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Cancer cells are characterized by rapid, uncontrolled proliferation and rely on altered metabolic
pathways to meet the heightened bioenergetic and biogenic demands required for tumour initiation,
progression, and invasion. This metabolic reprogramming leads to the overexpression of specific
metabolic enzymes that drive pathway-specific alterations to support tumour growth, survival and
proliferation. For instance, cancer cells depend on aldose reductase (AR)-mediated glucose metabolism
for proliferation, thymidylate synthase (TS)-mediated thymidylate biosynthesis and topoisomerase
(Topo)-mediated DNA relaxation to facilitate faster DNA replication. Although specific inhibitors targeting
many metabolic enzymes are widely used as chemotherapeutic agents/drugs, their clinical efficacy is
often limited and compromised due to the lack of selectivity for cancer cells, poor pharmacokinetics,
dose-related toxicities and the development of chemoresistance. Moreover, glutathione-S-transferases
(GSTs), phase Il metabolic enzymes frequently overexpressed in cancer cells, contribute to
chemoresistance and thus represent an additional attractive therapeutic target. Recently, significant
research efforts have been made towards developing various stimuli-responsive prodrugs that can
selectively target enzymes overexpressed in cancer cells to enhance therapeutic efficacy. In this review,
we highlight the importance of targeting four key metabolic enzymes from distinct metabolic pathways
and discuss the recent developments of stimuli-responsive turn-on fluorogenic prodrugs of those
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responsive fluorogenic prodrug strategies as a promising approach for modulating cancer metabolism
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1. Introduction

Cancer cells, distinguished by rapid proliferation and the
formation of expansive tumour masses, require ample energy
and biomass to support their bioenergetics and biosynthetic
activities, which are essential for macromolecule synthesis and
cellular division. To surmount this proliferative constraint,
cancer cells undergo extensive metabolic rewiring, a phenom-
enon now well-recognized as one of the hallmarks of cancer.
This metabolic reprogramming is an intricate process regulated
by multiple signaling molecules, growth factors, proteins and
enzymes that collectively remodel key cellular metabolic routes,
including those modulating glucose, lipid, amino acid and
nucleotide metabolism. Through these dysregulated and inter-
twined metabolisms, cancer cells sustain their anabolic and
energetic needs, evade cell death and adapt to the hypoxic
tumour microenvironment.>?

Importantly, several critical metabolic enzymes are differen-
tially overexpressed in cancer cells that drive pathway-specific
alterations to fuel tumour growth, survival and proliferation
(Fig. 1A). For instance, studies highlight the overexpression of
key glycolytic enzymes, including Hexokinase II (HK-II) and
Lactate Dehydrogenase A (LDHA), across a variety of cancer
types.*® This overexpression elevates glycolytic flux, thereby
sustaining high glycolytic rates and contributing to the glyco-
lytic phenotype of these cells.® Moreover, under hyperglycemic
conditions, glucose is metabolized through the polyol pathway,
where it is sequentially converted to fructose by Aldose Reduc-
tase (AR) and Sorbitol Dehydrogenase (SORD), ultimately
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promoting the invasive nature of cancer cells.””® Above all,
cancer cells rely heavily on fundamental building blocks, such
as amino acids and nucleotides, to sustain an expedited rate of
proliferation and cell division. Accumulating evidence suggests
that amino acid levels are highly dysregulated in cancer cells to
meet their increased nutrient demands while surviving in a
nutrient-deprived microenvironment.” Moreover, amino acid
metabolism influences not only protein synthesis in cancer
cells but also nucleotide synthesis, signaling pathways, intra-
cellular redox homeostasis and epigenetic modifications.'®
Notably, nucleotide metabolism is dysregulated in cancer cells
to support the high rates of DNA replication and DNA repair
mechanisms. This leads to the upregulation of specific
enzymes involved in the biosynthesis of nucleotides through
both de novo and salvage pathways (Fig. 1B). For instance,
Ribonucleotide Reductase (RNR), Dihydrofolate Reductase
(DHFR) and Thymidylate Synthase (TS) are overexpressed in a
variety of organ-specific cancers to accelerate DNA synthesis in
highly proliferating cells."* Furthermore, these proliferating cells
undergo a robust DNA replication process, supported by key
enzymes that meet the increased replicative demands (Fig. 1B).
One such enzyme is Topoisomerase II (Topo-II), which introduces
transient topological changes to the DNA macromolecule that
facilitates DNA transcription and replication.” Collectively, these
insights highlight that dysregulated metabolic enzymes are crucial
drivers of cancer initiation and progression, making them
potential targets of therapeutic intervention.

Although chemotherapy remains the primary treatment
modality for cancer, chemotherapeutic drugs often encounter
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Fig. 1 (A) Overexpression of specific enzymes causes (i) cancer cell proliferation and (ii) altered drug metabolism. (B) Examples of a few overexpressed
enzymes in cancer cells involved in glucose, DNA, nucleotide and drug metabolism. (C) Schematic representation of the stimuli-responsive turn-on

fluorogenic prodrug model and its activation.

resistance in the treated cancer models due to several under-
lying mechanisms.”® Growing evidence indicates that one
important mechanism of resistance to chemotherapeutic agents
is altered drug metabolism mediated by drug-metabolizing
enzymes (DMEs), such as glutathione-S-transferases (GSTs),
dihydropyrimidine (uracil) dehydrogenases (DPDs), uridine
diphospho-glucuronosyltransferases (UGTs), and thiopurine
methyltransferases (TPMTs) (Fig. 1B).'* Notably, some che-
motherapeutics depend on DMEs for their activation or deacti-
vation. For example, irinotecan is activated by carboxylesterases
and converted to the active metabolite SN-38,"* whereas chlor-
ambucil is detoxified to an inactive metabolite by GSTs via
glutathione (GSH)-conjugation (Fig. 1A)."> Importantly, GSTs
are overexpressed in cancer cells, leading to enhanced phase
II detoxification of electrophilic chemotherapeutic drugs,
thereby contributing to increased chemoresistance. Therefore,
recent research has focused on developing advanced therapeu-
tic strategies that co-deliver chemotherapeutic drugs with GST
inhibitors to overcome GST-mediated chemoresistance.'®"”
Consequently, GSTs have emerged as a promising therapeutic
target for reducing chemoresistance in cancer patients with
resistant tumours.

Interestingly, these classes of metabolic enzymes are drug-
gable targets and are being exploited to develop and improve
metabolic-targeted therapies for cancer treatment. Over the
decades, several small-molecule inhibitors of key metabolic
enzymes have entered preclinical and clinical evaluations as
anticancer agents/drugs, as they have the potential to halt
cancer cell proliferation, DNA replication, and division. For
example, Lonidamine, an inhibitor of HK-II, has been explored
as an anticancer agent either alone or in combination with
other chemotherapeutic drugs, depending on the cancer type.®
Moreover, 5-Fluorouracil (5-FU), an inhibitor of TS, and Doxor-
ubicin, Daunorubicin and Etoposide, as inhibitors of Topo-II,
are well-established anticancer drugs.'®'® However, the clinical
application of many such enzymatic inhibitors remains limited
by their off-target side effects, poor selectivity, and inadequate
biocompatibilities. To address these limitations, extensive

1016 | Chem. Commun., 2026, 62, 11014-11033

efforts have been devoted to the development of stimuli-
responsive turn-on fluorogenic prodrugs of metabolic enzyme
inhibitors for effective cancer treatment (Fig. 1C). The small-
molecule fluorogenic prodrug-based approach involves convert-
ing an active drug candidate into an “inactive’” chemothera-
peutic agent upon its conjugation with a specific stimulus-
responsive unit and a fluorescent reporter via a cleavable non-
toxic core or a self-immolative linker. Notably, the development
of stimuli-responsive prodrugs for cancer treatment was facili-
tated by the prevalence of several dysregulated biological pro-
cesses and parameters in the tumour microenvironment. For
example, cancer cells or the tumour microenvironment is
associated with a hypoxic milieu characterized by low pH,
elevated levels of intracellular glutathione (GSH), hydrogen
sulfide (H,S), reactive oxygen species (ROS), and the overexpres-
sion of specific enzymes.?® These features have been strategi-
cally exploited in the design of stimuli-responsive prodrugs,
wherein specific functional moieties serve as stimuli-responsive
units to activate the prodrugs (Fig. 1C). The stimuli-responsive
turn-on fluorogenic prodrugs possess distinctive advantages
over the conventional treatments with chemotherapy. Upon
the reaction with cancer-specific biomarkers, the prodrug (i)
releases the active drug at the targeted site, thereby eliciting an
efficacious therapeutic outcome with reduced off-target side
effects; (ii) enhances the bioavailability and biocompatibility of
the active drug; (iii) simultaneously releases turn-on fluoro-
genic reporters, enabling a convenient, non-invasive and real-
time monitoring of the drug delivery. Moreover, the targeting
nature of the prodrug could be enhanced further by its con-
jugation with cancer cell-targeting ligands such as biotin,
folate, galactose etc. (Fig. 1C). Notably, the self-immolative
linkers in stimuli-responsive fluorogenic prodrugs play crucial
roles in the drug uncaging process. For instance, it (i) leads
to rapid and complete drug liberation, (ii) provides an ampli-
fication effect, where a single triggering event initiates
a cascade reaction, enhancing efficiency and sensitivity,
(iii) allows flexibility in responding to multiple stimuli and
supports the development of advanced systems, including

