer group.
The intramolecular electron transfer between the recognition
receptor and the fluorophore leads to fluorescence quenching
(Fig. 2c).>® When the target binds to the recognition receptor,
the PET process is inhibited, thus the probe's fluorescence is
restored. Typically, PET includes two processes, a-PET and d-
PET,>® depending on the direction of electron transfer
(Fig. 2). (1) In the a-PET process, electron transfer occurs
from the receptor to the fluorophore, as the highest occupied
molecular orbital (HOMO) of the receptor is at a higher
energy level than that of the fluorophore (Fig. 2a). (2) In
contrast, during d-PET, the photoexcited electron of the
fluorophore transfers to the lowest unoccupied molecular
orbital (LUMO) of the receptor, leading to fluorescence
quenching (Fig. 2b).

In addition to being an important strategy for designing
“on-off” or “off-on” fluorescence probes, PET can also be
used to regulate the generation of 'O, in photodynamic
therapy. It is well known that the quantum yield of 'O, is
directly related to the efficiency of ISC (generally, high ISC
efficiency results in a high 'O, quantum yield), but PET and
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Fig. 1 The mechanism diagram of PDT.
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Fig. 2 Schematic illustration of the mechanism based on PET.

ISC are competitive with each other in the process of
deactivation of excited states. Therefore, inhibiting PET can
significantly enhance the efficiency of ISC, thereby increasing
the 'O, quantum yield. Thus, the generation of 'O, can be
controlled by modulating the PET process.”” Based on this
observation, PET has also become as a common strategy for
NTR-activatable small molecule-based photosensitizers.

Common fluorescence-quenching groups in
photosensitizers typically contain a nitro group. The LUMO
of the nitro group is at a lower energy level, so the triggering
mechanism of such NTR probes is often d-PET.*® When the
nitro-recognizing group is reduced to an amino group by
NTR, the nitro-induced electron transfer process is quenched,
thereby activating fluorescence. In the past two years, the
application of NTR-activatable small molecule-based
photosensitizers based on the PET mechanism has
significantly developed. Here, this section discusses strategies
for imaging and therapy of hypoxic tumors using NTR-
activatable small molecule-based photosensitizers based on
PET (Table 1).

The development of novel phototherapeutic probes with

View Article Online

Critical review

LUMO —i—

E 2

HOMO ——— -

LUMO

HOMO

Fluorophore

Fl
h\'\

Receptor

. Fluorophore  gpacer Receptor

These probes are more suitable for in vivo imaging and
therapy due to their advantages, including deeper tissue
penetration, reduced photodamage, and lower background
fluorescence interference. Li et al reported a highly
sensitive NIR phototheranostic probe (HCN)*® for detecting
the hypoxic state of tumors and inhibiting tumor
proliferation through the PDT process. HCN is the first
NTR-responsive fluorescent probe capable of imaging
tumors as small as 6 mm?®. Similarly, Zheng et al. developed
a novel NIR photosensitizer-CYNT-1 (Fig. 3a),*° which
demonstrated confocal fluorescence imaging with a depth
of up to 160 um and exhibited efficient PDT effects in a
HeLa cell 3D spheroid model.

Achieving precise control of tumor hypoxia imaging
while performing PDT has been a significant challenge.
Chen et al designed a liposome-based theranostic
nanoprobe (DiBDP), which features an orthogonally linked
dimeric BODIPY (Ab-DiBDP NPs)*'  structure and
incorporates a nitro group. Through the synergistic
interaction between the Cy7-labeled anti-HIF-1a. antibody
and the NTR-activated DiBDP, this approach significantly

near-infrared (NIR) fluorescence and photosensitizing  enhances the accuracy of tumor hypoxia imaging by
capabilities can effectively improve the efficiency of PDT.  simultaneously detecting NTR and HIF-1o.
Table 1 Summary of NTR-activatable small molecule photosensitizers