This journal is © The Royal Society of Chemistry 2026
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theranostic prodrugs for real-time monitoring. Over the past
decade, numerous studies have summarized the development
of small-molecule stimuli-responsive fluorogenic prodrugs with
reduced side effects and enhanced anticancer efficacy.>*™®
However, these reports have predominantly focused on the
distinctive design strategies, stimuli-responsive behaviour and
the choice of commercial chemotherapeutic drugs such as
doxorubicin, cisplatin, paclitaxel, SN-38, 5-FU, gemcitabine,
etc., with comparatively limited emphasis on their direct and
specific molecular targets behind the selection of drugs. In this
review, we primarily discuss the therapeutic relevance of target-
ing and inhibiting key metabolic enzymes such as AR, TS, Topo-
II and GSTP1 in cancer mitigation. With a brief overview of
reported inhibitors of these enzymes, we summarise the recent
advances in the development of various stimuli-responsive
fluorogenic prodrugs of the well-known inhibitors targeting
these metabolic enzymes. We paid special attention to compre-
hensively discussing and critically analyzing the developmental
strategies of the prodrugs over the last decade in achieving their
optimal therapeutic activities while ameliorating off-target side
effects to combat different organ-specific cancers.

2. Prodrugs of aldose reductase (AR)
inhibitors

Recent findings highlight the differential expression of AR and
its role in cancer cell metabolism under hyperglycemic condi-
tions and oxidative stress-mediated inflammation, making it an
important therapeutic target in cancer therapy.”” While the
enzyme was initially studied for its association with diabetic
neuropathy and retinopathy, it is now being extensively inves-
tigated for its involvement in different organ-specific cancers,
including hepatocellular carcinoma, breast cancer, lung cancer,
cervical cancer and others.”® AR is a member of the aldo-keto
reductase (AKR) superfamily of proteins, with the AKR1B1 iso-
form playing a predominant role in the polyol pathway owing to
its high affinity for glucose.?® Under hyperglycemic conditions,
approximately 30-50% of glucose is shunted through the polyol
pathway, where overexpressed AR initiates its conversion to
fructose via a two-step route. Mechanistically, AKR1B1 catalyzes
the first and rate-limiting step of this pathway, reducing
glucose to sorbitol using NADPH as a cofactor, followed by
the oxidation of sorbitol to fructose by NAD"-dependent sorbitol
dehydrogenase (SD) (Fig. 2A). Consequently, the accumulation
of sorbitol and fructose promotes cancer progression through
multiple pathways. For instance, spontaneous alterations in the
formation of these metabolites disrupt the homeostasis of
the NADPH/NADP' and NADH/NAD' ratio, thus leading to
increased oxidative stress and enhanced lactate dehydrogenase
(LDH) activity, respectively.””*° In addition to this, AR has been
reported to feed cancer cells by metabolizing the toxic lipid
aldehydes to active metabolites useful for cellular proliferation
(Fig. 2A). Furthermore, emerging evidence describes the invol-
vement of overexpressed AR isoforms in the detoxification of
chemotherapeutic drugs across a variety of organ-specific

This journal is © The Royal Society of Chemistry 2026
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Fig. 2 (A) Catalytic pathways of AR and SD for the overall conversion of
glucose to fructose as well as the detoxification of toxic lipids and
inactivation of drugs. (B) Chemical structures of representative selective
and potent inhibitors of AR.

cancers (Fig. 2A).>° For example, AR contributes to resistance
of doxorubicin in breast and colon cancer by reducing it to
doxorubicinol, a largely inactive metabolite that is approxi-
mately one million-fold less potent against cancer cells while
exhibiting pronounced cardiotoxicity.>* Similarly, AR is shown
to mediate resistance to cyclophosphamide, cisplatin and car-
boplatin in human medulloblastoma, ovarian, cervical, colon,
and lung cancers.*” Collectively, these findings emphasize the
role of AR in cancer metabolism and prompt researchers to
explore selective AR inhibitors as one of the potential therapeu-
tic strategies in cancer treatment.

Over the past few decades, numerous AR inhibitors have
been designed by considering the environment of the enzyme’s
catalytic site and have been reported to prevent diabetes-
associated complications. These inhibitors are structurally
classified into several groups, including acetic acid derivatives
(tolrestat, epalrestat, ponalrestat, zopolrestat), spirohydantoin
derivatives (sorbinil, fidarestat) and succinimide derivatives
(AS-320) (Fig. 2B).** However, many of these inhibitors failed
at different phases of clinical trials due to the requirement of a
higher dose due to their off-target interactions, poor pharma-
cokinetic properties, and lack of specificity. Surprisingly, epal-
restat (EPR) remains the only AKR1B1 inhibitor that is currently
marketed in Japan, China and India for the treatment of
human diabetic neuropathy.***> Mechanistically, the central
2-thioxo-4-thiazolidinone group of EPR contributes to the inhi-
bition of AKR1B1 by interacting with the indole -NH group of
Trp111 within its catalytic site. This hydrogen-bonding inter-
action between EPR and the Trp111 residue induces conforma-
tional rearrangements in AKR1B1, thereby disrupting the
NADPH-dependent conversion of glucose to sorbitol.*>*® Never-
theless, EPR application in anticancer therapy is limited due to
its highly hydrophobic nature and suboptimal pharmacoki-
netic properties. Therefore, significant research attention has
been directed towards repurposing and structural remodelling
of EPR for anticancer therapy, particularly through nanoformu-
lation and prodrug-based strategies.*”*®
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In 2019, Mishra and co-workers developed a ratiometric redox-
sensitive prodrug of EPR, co-loaded with doxorubicin (Dox/EPR-
SS-TPGS) and investigated its synergistic effect on both in vitro
(MDA-MB-231 and 4T1 cells) and in vivo (female BALB mice)
models.”” This strategy enhanced the sensitivity of MDA-MB-231
cells to doxorubicin, inducing prominent G2/M phase cell cycle
arrest and significant apoptosis-mediated cell death with the
downregulation of CD44 expression, implying the inhibition of
cancer cell progression and invasion in metastatic states. Moreover,
in vivo administration of Dox/EPR-SS-TPGS-B6 resulted in signifi-
cant inhibition of tumour growth while simultaneously alleviating
Dox-mediated cardiotoxicity by downregulating troponin I,
TNF-u, IL-6 and IL-1B. Collectively, these findings highlight the
role of AR in conferring chemoresistance to the anticancer
activity of Dox, and the problem could be overcome by the co-
delivery of an AR inhibitor (EPR) with the anticancer drug (Dox).>”

Surprisingly, the repurposing of EPR as a therapeutic agent
for cancer treatment has not yet been adequately explored.
Therefore, with the aim of reusing this drug for anticancer
therapy, our group designed and developed an EPR prodrug to
investigate the effects of the active drug with enhanced

View Article Online
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selectivity and improved bioavailability. In 2024, our group
reported esterase-responsive, turn-on fluorogenic prodrugs of
EPR, namely RM-13 and RM-28, designed to selectively deliver
the active drug to cancer cells with turn-on fluorescence by exploit-
ing the overexpression of carboxylesterases in cancer cells.*®
Notably, activation of the very weakly fluorescent prodrugs
by porcine liver esterase (PLE) led to the deprotection of the
7-hydroxyl group of the coumarin unit, which subsequently
activated the self-immolative process with the release of EPR
(active drug) and the free fluorophore (Cou-OH) (Fig. 3A).
Owing to the better hydrolytic stability of the pivaloyloxymethyl
moiety in RM-13, the release of EPR in the presence of PLE was
found to be slightly slower in comparison to RM-28, which
contains a pivalate ester moiety as the esterase-responsive unit
(Fig. 3B). The activation of prodrugs by PLE and the release of
EPR was further monitored by reverse-phase HPLC analysis.
While RM-13 released 44.2% EPR, RM-28 released 51.4% EPR
after 12 h of incubation with PLE, indicating better esterase-
responsive activation of RM-28 over RM-13 with turn-on
fluorescence under physiological conditions. The PLE-induced
uncaging of EPR from the prodrugs was further confirmed by
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data shown are mean + SD (n = 3). *p < 0.05, **p < 0.01, and ****p < 0.0001. p values <0.05 were statistically significant based on one-way ANOVA.
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(10 uM), and pre-treated with BNPP (500 pM; time, 3 h) followed by (g)-(i) RM-13 (10 pM) and (j)-(l) RM-28 (10 uM). The scale bar: 30 um.
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comparable inhibition of the recombinant AR by the prodrugs
as well as free EPR (Fig. 3C).

The biocompatibility and the anticancer activity of the
synthesized prodrugs was investigated in human cervical can-
cer (HeLa) cells. Interestingly, RM-28 (IC5, ~ 50 uM) showed
relatively higher potency than RM-13, which is consistent with
the higher accessibility of RM-28 towards cellular esterases.
Moreover, the activation of prodrugs by the cellular esterases
was further supported by the compromised anti-proliferative
activities of both the prodrugs in the presence of known esterase
inhibitor bis(4-nitrophenyl) phosphate (BNPP) (Fig. 3D).

The cellular uptake and the intracellular drug delivery were
confirmed by the significantly increased fluorescence in the cells
in the presence of RM-13 and RM-28, which were activated by the
endogenous esterases with the release of free fluorophore Cou-OH
(Fig. 3E). This work thus suggests the importance of functionaliz-
ing the free carboxylic acid group of EPR, which may otherwise act
as a barrier to cellular uptake. Moreover, prodrugs exert their
anticancer activity in HeLa cells by arresting the cell cycle progres-
sion at the G2/M phase, similar to free EPR, thereby validating the
potency of the prodrugs through the release of EPR under in vitro
conditions. Taken together, these results highlight the use of
endogenous stimuli to help release EPR at the targeted site with
real-time non-invasive monitoring, enhanced bioavailability and
potent anticancer activity.*®

Additionally, other AKR1B1 inhibitors such as Zopolrestat
and Fidarestat are being investigated for their anticancer activity
and chemosensitizing potential; however, prodrug-based strate-
gies are needed to mitigate off-target toxicities and enhance
clinical efficacy.>'9%°

3. Prodrugs of thymidylate synthase
(TS) inhibitors

During DNA replication, cancer cells rely heavily on de novo
nucleotide synthesis and consequently reprogram their nucleotide
metabolism through the upregulation of key enzymes, such as
dihydroorotate dehydrogenase (DHODH), RNR, DHFR and TS.""
Particularly, TS is involved in the biosynthesis of thymidylate, an
essential precursor of DNA synthesis. Mechanistically, the cataly-
tic site of TS binds the 2’-deoxyuridine 5-monophosphate ({UMP)
and the co-factor CH,THF (5,10-methylenetetrahydrofolate) to
form a ternary complex. This complex catalyzes the reductive
methylation of dUMP using CH,THF as a methyl group donor,
generating deoxythymidine-5’-monophoshate (ATMP) (Fig. 4A).""
The resulting dTMP is subsequently phosphorylated to the
triphosphate state (dTTP), which serves as a direct precursor
of DNA synthesis. Importantly, TS is known as the only enzyme
responsible for the de novo synthesis of thymine nucleotide
precursors, making it a crucial enzyme in DNA replication and
repair.*’ Several published reports indicate that this rate-
limiting enzyme is overexpressed in highly proliferating cancer
cells, including breast, colon, lung, gastric and pancreatic
cancers.*” Thus, the overexpression of TS in cancer cells fuels
the increased production of DNA building blocks, thereby

This journal is © The Royal Society of Chemistry 2026
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supporting faster DNA replication and rapid cell division. There-
fore, the involvement of TS in cancer development makes it
an important prognostic biomarker and a critical target for
cancer therapeutics. Over the decades, several efforts have been
directed towards the structure-guided development of TS
inhibitors, including fluoropyrimidine and folate derivatives,
targeting the substrate-binding sites essential for TS activity
(Fig. 4B)."

5-FU was the first fluoropyrimidine class of TS inhibitor to
exhibit anticancer effects in clinical levels.** It exerts its effect
through its active metabolite, fluorodeoxyuridine monopho-
sphate (FAUMP), which forms a stable ternary complex with
TS and CH,THF, thereby irreversibly inhibiting TS activity. This
inhibition prevents the conversion of dUMP to dTMP, which is
necessary for DNA replication. Moreover, this leads to increased
incorporation of fluorodeoxyuridine triphosphate (FAUTP) and
fluorouridine triphosphate (FUTP) into DNA and RNA structures,
respectively, resulting in DNA damage and disrupted protein
translation.”” Although 5-FU is used as the firstline treatment
and adjuvant chemotherapy for various organ-specific cancers,
such as breast, colon, and lung, its clinical application is limited
due to several drawbacks, including short half-life (10-20 min) and
off-target toxicity.’® Furthermore, alterations in the expression
levels of enzymes involved in the metabolism of 5-FU play a critical
role in reducing its sensitivity to colorectal cancer. Therefore, to
overcome the poor pharmacokinetic stability of 5-FU, several
studies have reported the development of mutual prodrugs and
small-molecule prodrugs of 5-FU, among which tegafur, doxi-
fluridine, carmofur, and capecitabine are widely used clinically
(Fig. 4B).*®" Despite this progress, small-molecule 5-FU
prodrugs lacking cancer cell-specific directing units still suffer
from significant off-target toxicities, thereby limiting their
clinical utility. With this in mind, researchers have focused
on developing advanced stimuli-responsive prodrugs of 5-FU by
anchoring the tumour microenvironment-responsive moieties
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to enhance selectivity towards cancer cells and improve phar-
macokinetic stability.*®*°

Over the last decade, researchers have significantly focused
on the development of stimuli-responsive, turn-on fluorogenic
prodrugs of TS inhibitors to enable real-time bio-imaging and
in situ monitoring of drug accumulation, while simultaneously
reducing systemic toxicity, and drug resistance. In 2014, Kim
and co-workers reported the first biotin-anchored mitochondria-
targeting ROS-responsive theranostic prodrug of doxifluridine,
which exhibited selective toxicity against lung cancer (A549) cells
over normal lung cells (WI38) by inducing intrinsic apoptosis.*®
The authors report that the prodrug localizes in the mitochon-
dria rather than the cytoplasm or nucleus, thereby deviating
from the conventional anticancer mechanism of doxifluridine
(i.e. TS inhibition). However, it remains unclear whether the
observed activation of intrinsic apoptosis is due to mitochon-
drial localization of doxifluridine or the presence of fluorescent
reporter, eithidium. Overall, this report highlights the impor-
tance of cancer-targeting units and a stimuli-responsive fluoro-
genic prodrug approach towards potential anticancer efficacy.