'0, quantum ICs,
Compound Emission Stimulus Photosensitizer yields Therapeutic modalities Tumors (uM) Ref.
HCN 758 nm 660 nm  Hemicyanine — PDT A549 — 29
CYNT-1 635 nm 660 nm Cy7 — PDT HeLa — 30
Ab-DiBDP NPs 650 nm 520 nm BODIPY 52% PDT HeLa — 31
Compound 2 635nm 590 nm  Fluorescein — PDT HeLa 591 32
CLN 758 nm 660 nm  Cyanine-based derivative 1.0.6% PDT 4T1 7.4 33
Cy7-X-NO, 803 nm 785 nm  Heptamethine aminocyanine dye 8.5% PDT/PA/PTT C4-2 — 34
Icy-NBF 837nm 808 nm  Iodinated heptamethine cyanine 16.4% PDT/PTT HeLa — 35
CyNP 790 nm 760 nm IR780 4.7% PDT/PTT HeLa 0.60 36
BPN 2 720 nm 680 nm  Benzophenothiazine — PDT/PA EMT6 — 37
E0s-NO, 532nm  532nm  Eosin Y (Eos) — PDT/radical-induced damage SCC — 38
NFh-NTR 745 nm 808 nm  Hemicyanine 5.89% PDT A549 — 39

Note: IC5,: inhibitory concentration 50%.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) The structure of CYNT-1 and its deduced enzyme-catalyzed
mechanism activated with NTR. Reproduced with permission.>®
Copyright 2020 Royal Society of Chemistry. (b) Structures of Cy7-X-NH,
and Cy7-X-NO, (X = O, S, Se), and response mechanism of Cy7-X-NO,
toward NTR. Reproduced with permission.*® Copyright 2024 Elsevier.

cy7-X-NO, cy7-X-NH,

The short lifespan of ROS (approximately 3.5 ps) and their
limited diffusion distance (around 2 upm) restrict their
phototoxicity at the localized sites of PSs. The efficacy of PDT
largely depends on the intracellular localization of the
photosensitizer molecules. Liu et al. developed an NTR-
activated, lysosome-targeting smart PDT photosensitizer
(compound 2)** using a low-toxicity thermally activated
delayed fluorescence (TADF) fluorophore derivative. In
addition to its NTR-activated theranostic properties,
compound 2 offers several other advantages, including two-
photon excitation, a large Stokes shift, short response time,
and high specificity and sensitivity. Importantly, the strategy
of targeting mildly hypoxic cells at the tumor margin
addresses the “fatal weakness” of traditional PDT. In
addition, Ding et al. designed and synthesized a novel NTR-
activated cyanine-based PS (CLN),** which is also capable of
effectively targeting the lysosome. Moreover, the maximum
absorption wavelength of CLN lies in the red light region.

The mitochondrion, regarded as the control center of cell
apoptosis and the cell's energy factory, is essential for
maintaining normal cell function and health. More
importantly, mitochondria are highly sensitive to heat and
ROS, making them an ideal target for organelle-specific
phototherapy that triggers apoptosis. Based on the synergistic
treatment of PDT and photothermal therapy (PTT), Wu et al.
designed a mitochondrial NTR-activated photoacoustic (PA)
probe (Cy7-X-NO,).** The probe's inherent ability to target
mitochondria facilitated its accumulation in tumors,
enabling highly effective antitumor effects through PDT. The
overexpression of NTR in solid tumors reduces the
p-nitrobenzyl chloroformate group, triggering the release of
Cy7-X-NO, via rearrangement and elimination mechanisms
(Fig. 3b). This process enhances the PA signal output,
allowing in vivo visualization of the tumor region and
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significantly inhibiting tumor growth through the combined
application of PDT and PTT.

The combined application of PTT and PDT has emerged
as a promising strategy for tumor treatment. However,
designing photosensitizers with high photothermal efficiency
and excellent photodynamic performance remains a
challenging task. Zhao et al. proposed a molecular design
(Icy-NBF)*® based on the regulation of oxygen content to
control the excited-state deactivation process. Under the
action of NTR overexpressed in hypoxic cancer cells, Icy-NBF
is reduced and converted into a molecule (Icy-NH,) with the
same backbone. The excited-state deactivation pathway of
Icy-NBF is altered after the NTR-mediated reduction. As the
oxygen concentration in cancer cells decreases, the
photosensitizer generated from Icy-NBF transitions from 'O,
to heat, thereby enabling PTT. In contrast, Zhao et al
proposed a molecular design (CyNP),*® where in the tumor's
normoxic regions, the excited-state deactivation pathway of
CyNP primarily involves the conversion of photon energy into
heat. However, in the tumor's hypoxic regions, CyNP is
reduced to CyNH by nitroreductase, and the deactivation
pathways mainly include radiative transitions, energy transfer
between CyNP and oxygen, and the conversion of photon
energy into heat, thereby transforming PDT into a synergistic
PDT-PTT.