In 2018, Liu and co-workers synthesized a promising anti-
cancer theranostic prodrug FDU-DB-NO,, which consists of
hypoxia-responsive 4-nitrobenzyl group, a self-immolative
fluorescent moiety (CM) for the real-time tracking of the drug
uncaging process and the chemotherapeutic drug 5-fluoro-
deoxyuridine (FDU) (Fig. 5A).>' FDU, a derivative of 5-FU, is
widely used for the treatment of colorectal, renal, and gastric
cancers.’” The activation mechanism of FDU-DB-NO2 was con-
firmed by a significant enhancement in fluorescence emission
at 530 nm (Fig. 5B), as well as by HPLC studies, upon incubation
with Nitroreductase (NTR) and sodium dithionite (Na,S,0,)
under hypoxic conditions (1% O,), respectively. As illustrated
in Fig. 5A, FDU-DB-NO, is selectively activated under hypoxic
conditions, leading to the simultaneous release of the active
drug FDU and the fluorescent reporter CM. As predicted, the
fluorescence intensity of the released fluorophore (CM)
decreased with increasing O, concentration in MGC-803 cells,
while the fluorescence intensity completely diminished under
normoxic conditions, indicating the critical role of hypoxia-
associated enzyme NTR in triggering the prodrug activation
(Fig. 5C). In vitro cytotoxicity studies revealed that FDU-DB-
NO,, exhibited pronounced anticancer activity against gastric
carcinoma (MGC-803) and breast cancer (MCF-7) cells under
hypoxic conditions (3% O,), compared to normoxic conditions
(20% O,). Notably, the prodrug showed minimal cytotoxicity
towards the normal cell line (BRL-34, a rat liver-derived cells),
further supporting its hypoxia-selectivity. Moreover, treatment
of MCF-7 tumour-bearing mice with FDU-DB-NO,, resulted in a
significant reduction in tumour size compared with the control
group (Fig. 5D), highlighting the in vivo anticancer potential of
the prodrug.®® These results collectively underscore the potential
of hypoxia-responsive fluorogenic prodrugs to selectively target
hypoxic tumour tissues while minimizing off-target toxicities on
normal tissues.

Although ROS act as secondary messengers in signal trans-
duction pathways in healthy normal cells, their levels are
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Fig. 5 (A) Proposed mechanism for the hypoxia-induced activation of
FDU-DB-NO; for the release of CM and FDU. (B) Time-dependent emis-
sion intensity at 530 nm upon the incubation of FDU-DB-NO; (Lex/em =
380/530 nm) with NTR under hypoxic conditions (1% O,). (C) Two-photon
confocal microscopy images (green channel) of MGC-803 cells incubated
with FDU-DB-NO; for 12 h under different hypoxic conditions (1% O,, 3%
O,, and 5% O,) and normoxic conditions (20% O,). (D) Relative tumour
volume of MCF-7-cell-inoculated xenograft mice treated with FDU-DB-
NO,. Reproduced with permission.® Copyright (B), (C) and (D) 2018,
American Chemical Society.

significantly upregulated in the tumour microenvironment
due to enhanced metabolic activity and mitochondrial
dysfunction.®® In 2021, Li and co-workers reported a newly
synthesized dual-stimuli-responsive theranostic probe CX-B-DF,
which integrates a near-infrared (NIR)-fluorogenic moiety
(CX-OH), a H,0,-responsive unit (boronate ester), and an inactive
drug 5'-deoxy-5-fluorouridine (5’-DFUR or doxifluridine) (Fig. 6A).>*
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Fig. 6 (A) Schematic representation of ROS-mediated activation of CX-B-
DF. (B) Fluorescence imaging of CX-B-DF (10 puM) in HCT-116 cells. The
cells were incubated with CX-B-DF for 1 h and the cells were pre-treated
with H,O, (50 puM) for 0.5 h and then incubated with CX-B-DF for 0.5 h.
(C) Fluorescence imaging of tumour-bearing mice after intravenous injec-
tion of CX-B-DF (200 uM) with time (0 h, 0.5 h, 1 h, 2 h, 4 h and 6 h).
(D) Relative pixel intensity in panel (C). Reproduced with permission.>*
Copyright (B), (C) and (D) 2021, The Royal Society of Chemistry.

This journal is © The Royal Society of Chemistry 2026


https://doi.org/10.1039/d6cc00654j

Published on 20 May 2026. Downloaded on 6/21/2026 1:20:35 PM.

Feature Article

The authors employed a dual-activation strategy to achieve precise
delivery of the chemotherapeutic agent specifically to the cancer
cells. In this study, upon exposure to the elevated level of intracel-
lular H,0,, the boronate ester moiety of CX-B-DF undergoes
oxidative cleavage, leading to the release of the active fluorophore
(CX-OH) along with 5’-DFUR. Subsequently, 5'-DFUR was enzyma-
tically converted by thymidine phosphorylase (TP) to the active
anticancer drug 5-FU within the cancer cells (Fig. 6A). This activa-
tion mechanism of the prodrug and the release profile was
validated in both in vitro and in vivo models. Interestingly, the
higher level of endogenous ROS in cancer cells over the normal
cells was validated by the bio-imaging ability of CX-B-DF. While the
prodrug exhibited very weak fluorescence emission in normal cells,
a significantly increased emission was observed in HCT-116 cancer
cells, which was further enhanced upon the addition of exogenous
H,0, (Fig. 6B). Moreover, the prodrug exhibited negligible cytotoxi-
city towards normal cells compared to the cancer cells. This result
further correlates with the hypothesis that upon dual activation by
H,0, and TP in cancer cells, the prodrug undergoes sequential
cleavage to release the active drug 5-FU, leading to pronounced
cytotoxic effects, selectively to cancer cells. Furthermore, CX-B-DF
enabled real-time fluorescence imaging in tumour-bearing mice,
demonstrating high tumour-specific activation and effective sup-
pression of tumour growth in vivo (Fig. 6C and D).>* Overall, this
work underscores the importance of the advanced dual-locked
fluorogenic prodrug system in enabling precise therapeutic strate-
gies that selectively target tumour tissue while minimizing toxic
effects on normal healthy tissue.

Emerging evidence indicates overexpression of alkaline
phosphatase (ALP) in several organ-specific cancers, including
prostate, pancreatic, breast, lung, ovarian, and gastric cancers,
suggesting its potential as a cancer biomarker.’® In recent years,
researchers have also exploited this enzyme as a cancer cell-
targeting unit to achieve precise delivery of anticancer drugs to
tumour tissues. For instance, in 2023, Venkatesh and co-
workers reported the development of a highly water-soluble
ALP-responsive fluorogenic prodrug of 5-FU, called 5-FUPD.>°
In this work, the authors synthesized the prodrug by conjugat-
ing a self-immolative fluorescent reporter (p-naphthoquinone
methide) to a modified 5-FU moiety through an ALP-responsive
phosphate group (Fig. 7A). The prodrug activation was initiated
by ALP-mediated hydrolysis of the phosphate group, followed by
a 1,8-elimination of the self-immolative fluorophore, leading to
the release of the active drug (5-FU) (Fig. 7A). Notably, 5-FUPD
displayed time-dependent activation in the presence of ALP
under physiological conditions, as evidenced by a gradual
increase in fluorescence intensity at 431 nm (Fig. 7B and C).
The authors further investigated the anti-proliferative activity of
5-FUPD in ALP overexpressing cancer cells, including cervical
(HeLa) and liver (HepG2) cancer cells. While the prodrug exhib-
ited significant cytotoxicity against these cancer cells, it was
nontoxic to normal liver cells (WRL-68). Interestingly, the authors
also reported that the p-naphthoquinone methide, released con-
comitantly with 5-FU upon ALP-triggered hydrolysis, scavenged
intracellular GSH as evidenced by a significant increase in
intracellular ROS levels. Furthermore, the biocompatibility of
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permission.>® Copyright (B) and (C) 2023, The Royal Society of Chemistry.

5-FUPD and the ALP-responsive release of p-naphthoquinone
methide with turn-on blue fluorescence upon its reaction with
cellular abundant biothiols, indicated the theranostic potential of
this prodrug.>® Notably, the coumarin-backbone in the prodrug
model served dual roles. It acted as a self-immolative linker,
which was finally converted to the turn-on fluorogenic unit.
Moreover, the work demonstrates the synergistic role of the
released fluorescent reporter in enhancing the chemotherapeutic
efficacy of the parent drug, accompanied by turn-on fluorescence
while reducing toxicity towards healthy normal cells.
Subsequently, in 2024 our group reported the esterase-
responsive self-immolative fluorogenic prodrugs of 5-FU, namely
BJ-50 and BJ-92.°” The prodrugs were rationally designed wherein
an esterase-responsive pivaloyloxymethyl group was linked to a
similar coumarin-based self-immolative fluorophore unit, which
was coupled to 5-FU. In prodrug BJ-50, 5-FU was directly attached
to the coumarin moiety through a C-N bond, whereas in BJ-92 a
benzylic self-immolative spacer containing a carbonate linker was
incorporated between the fluorophore and drug (Fig. 8A). Activation
of the prodrugs was attempted using PLE under physiological
conditions. Interestingly, while BJ-92 exhibited a gradual increase
in fluorescence intensity at 458 nm, reaching a saturation plateau
after 5 h of incubation with PLE, BJ-50 showed a fixed emission
intensity pattern over time (Fig. 8B and C). Based on the fluores-
cence emission, HPLC and ESI-MS analyses, the mechanistic out-
lines for the feasibility of turn-on fluorogenic release of 5-FU from
the prodrugs in the presence of PLE was established (Fig. 8D).
Upon incubating BJ-92 with PLE, efficient release of both 5-FU and
the coumarin fluorophore was observed, as illustrated in Fig. 8D. In
contrast, under identical conditions, BJ-50 failed to release the
active drug; instead, its reaction with PLE led to the formation of
new fluorogenic intermediate 4 that could not undergo self-
immolative cleavage due to the presence of the direct C-N bond
between 5-FU and the coumarin ring (Fig. 8D). These observations
highlight the importance of selecting suitable functional groups for
the coupling of drugs with the selfimmolative core for a feasible
drug uncaging process upon the activation of the prodrug.
Notably, BJ-92 exhibited significantly enhanced cytotoxicity
in A549 cells compared to the parent drug 5-FU, while
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minimizing the toxicity in normal human embryonic kidney
(HEK-293) cells, indicating improved therapeutic potential
(Fig. 9A-C). Additionally, intracellular activation of the prodrug
by endogenous esterases was validated through turn-on fluores-
cence imaging in A549 cells in the presence and absence of a
known esterase inhibitor (BNPP) (Fig. 9D). Further mechanistic
insights revealed that BJ-92 exerts its anticancer effect through
oxidative stress-mediated DNA damage (downregulation of
PARP) and p53-dependent apoptosis, similar to the parent drug,
5-FU.>" Collectively, the development of stimuli-responsive
fluorogenic prodrugs of TS inhibitors offered a promising plat-
form for precise and personalized cancer therapy with improved
bioavailability, enhanced selectivity and reduced side effects,
compared to the parent inhibitors.

4. Prodrugs of topoisomerase-lI|
(Topo-II) inhibitors

It has been reported that rapidly proliferating cells undergo
frequent cycles of DNA replication, which increases the
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likelihood of replication errors and consequently places stress
on the DNA replication machinery. Replication stress, caused
by several endogenous or exogenous factors, thus impairs DNA
replication and its repairing processes, leading to the accumu-
lation of mutations that are a fundamental driver of tumour-
igenesis.>® This persistent replication stress, an enabling hall-
mark of cancer cells," has been exploited by researchers for
decades as a therapeutic vulnerability in cancer treatment.
Therefore, tipping the cancer cells towards a more stressed
replicative state through external agents can lead to the collapse
of the DNA replication machinery, ultimately resulting in cancer
cell death. One of the commonly targeted enzymes of DNA
replication is Topo-II. It plays a crucial role in DNA replication
by regulating DNA topology, including under-winding, over-
winding, knotting and tangling of DNA strands.”® Mechanisti-
cally, topoisomerases reduce torsional strain created by DNA
helicases by relaxing the supercoiled DNA. This process involves
the formation of a reversible Topo-DNA cleavage complex,
resulting in transient DNA double-strand breaks (DSBs). These
transient breaks allow the passage of another DNA segment to
rejoin the DNA structure, thereby maintaining replication fork
progression and genomic integrity.°® This indispensable func-
tion of Topo-II makes it a prominent molecular target for
anticancer therapeutics.®’ Moreover, its overexpression in var-
ious cancer types, including breast cancer and oral squamous
cell carcinoma, provides a potent avenue for targeting the
replication machinery in cancer cells.®*%?

Over the decades, several Topo-II inhibitors have been
developed to disrupt the DNA replication machinery in cells.
Although Topo-II can be inhibited at multiple points in its
enzymatic cycle, its inhibitors are broadly classified into two
main categories: catalytic inhibitors and Topo-II poisons
(Fig. 10). Importantly, catalytic inhibitors such as dexrazoxane
and merbarone exhibit anticancer activity by preventing Topo-
II-DNA complex formation, thereby reducing the catalytic activ-
ity of Topo-II and producing relatively weak cytotoxicity in
cancer cells. In contrast, Topo-II poisons such as doxorubicin,
etoposide, daunorubicin and amonafide induce Topo-II-DNA
complex formation, leading to the accumulation of DNA DSBs
and blocking the replication and transcription (Fig. 10)."°

Therefore, Topo-II poisons cause DNA-damage mediated cell
death, resulting in pronounced cytotoxicity and anticancer
effects. Although many Topo-II poisons are FDA-approved anti-
cancer agents, their clinical applications are often limited due to
undesired side effects and poor bioavailability. For instance, the
clinical utility of doxorubicin is limited due to drug-induced
cardiotoxicity, whereas etoposide is constrained by its poor
aqueous solubility.**® Therefore, substantial research attention
has been devoted towards the development of prodrugs of
different Topo-II inhibitors for anticancer therapy.

Over the past decade, several small-molecule prodrugs of
doxorubicin have been designed incorporating different stimuli-
responsive linkers, including enzyme-, ROS- and pH-responsive
moieties, primarily focusing on target-specific doxorubicin deliv-
ery in the tumour microenvironment (Fig. 11). For instance, in
2018, Kim and co-workers reported a B-galactosidase-activated
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Topo-Il catalytic inhibitors highlighting their inhibitory mechanisms. developed H,0,-responsive doxorubicin prodrugs (P1) and sys-
tematically investigated the role of self-immolative linkers in
organ-specific cancer cells, facilitating the efficient release of
prodrug of doxorubicin (Gal-Dox) for the selective delivery of —doxorubicin with effects comparable to those of the free drug.®”
doxorubicin in asialoglycoprotein overexpressing colon cancer In the same year, Krasnovskaya and co-workers synthesized a
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pH-responsive dual prodrug (P2) system comprising doxorubicin
and albutoin, demonstrating around 30-fold reduction in cyto-
toxicity under physiological conditions (pH 7.6) compared to
mildly acidic tumor-like conditions (pH = 6.6) in PC-3 cells.®®
Furthermore, in 2023, Williams and co-workers designed a pH-
responsive albumin-binding doxorubicin prodrug (IBPA-Dox) to
amplify cellular uptake and improve pharmacokinetic profiles by
the enhancement of binding affinity towards human serum
albumin (HSA).*® Despite these advances, these reports fail to
address strategies for mitigating doxorubicin-related side effects
in cardiac cells; consequently, the clinical translation of doxor-
ubicin remains constrained by its cardiotoxicity. Therefore, a
deeper mechanistic understanding and rational design of pro-
drug systems aimed at alleviating doxorubicin-induced cardio-
toxicity represents a critical direction for future research.

Amonafide, a naphthalimide-based Topo-1I poison, failed to
advance beyond phase III clinical trials due to altered meta-
bolism, despite exhibiting potent anticancer activity. Notably,
amonafide is metabolized to the toxic N-acetyl amonafide by
N-acetyltransferase 2 (NAT2), resulting in slower plasma clear-
ance and accumulation of both compounds, leading to adverse
hematological side effects in patients.'” To overcome this
limitation, significant efforts have been dedicated to develop-
ing stimuli-responsive prodrugs of amonafide by functionaliz-
ing the free primary amino group, resulting in improved
bioavailability and reduced systemic toxicity.

In 2021, Qian and co-workers reported a H,S-responsive
fluorogenic prodrug of amonafide PNF (Fig. 12A).7° H,S is a
gasotransmitter involved in the regulation of several biological
processes; however, its levels are elevated in cancer cells, where
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Fig. 12 (A) Schematic representation of the H,S-responsive activation of
the prodrug PNF. (B) Excitation and emission spectra of PNF in the
presence and absence of NaHS (H,S donor). (C) Cell cycle arrest of
A549R cells in the presence of PNF after 24 h of incubation. (D)
Glycosidase-mediated release of amonafide from prodrugs 13 and 14.
(E) Fluorescence microscopy images of Hela cells in the presence of
Amonafide (50 uM), prodrug 13 (50 uM) with B-galactosidase (1 U), and
prodrug 14 (50 pM) with B-glucuronidase (1 U). Reproduced with
permission.”® Copyright (B) and (C) 2021, The Royal Society of Chemistry.
Reproduced with permission.”? Copyright (E) 2022, Wiley-VCH GmbH.
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it promotes cancer development in a concentration-dependent
manner.”* The H,S-activated release of amonafide from
PNF was confirmed by fluorescence spectroscopy with a strong
fluorescence emission at 598 nm in response to NaHS
(Fig. 12B). The prodrug was screened for its anticancer activity
in different organ-specific cancer cells, including cisplatin-
resistant cells (A549R, A2780R). Notably, PNF exhibited potent
cytotoxicity across all the tested cancer cell lines, with ICs,
values in the low micromolar range. Moreover, PNF showed
6-fold greater potency against the cisplatin-resistant cell line
A549R than the parent drug amonafide.