Unlike O,-dependent type II PDT, O,-dependent type I
PDT reduces the demand for oxygen by avoiding direct and
rapid consumption of oxygen, showing great potential in
overcoming  hypoxic Activatable  type I
photosensitizers provide an effective approach to address the
shortcomings and inaccuracy of PDT in hypoxic tumors. Zeng
et al. designed a novel hypoxia-responsive Pro-PS (BPN 2)*” by
modifying the 2-methoxy-4-nitrophenyl dye, which enables
background-independent fluorescence/photoacoustic bimodal
tumor imaging upon NTR activation. After activation, BPN 2
can simultaneously generate oxygen-independent
photoacoustic cavitation effects and type I photodynamic
processes under single-pulse laser irradiation.

Furthermore, to avoiding directly and rapidly consuming
activated-type photosensitizers of type I, Xue et al. developed
a new NTR-activated photodynamic mechanism using eosin
Y (Eos-NO,),*® which can generate free radicals (-Eos) under
hypoxic conditions (5% oxygen, Vo /Vy,) for the effective
treatment of hypoxic tumors. Furthermore, it is also capable
of efficiently generating ROS under normoxic conditions
(20% oxygen, Vo /Vy,) to perform PDT.

Notably, recent advancements in PET-based designs have
expanded into heavy-atom-free systems for improved
biosafety. A groundbreaking study by Liu et al (2024)
developed NFh-NTR, a nitrobenzyl-modified upconversion
photosensitizer that achieves tumor-specific activation
through NTR-mediated PET process modulation.*® This
system cleverly inhibits singlet oxygen generation via
suppressed charge separation (CS) states until enzymatic
activation, resolving the “always-on” toxicity dilemma
prevalent in conventional photosensitizers. Its unique

cancer.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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frequency upconversion luminescence (FUCL) mechanism
enables deep-tissue 808 nm excitation while maintaining
hypoxia-specific activation profiles, representing a significant
leap from earlier visible-light PET probes like Kiyose's
fluorescein derivatives. This work exemplifies how modern
PET systems integrate multiple photophysical principles
(FUCL + PET) to enhance therapeutic precision.

4. NTR-activatable small molecule-
based photosensitizers based on the
ICT mechanism for PDT

The ICT property refers to the transfer of a charge from one part
of a molecule to another through a conjugated path (Fig. 4),
typically by introducing an electron donor into an electron
acceptor part.’ This mechanism is another widely used
approach for fluorescent probes. The charge transfer can occur
over long distances and is associated with significant changes
in the dipole moment, making it particularly sensitive to the
microenvironment of the fluorophore.**

Consequently, cations or anions that closely interact with
the donor or acceptor parts alter the photophysical properties
of the fluorophore. This process also induces changes in the
absorption and emission spectra, manifested as red or blue
shifts, known as Stokes shifts.*> Therefore, ICT probes are
typically designed as “turn-on” types to enhance sensitivity.

Notably, ICT strongly influences fluorescence and 'O,
generation by competing with other deactivation processes,
such as ISC and PET. Peng et al. designed a NIR
photosensitizer by incorporating selenium into heptamethine
cyanine.** The ICT between the selenium atom and the
polymethine chain reduced the energy gap (AEsy) while
enhancing spin-orbit coupling (SOC), effectively inducing
ultra-efficient 'O, generation. Zimcik et al. investigated the
ICT process in a series of magnesium, metal-free, and zinc
complexes of unsymmetrical tetrapyrazinoporphyrazines and
tribenzopyrazinoporphyrazines.** These complexes, which
contain two dialkylamino substituents (donors), undergo ICT
that deactivates the excited states leading to a significant
decrease in fluorescence and 'O, quantum yields. Many small
molecule fluorescent probes based on the ICT mechanism

View Article Online
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have been designed for detection of biomolecules;***
specifically, it is also applied for the development of NTR-
activatable photosensitizers (Table 2).

Xu et al. synthesized a hypoxia-activated NIR photosensitizer
(ICy-N),*” which exhibits NIR emission (fe,, = 716 nm) and
mitochondrial targeting ability. Under 660 nm irradiation, it
demonstrates efficient 'O, generation, effectively inducing cell
apoptosis (ICso = 0.63 puM). In addition to targeting the
mitochondria, Zhang et al. developed an ICT PS with inherent
endoplasmic reticulum (ER) targeting ability, named ¥*PSIm.**
ERpSIm exhibits type I PDT effects and enhances the
therapeutic efficacy of PDT on tumor cells under both
normoxic and hypoxic conditions.