Notably, PNF exhibited significantly enhanced fluorescence
intensity in the cisplatin-resistant A549R cells upon the treat-
ment of exogenous NaHS and sodium nitroprusside (stimulus for
endogenous H,S production). Importantly, the authors reported
that PNF released amonafide in the presence of lysosomal H,S
after 6 h of incubation and translocated to the nucleus after a
prolonged incubation for 24 h. Based on these observations, the
authors concluded that PNF exhibits anticancer activity by indu-
cing autophagy within lysosome, followed by its translocation to
the nucleus leading to DNA damage-mediated arrest of cells in
the G2/M phase of the cell cycle, ultimately resulting in the
death of cisplatin-resistant cancer cells (Fig. 12C).”° However,
endogenous H,S levels are highly dynamic in nature and tightly
regulated by the redox status of the cellular environment.”?
Therefore, H,S-responsive prodrugs may exhibit limited selec-
tivity toward cancer cells.

In 2022, Scanlan and co-workers reported two glycosidase-
responsive prodrugs of amonafide (13-14) towards their
anticancer activities to facilitate selective activation in the
enzyme-overexpressed tumour microenvironment.”> Notably,
glycosidases are known to be overexpressed in various inflam-
matory conditions, including various cancers, thereby making
them attractive targets for the development of enzyme-activated
theranostic agents.>* The enzymatic activation of prodrugs and
the release of amonafide was confirmed using spectroscopic
studies, wherein the activation process was proposed to involve
the hydrolysis of glycosidic bonds in the presence of glycosi-
dases (B-galactosidase or B-glucuronidase) (Fig. 12D). The turn-
on fluorescence in the cellular medium (HeLa cells) in the
presence and absence of exogenous enzymes revealed green
fluorescence in the cytosol in the presence of exogenous
enzymes (Fig. 12E).

The evaluation of the anti-proliferative activity of the pro-
drugs in HeLa, HCT-116 and HepG2 cells revealed potent
cytotoxicity of the B-galactosidase-sensitive prodrug 13. In con-
trast, the B-glucuronidase-sensitive prodrug 14 was nontoxic
under identical conditions. These results suggest that the pro-
drug 13 undergoes intracellular metabolism by B-galactosidase
to release amonafide with potent anticancer activity. However,
the cytotoxicity of both the prodrugs was increased significantly
in the presence of exogenous enzymes. Collectively, this report
focuses on the delivery of amonafide via activation of endogen-
ous/exogenous glycosylated enzymes, especially in bio-imaging
studies. Nevertheless, for more efficacious delivery of amonafide,
further exploration of advanced prodrug strategies that emphasize

This journal is © The Royal Society of Chemistry 2026


https://doi.org/10.1039/d6cc00654j

Published on 20 May 2026. Downloaded on 6/21/2026 1:20:35 PM.

Feature Article

i(A) R

: O _N._0

Cys

g eet

! COH
= ; o
: o._N_oO a,R=2a k/

: 15b,R=b NH3

: ‘ ‘ NCS

: AM-ITC,R=a &

: NB-ITC,R=b }

] 0y _N._0

b opeees Rgroup  ceee

; (.

: a= ){\/N\ H

3
HS. />_
CO,H
OO i 20
H H

16a,R=a; 16b,R=b

View Article Online

ChemComm

[
% 17a,R=a; 17b,R=b
o

Turn-on fluorescence

" s
O N_0 !
S/>—co Wi
H
— CL,," &Y
NH, H :

18

Amonafide, R = a
NAB,R=b

(B) (©) )
25 ==NB-ITC ~~NB-ITC + C;
3 —HeTe e A S A -NBATC + Cys ®AMATC +Cys Green Channel Blue Channel
X20 o
s g¢ £
215 2 E‘
2 et | T <
£10 ~ z
s
%5 z o %)
5, . E £
0 10 20 30 40 50 60 0 20 40 60 80 100 120 <E( 5
D) Time (min) E) Time (min) A +
120 120 = N
mHela mHDF mHeLa mHDF o %
90 1 =
c =
<90 S Do
2 %60 4
2 £ ° + e
Ee0 S30 4 Qo =
H g SE 2=
e ® 01 o= o 4
=30 < o
30 4 o+ 2%
0 -60 z=
DMSO 5 10 25 DMSO 5 10 25

Concentration (uM)

Concentration (uM)

Fig. 13 (A) Proposed mechanistic pathways for the release of amonafide/NAB and H,S in the presence of Cys from the prodrugs AM-ITC and NB-ITC,
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AM-ITC and NB-ITC (25 pM) in the presence of Cys (1 mM) over 120 min using an MB assay. Relative anti-proliferative activity of (D) AM-ITC and (E)
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confirming the adjuvant cellular release of amonafide (green) and H,S (blue). The release of H,S was confirmed by using the H,S-sensitive probe WSP2.

Scale bar: 50 pm.

on activation by endogenous bio-analytes, along with detailed
biological evaluation, would be necessary.

In 2023, our group developed a cysteine (Cys)-responsive
isothiocyanate-based prodrug AM-ITC capable of co-delivering
amonafide and H,S with the aim of understanding the impact
of H,S on amonafide-induced cytotoxicity (Fig. 13A).”* A control
prodrug NB-ITC was also synthesized to understand the effect
of the released H,S as the prodrug NB-ITC would not release
amonafide, but rather a structural analogue (Fig. 13A). H,S is
known to exert a cytoprotective effect in healthy cells against
the adverse side effects of anticancer agents by regulating the
intracellular antioxidant defence system.”® Therefore, research-
ers have focused significantly on adjuvant delivery of H,S with
existing chemotherapeutic drugs. The sensitivity and selectivity
of AM-ITC and NB-ITC towards different biothiols revealed that
the prodrugs could be activated only by Cys. Interestingly, the
highly electrophilic isothiocyanate group rapidly reacted with
Cys with the release of amonafide and its analogue from AM-ITC
and NB-ITC, respectively within 10-15 min (Fig. 13B). Moreover,
the release of H,S from AM-ITC and NB-ITC was confirmed using

This journal is © The Royal Society of Chemistry 2026

a Methylene Blue (MB) assay over a period of 120 min, confirm-
ing the potential of the prodrugs AM-ITC and NB-ITC to co-
deliver amonafide/NAB and H,S upon Cys-mediated activation
(Fig. 13C). The nucleophilic attack of Cys at the electrophilic
isothiocyanate group led to the formation of the corresponding
Cys-adducts as transient intermediates, which undergo intra-
molecular cyclization to generate cyclic intermediates 16a/16b.
These intermediates subsequently decompose to release free
drugs and H,S along with the by-products.

The importance of prodrug design and the cytoprotective
effect of the released H,S were investigated next by evaluating
their anti-proliferative activities in cancer cells (MDA-MB-231
and HeLa) and non-malignant cells (HDF). Although AM-ITC
exhibited relatively lower anti-proliferative activity in cancer
cells compared to free amonafide, a more pronounced cytopro-
tective effect was observed in the non-malignant cells (Fig. 13D
and E). These observations highlight the cytoprotective effect of
H,S in mitigating amonafide-induced toxicity towards normal
cells. Next, the release of amonafide as well as H,S in the
cellular medium was evidenced using fluorescence microscopy

Chem. Commun., 2026, 62, 11014-11033 | 11025
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(Fig. 13F). The Cys-mediated release of amonafide in HeLa cells
was further confirmed by pre-treating cells with the thiol-
enhancer omeprazole and thiol-quencher N-ethylmaleimide
(NEM). Notably, a significant green fluorescence was indicative
of the release of free amonafide. Moreover, the release of H,S
from AM-ITC in HeLa cells was confirmed by the intense blue
fluorescence in the presence of the H,S-responsive probe WSP2
(Fig. 13F). Taken together, this work reveals a novel approach
for the adjuvant delivery of amonafide with H,S to mitigate the
amonafide-mediated side effects in normal cells.”*