Wei et al. reported a dual-lock activation phototherapeutic
diagnostic probe (DHP)* that can activate near-infrared
fluorescence (NIRF) signals in tumors and trigger PDT in
response to tumor edge biomarkers (Fig. 5). Upon detection of
hypoxic biomarkers in the tumor core, the probe switches from
PDT to PTT. This PDT-PTT auto-regulated probe effectively
eliminates tumors by generating cytotoxic 'O, at the tumor
edge and inducing hyperthermia at the tumor core. Numerous
probes and photosensitizers based on the synergistic PTT-PDT
strategy have been developed.>*** 1In addition, probes
combining PDT with other therapeutic strategies have also
attracted considerable interest. Zhang et al. designed a novel
PDT-chemotherapy  nanodrug  (Cy-NTR-CB).*°  Unlike
traditional HAP (tumor-activated prodrugs), Cy-NTR-CB
features a nitrobenzyl recognition site positioned in the middle
of the linker chain. Under hypoxic conditions, Cy-NTR-CB is
reduced by NTR to an aromatic amine, triggering electron
rearrangement and a domino-like decomposition reaction,
ultimately releasing the activated chemotherapy drug.

For light-excited probes and photosensitizers, background
signals from tissue autofluorescence can interfere with
diagnostic  sensitivity. In  contrast, chemiluminescence
therapeutic diagnostics do not require real-time light excitation,
thus overcoming the issue of tissue autofluorescence. Huang
et al. reported a NIR chemiluminescent compound (HEDPy),>
with specific binding affinity for human serum albumin (HSA),
which forms a chemiluminescent compound-protein complex.
The binding of the protein complex enhances the
chemiluminescence signal by more than 10-fold by inhibiting

Fig. 4 Schematic illustration of the mechanism based on ICT.

© 2025 The Author(s). Published by the Royal Society of Chemistry

Sens. Diagn., 2025, 4, 451-459 | 455


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5sd00014a

Open Access Article. Published on 02 April 2025. Downloaded on 3/25/2026 5:59:08 PM.

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

(cc)

Critical review

Table 2 Summary of NTR-activatable small molecule photosensitizers
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Compound Emission Stimulus Photosensitizer '0, quantum yields Therapeutic modalities Tumors ICso (uM) Ref.
ICy-N 710 nm 660 nm Hemicyanine dye 0.72% PDT/PTT 471 0.63 47
FRPSIm 660 nm  490-700 nm — — PDT 4T1 — 48
DHP 725 nm 680 nm Hemicyanine 1.18% PDT/PTT HeLa — 49
Cy-NTR-CB 720 nm 660 nm Cyanine dyes — PDT/chemotherapy 4T1 <0.60 50
HEDPy 700 nm  White light  N-Ethylrhodanine moiety — PDT/PTT 471 — 51
CyNT-F 720 nm 655 nm Hemicyanine azide-derivative 1% PDT 4T1 — 52

Note: IC5,: inhibitory concentration 50%.

non-radiative decay and participating in electron transfer
reactions, thereby converting type-II PDT into type-I PDT.

Another challenge in targeted cancer therapy is the
extensive accumulation and prolonged retention of
photosensitizers at the tumor site. Due to the rapid
metabolism of tumor tissues, photosensitizers can easily exit
the target cells and enter surrounding normal cells, leading
to therapeutic side effects. Zhu et al. proposed a stimulus-
triggered  self-immobilization strategy (CyNT-F)**> that
effectively reduces the diffusion of photosensitizers by
enhancing their binding affinity to cellular proteins. They
introduced a difluoromethylated quinone precursor, which,
upon enzymatic stimulation, forms an electrophilic quinone
that covalently binds to nucleophilic groups on nearby
proteins, thereby activating fluorescence and PDT. Because
macromolecular proteins have limited permeability across
cell membranes, the activated photosensitizer can
accumulate and remain in the tumor for an extended period,
effectively inhibiting tumor growth.

5. NTR-activatable small molecule-
based photosensitizers based on the
AIE mechanism for PDT

The aggregation-caused quenching (ACQ) phenomenon
inherent in traditional PSs weakens their fluorescence,
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Fig. 5 Scheme describing the molecular mechanism of DHP for real-
time imaging of tumor and auto-regulated PDT-PTT in the presence of
GGT and NTR. Reproduced with permission.>® Copyright 2022 German
Chemical Society.
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thereby limiting their therapeutic efficacy. To overcome ACQ,
Tang and his colleagues first proposed the concept of AIE in
2001.°° AIE describes a photophysical phenomenon in which
certain non-emissive molecules in solution are induced to
emit bright fluorescence upon aggregation (Fig. 6) In most
cases, restricted intramolecular motion (RIM) has been
identified as the primary cause of AIE.>® In the molecular
state, the energy of AIE molecules can be dissipated through
free intramolecular motions, including rotation and
vibration. Upon aggregation, intermolecular interactions can
block these free movements, thus limiting the associated
non-radiative decay pathways. As a result, the absorbed
excitation energy is redirected to other pathways, namely

fluorescence emission and ISC to generate ROS.”’
Incorporating AIE characteristics into photosensitizers
represents a strategic advancement, amplifying their

fluorescence in the aggregated state and enhancing their
biomedical potential.

Additionally, AlEgens exhibit notable photophysical
properties such as large Stokes shifts, excellent
photostability, and long retention times in live samples.”®®°
Prior to the development of the AIE-PDT system, critical
foundational works focused on highly sensitive detection of
NTR. The TPE-HY probe developed by Xu et al first
integrated the AIE properties of tetraphenylethylene (TPE)
with NTR responsiveness, providing significant inspiration
for the design rationale of subsequent therapeutic probes.®!
This probe achieves fluorescence quenching through the
reduction of nitro (-NO,) to amino (-NH,) groups, triggering
intramolecular charge transfer inhibition, leading to signal
equilibration within 5 minutes. This “reverse activation”
mechanism breaks through the enhancement mode of
conventional AIE probes. Although not directly applied to
PDT, its innovation established a molecular template for the
targeted design of subsequent therapeutic AIE-PDT probes.

The discovery and development of AIE fluorophores have
opened new opportunities for PDT. Here, this section
discusses strategies for imaging and therapy of hypoxic
tumors using AlE-based NTR-activatable small molecule
probes and photosensitizers (Table 3).

For example, Wang et al. developed an NTR-triggered
lysosome-targeting probe based on a TPE core M-TPE-P
(Fig. 7).> This probe specifically detects NTR in the acidic
lysosomal microenvironment (pH 4.5-5), exhibiting high
selectivity and sensitivity, with a catalytic efficiency of K.,/Km

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Schematic illustration of the AIE mechanism.

Table 3 Summary of NTR-activatable small molecule photosensitizers
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Compound Emission Stimulus Photosensitizer '0, quantum yields Therapeutic modalities Tumors ICs, (UM) Ref.
M-TPE-P 618 nm 808 nm Tetraphenylethene — PDT 4T1 cells — 62
T-TPE-NO, 626 nm 365 nm Tetraphenylethene — PDT HepG2  — 63
I'TVP 708 nm  White light Nitrobenzoic acid 80.16% PDT HeLa — 64
Biotin-TTVBA 535 nm  White light Nitrobenzoic acid 16% PDT HeLa 2.5 65
NTPy 678 nm 488 nm Triphenylamine derivatives — PDT HeLa — 66
Note: ICsq: inhibitory concentration 50%.
10, :
‘0, ROS 2 02
;4» ’ ‘o, 2
‘o, ‘o, ‘o,
=

Fig. 7 Schematic representation of the NTR-responsive fluorescence turn-on photosensitizer for lysosome imaging and PDT. Reproduced with

permission.®* Copyright 2024 Elsevier.

(turnover number/Michaelis constant) value of 2.18 x 10*
M s and a detection limit as low as 53.6 ng mL™'. More
importantly, the narrow AEgy and efficient ROS generation
make this probe a promising PDT photosensitizer. Similarly,
Huang et al developed a novel mitochondria-targeted
fluorescence probe based on a TPE core, T-TPE-NO,, which
exhibits typical AIE characteristics.®> The probe exhibits
typical AIE characteristics, undergoing aggregation in the
presence of NTR, which leads to an increase in fluorescence
signal. The probe displays high selectivity and sensitivity to
NTR across a wide pH range, enabling effective detection
and imaging of tumor hypoxia. Additionally, upon light
irradiation, T-TPE-NO, significantly produces ROS to induce
mitochondrial damage, and triggers apoptosis,
demonstrating strong antitumor activity. At a concentration
of 20 uM of T-TPE-NO,, the cell viability of HepG2 cells
decreased to about 30%. This probe represents significant
progress in the development of multifunctional probes for
cancer therapy, offering dual diagnostic and therapeutic
capabilities.