The development of AM-ITC provided us with important
information about the feasibility of adjuvant delivery of amona-
fide and H,S to mitigate the side effects of amonafide. However,
due to the presence of the isothiocyanate group in AM-ITC, the
prodrug becomes highly reactive, facilitating rapid nucleophilic
reactivity and losing selectivity. Moreover, due to the low intra-
cellular abundance of Cys, the activation strategy of the amona-
fide prodrug with an isothiocyanate-based reactive group was
further improved with a more advanced prodrug strategy. There-
fore, in our next strategy, we developed a dual bioanalyte (H,O,
and carbonic anhydrase, CA)-triggered thiocarbamate-based
hybrid prodrug (AM-TCB) for the sustained release of amonafide
and H,S, accompanied by turn-on fluorescence (Fig. 14A).”°

1026 | Chem. Commun., 2026, 62, 11014-11033

A carbamate-based control prodrug, AM-CB, was also designed,
which could release only amonafide without releasing H,S, thus
supporting the CA-mediated H,S release from the thiocarbamate-
based prodrug AM-TCB (Fig. 14A). While the release of amonafide
from AM-TCB was confirmed in the presence of H,0, using
analytical methods, the release of H,S from the prodrug was
confirmed using the MB assay in the presence of both the
analytes, such as H,0, and CA (Fig. 14B and C). While the
activation of AM-TCB by H,O, generates carbonyl sulfide (COS)
and amonafide, a subsequent decomposition of COS by CA
generates H,S. In contrast, the carbamate-based prodrug AM-
CB generates amonafide without any H,S (Fig. 14C).

The prodrug AM-TCB was further studied for its anti-
proliferative activity in both cancer cell lines (HeLa and MDA-
MB-231) and normal cells (HEK-293). AM-TCB exhibited lower
cytotoxicity in cancer cell lines than free amonafide. Similarly,
its toxicity in HEK-293 cells was also reduced relative to
free amonafide, indicating the cytoprotective role of H,S in
alleviating the toxicity of the released amonafide (Fig. 14D).
Additionally, the intracellular release of the self-reporting
fluorogenic drug amonafide and the gasotransmitter H,S was
confirmed by fluorescence microscopy images. An intense green
fluorescence in HeLa cells upon treatment with AM-TCB

This journal is © The Royal Society of Chemistry 2026
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indicates intracellular H,O,-triggered activation (Fig. 14E).
Furthermore, intracellular H,S release was confirmed by the
intense blue fluorescence, which was observed upon the co-
incubation of HeLa cells with AM-TCB and the H,S-responsive
fluorogenic probe WSP2. Moreover, the prodrug AM-TCB exhib-
ited similar regulation of p53 and Bcl2 as amonafide, suggesting
that the released amonafide is responsible for exerting an
anticancer effect in MDA-MB-231 cells. Altogether, the mitigation
of amonafide-induced toxicity in normal cells has been explored
via concomitant release of H,S and amonafide from both AM-ITC
and AM-TCB. These findings underscore a promising avenue for
adjuvant drug delivery strategies that integrate both a single
stimulus and dual-locked mechanism. However, a more compre-
hensive mechanistic insight into ROS-responsive drug release
remains essential for the strategic design of advanced and more
effective prodrug systems for cancer therapy.

In 2024, Yin and co-workers designed ROS-responsive pro-
drugs of amonafide, namely PBE-AMF and PBA-AMF, consisting
a boronic ester and boronic acid group, respectively Fig. 15A.””
While both the prodrugs reacted with H,O, with the release of
amonafide, the boronic ester (PBE)-containing prodrug PBE-
AMF undergoes hydrolysis under physiological conditions to
form the corresponding boronic acid derivative (PBA) and exhi-
bits poor aqueous solubility. Activation of PBA-AMF by ROS leads
to the selfimmolative process and releases the active drug
amonafide (Fig. 15B). Upon confirming the release of amona-
fide, the authors investigated the comparative anti-proliferative
activities of PBE-AMF and PBA-AMF in MDA-MB-231 cells. The
results revealed more efficient sialic acid (SA)-mediated uptake
of PBA-AMF by MDA-MB-231 cells than PBE-AMF, resulting in
enhanced cytotoxicity. However, this trend is reversed when the
cells are pre-treated with 3A-PBA, a competitive inhibitor of SA.
These findings confirmed that the superior activity of PBA-AMF
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Fig. 15 (A) Schematic representation of the H,O,-mediated activation of
PBE-AMF and PBA-AMF with the release of amonafide. (B) The release
mechanism of amonafide from PBA-AMF in the presence of H,O,. (C)
Confocal images of MDA-MB-231 cells after incubating with PBA-AMF,
LPS + PBA-AMF, H,O, + PBA-AMF, and NAC + PBA-AMF for 6 h. Scale bar:
20 um. Reproduced with permission.”” Copyright (C) 2024, Elsevier.
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over PBE-AMF arises from the SA binding ability of the PBA
moiety over the PBE group, as well as the poor aqueous solubility
of PBE-AMF at physiological pH. Therefore, PBA-AMF was cho-
sen for further investigations. The release of amonafide in the
cellular medium was visualized by the intense red fluorescence
of amonafide in MDA-MB-231 cells, and ROS-mediated release
was confirmed by fluorescence quenching upon the pre-
treatment of cells with NAC and an enhanced fluorescence on
pre-treatment with lipopolysaccharide (LPS) or H,O, (Fig. 15C).

In the same year (2024), Qian and co-workers reported a
newly synthesized enzyme-responsive prodrug of amonafide,
AcKLP, with an advanced strategy of a dual-lock technique for
the treatment of glioblastoma (Fig. 16A).”® Notably, histone
deacetylase (HDAC) and cathepsin L (CTSL) are overexpressed
in glioblastoma, which are able to deacetylate and cleave at a
specific site of the peptide chain. The mechanistic investigation
revealed that upon HDAC-catalyzed deacetylation of the short
peptide, lysine is generated, which is subsequently cleaved by
CTSL, leading to the release of free amonafide. Additionally, the
authors reported a cysteine-responsive control prodrug of amo-
nafide, PhTLP, for comparative understanding (Fig. 16A). Inter-
estingly, the dual enzyme-responsive prodrug AcKLP exhibited
very high selectivity (SI > 44) towards glioblastoma cells (U87)
overexpressing HDAC and CTSL compared to normal HUVEC
cells. However, PhTLP exhibited comparable toxicity in both
U87 and HUVEC cells, with a very low SI of 0.47, indicating the
superior selectivity of the enzyme-responsive prodrug toward
cancer cells. Furthermore, the intracellular release of the self-
reporting fluorogenic amonafide from AcKLP was evaluated in
U87 cells using fluorescence imaging. A time-dependent
increase in red fluorescence was observed, with co-localization
within lysosome (Fig. 16B). Importantly, HDAC- and CTSL-
mediated release of amonafide from AcKLP was confirmed by
significant quenching of the red fluorescence in the presence of
the HDAC inhibitor SAHA and CTSL inhibitor E64D. These
observations further validated that the combined action of
HDAC and CTSL is essential for the release of free amonafide
from AcKLP. Mechanistic studies revealed that AcKLP induced
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and PhTLP. (B) Confocal microscopy images of U87 cells treated with
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changes of 3D tumour spheroids under different conditions with an
extended incubation time from 0O to 4 days. (D) Relative tumour volumes
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Chem. Commun., 2026, 62, 11014-11033 | 11027


https://doi.org/10.1039/d6cc00654j

Published on 20 May 2026. Downloaded on 6/21/2026 1:20:35 PM.

ChemComm

autophagy-mediated cell death in U87 cells, as evidenced by the
upregulation of autophagy marker LC3-I and LC3-II. The anti-
cancer activity of AcKLP was further corroborated in a 3D
spheroid model, where a significant reduction in spheroid size
was observed (Fig. 16C). Moreover, in vivo studies in a U87
tumour-bearing xenograft model revealed significant tumour
growth inhibition with reduced systemic toxicity, indicating
good biocompatibility of AcKLP under in vivo conditions
(Fig. 16D).”® Taken together, this work emphasizes the advan-
tage of duallocked enzyme-responsive prodrugs over bio-
analyte-responsive prodrugs, owing to the overexpression of
specific enzymes in cancer cells and the superior substrate
specificity, thereby enabling improved cancer treatment efficacy
while minimizing dose-limiting cytotoxicity.