© 2025 The Author(s). Published by the Royal Society of Chemistry

Tang et al first reported a water-soluble near-infrared
emitting AIE photosensitizer (TTVP).** The probe hardly
emits fluorescence in aqueous solution due to its good water
solubility, which results from the cationic quaternary
ammonium and pyridinium ligands. These cationic ligands
enable TTVP to bind to negatively charged cell membranes,
especially cancer cell membranes, which have a more
negatively charged surface. When interacting with the cell
membrane, the hydrophilic part of the probe cannot quickly
pass through the membrane due to the hydrophobic nature
of the membrane's interior, while the hydrophobic emitting
segment embeds into the hydrophobic region of the
membrane bilayers. By utilizing its AIE characteristics, rapid
no-wash imaging of the cell membrane can be achieved
within seconds. In addition, TTVP with a D-A structure has a
small AEsr (0.47 eV), making it an efficlent NIR
photosensitizer with a high '0, quantum yield of 80.16%,
which nearly completely eradicates cancer cells under white
light irradiation even at a low concentration of 1 pM,
highlighting its high efficiency for PDT applications. The
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combination of light-controlled cancer cell killing and
fluorescence emission in the NIR region makes TTVP an
attractive candidate for imaging-guided PDT.

Most traditional photosensitizers lack cancer cell targeting
ability, leading to reduced PDT efficacy and potential side
effects. Therefore, targeted PDT has become a key focus for
researchers. Wang et al. also developed a fluorescent tumor-
targeting AIE photosensitizer based on nitroaromatic groups
(Biotin-TTVBA).®> By incorporating a tumor-targeting biotin
group, this probe significantly enhanced selective uptake by
tumor cells, thereby improving its anticancer activity and
reducing the IC5, value from >40 uM to 2.5 uM.

Recently, Huang's group designed a novel AIEgen probe
(NTPy),°® which utilizes 4-nitrobenzene as the NTR
recognition group. NTPy can detect the tumor hypoxic
microenvironment through a fluorescence “turn-off”
mechanism, showing a significant fluorescence emission at
678 nm. The difference in fluorescence intensity between
NTPy and TPy allows for the intuitive detection of hypoxia in
tumors. The degradation product TPy exhibits good
biocompatibility and low PDT activity. Therefore, by
controlling the dosage of NTPy and the PDT treatment
duration, efficient PDT can be achieved with reduced side
effects. This provides a new strategy to improve the biosafety
of residual photosensitizers after PDT treatment without
compromising therapeutic efficacy.

6. Conclusions

In summary, we reviewed the current NTR-activatable small
molecule photosensitizers for precise PDT, based on three
activatable mechanisms of fluorescent probes. Given the
overexpression of NTR in hypoxic solid tumors, the NTR-
activatable photosensitizers achieve desirable therapeutic
outcomes in hypoxic tumors, and also potentially provide
valuable insights into the biological functions of NTR, which
are suitable for early diagnosis of cancers.

Despite significant progress in the development of NTR-
activatable small molecule photosensitizers for PDT, there
remain many unresolved issues and challenges. Most of these
probes and photosensitizers are based on type II PDT, whose
effectiveness is largely limited by the oxygen dependency.
Furthermore, strategies that combine PDT with other
therapeutic modalities are gaining increasing interest among
researchers. Developing probes and photosensitizers that
synergize with other treatments, such as sonodynamic
therapy (SDT) and chemotherapy, could potentially enhance
therapeutic outcomes. Moreover, most NTR-activatable
photosensitizers have short excitation wavelengths, severely
limiting tissue  penetration depth. Therefore, the
development of NTR-activatable photosensitizers excited by
NIR light is essential. Moreover, multiphoton excitation and
chemical excitation offer deeper tissue penetration and
greater therapeutic precision for PDT, potentially opening
new avenues for PDT. In addition to the aforementioned
challenges, studying the in vivo biodistribution, long-term
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biocompatibility, and pharmacokinetics of NTR probes is
crucial for future clinical translation. We hope this review
will stimulate the interest of researchers from various
disciplines to leverage the unique advantages of NTR-
activatable small molecule photosensitizers, leading to the
development of more specific and selective photosensitive
probes, thus advancing the progress of phototherapy in
precision tumor therapy.
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