Altogether, the advancement of amonafide-based prodrugs
up to 2025 has largely been confined to strategies targeting
overexpressed enzymes and bioactive small-molecules, predo-
minantly under normoxic tumour conditions. However, the
tumour microenvironment is intrinsically heterogeneous, char-
acterized by dynamic gradients between normoxia and hypoxia.”
Therefore, hypoxic conditions within the tumour microenviron-
ment play a critical role in modulating therapeutic efficacy. This
year (2026), Lee and co-workers developed hypoxia- and H,S-
responsive prodrugs of amonafide (Amo-c-NO,, Amo-NO,, Amo-
¢-N3, Amo-N; and Amo-M) for their selective activation within
the tumour microenvironment (Fig. 17A).%° The prodrugs were
investigated for their activation and the release of amonafide in
the presence of NTR and H,S. Interestingly, Amo-c¢-NO, exhib-
ited a rapid increase in fluorescence signal upon activation by
NTR, reaching a saturation plateau within 20 min (Fig. 17B). As
illustrated in Fig. 17C, NTR catalyzes the reduction of Amo-c-
NO, to generate a 4-aminobenzyl intermediate, which
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Fig. 17 (A) Chemical structures of amonafide and the synthesized pro-
drugs Amo-c-NO,, Amo-c-N3, Amo-NO,, Amo-N3 and Amo-M. (B) Time-
dependent fluorescence intensity of amonafide at 585 nm in the presence
and absence of NTR (5 pg mL™) and NADH (500 pM). (C) Proposed
mechanism of NTR-mediated conversion of Amo-c-NO, to amonafide.
(D) %Cell viability of HCT-116 cells treated with Amo-c-NO; (5 uM) in the
presence or absence of dicoumarol (Dic, 5 uM), followed by incubation
under hypoxic or normoxic conditions for 24 h. (E) Representative images
of tumour tissues of Amo-c-NO,-treated mice. Reproduced with
permission.8% Copyright (B), (D) and (E) 2026, Elsevier.
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subsequently undergoes self-immolative cleavage to release free
amonafide. The authors evaluated the cytotoxicity of prodrugs
in a panel of cancer and normal cells and notably, Amo-c-NO,
exhibited the highest selective cytotoxicity in HCT-116 cells
compared to normal cells. Furthermore, Amo-c-NO, induced
DNA-damage-mediated apoptotic cell death in HCT-116 cells
under normoxic conditions, as evidenced by the dose-
dependent cleavage of PARP. Interestingly, it was initially loca-
lized in the cytoplasm and slowly translocated to the nucleus
after 8 h, confirming the DNA-damage mediated cell death of
HCT-116 cells. Since NTR is overexpressed in hypoxic condi-
tions, NTR-mediated release of amonafide from Amo-c-NO, was
explored via fluorescence imaging under hypoxia and confirmed
by the attenuated fluorescence signal observed in the presence
of the NTR inhibitor, dicoumarol, under identical conditions.
Intriguingly, while free amonafide exhibited minimal activity
against HCT-116, Amo-¢-NO, showed enhanced potency in HCT-
116 cells under hypoxic conditions (Fig. 17D). Moreover, sig-
nificant tumour growth inhibition was observed in a mouse
model, along with no noticeable impact on body weight, thereby
suggesting Amo-c-NO, as one of the promising prodrugs for
targeted delivery of amonafide with reduced systemic toxicity
(Fig. 17E).*°

Overall, these reports highlight the sequential advancement
of prodrug delivery strategies from small bioactive molecule-
triggered systems to dual-enzyme-responsive lockable prodrug
systems, focusing on enhancing the bioavailability, tumour
selectivity and therapeutic efficacy of amonafide. Furthermore,
the prodrug design has been extended to the complex hypoxic
environment for the targeted delivery of amonafide under low-
oxygen conditions. Such next-generation prodrug systems may
enable rational combination therapies, reduce systemic toxicity
and assist with spatiotemporal delivery of amonafide for effec-
tive cancer treatment.

5. Prodrugs of glutathione-S-
transferase (GST) inhibitors

Over the decades, GSTs have remained a topic of considerable
interest among cancer researchers owing to their controversial
roles in cytoprotection and detoxification, as they facilitate the
elimination of toxic compounds while contributing to altered
drug metabolism and the development of chemoresistance.®'
GSTs are members of the phase II metabolic enzymes that
catalyze the conjugation of reduced glutathione (GSH) to a wide
range of xenobiotics, thereby promoting their detoxification
and facilitating elimination via bile excretion or renal trans-
port.®” This activity emphasizes the paramount cytoprotective
function of GSTs, which protect cellular DNA from oxidative
damage and mutagenesis. While the widely accepted cytopro-
tective role of GSTs reflects their function as a cellular “house-
keeper” in healthy cells, the same activity can paradoxically
confer chemoresistance to chemotherapeutic drugs in various
organ-specific cancers. Accumulating evidence indicates that
GST isozymes are overexpressed in various human cancer cell

This journal is © The Royal Society of Chemistry 2026
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lines at both transcriptional and translational levels.®® These
isozymes are divided into seven structurally and functionally
distinct classes, namely, o (alpha), p (mu), = (pi), 0 (theta),
o (Sigma), ¢ (zeta), and o (omega).®* Among these, GSTP1 from
the pi-class has been reported to be aberrantly overexpressed
across a variety of cancers, including those of the bladder,
ovarian, breast, prostate, gastric, and neuroglioma, thereby
contributing to resistance to chemotherapeutic agents such
as carboplatin, doxorubicin, cisplatin, 5-fluorouracil and
others.®* Mechanistically, the catalytic domain of GSTP1 facil-
itates the nucleophilic attack of GSH, bound at the G-site of the
enzyme subunit, on the electrophilic substrate positioned at
the H-site, resulting in the formation of a glutathione-adduct
that is subsequently effluxed out of the cells via specific
transporters (Fig. 18).%° Thereupon, the overexpression of GSTs
contributes to chemotherapeutic drug resistance by working in
association with efflux transporters and multidrug resistance
proteins. In addition, GSTs are critically involved in several
biological processes, particularly redox regulation and intra-
cellular signal transduction.®? For instance, GSTP1 is known to
inhibit c-Jun N-terminal kinase (JNK), a member of the
mitogen-activated protein (MAP) kinase signaling pathway.
It has been reported that GSTP1 disrupts the interaction
between JNK and its downstream substrate c-Jun, by forming
a heterotrimeric GSTP1-JNK-c-Jun complex. This interaction
acts as a negative regulator of the pro-apoptotic JNK pathway,
as the complex impedes JNK activation and inhibits JNK-
mediated phosphorylation of c-Jun, thereby attenuating apop-
totic signaling (Fig. 18).%¢ Furthermore, GSTs are well recog-
nized for their role in modulating pro-apoptotic signaling
pathways through post-translational modifications of target
proteins, such as S-glutathionylation of substrates including
p53, peroxiredoxin-VI, ERGIC-STING1 and others.®” These
regulatory functions of GSTP1 highlight its dual role in
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modulating both cell survival pathways and chemotherapeutic
responses in tumour cells. Therefore, GSTP1 represents a
promising target for the development of inhibitors that may
not only enhance the efficacy of the existing anticancer drugs
but also serve as potent therapeutic agents.

In recent years, various GSTP1 inhibitors have been investi-
gated and developed, and new compounds continue to be
synthesized through structural modification of previously
reported inhibitors to achieve better specificity towards GSTP1.
While ethacrynic acid is FDA-approved with GSTP1 inhibitory
activity, ezatiostat (TLK199) and its active metabolite TLK117
have progressed to clinical trials, whereas NBDHEX and piper-
longumine remain in the preclinical stage of development
(Fig. 18).5%%° Surprisingly, NBDHEX has gained worldwide
recognition as one of the most potent inhibitors of GSTP1,
exhibiting pronounced anticancer activity.’”®' However, its
therapeutic application is limited by several drawbacks, includ-
ing poor selectivity between cancerous and normal cells, low
aqueous solubility, and systemic toxicity. Therefore, to over-
come these limitations, researchers have pursued various
structural modification of NBDHEX mainly with the functiona-
lization at the alkyl side chain. Additionally, initiatives were
taken to conjugate it with chemotherapeutic drugs to enhance
its anticancer efficacy across a variety of cancer cell lines, and to
develop fluorogenic prodrugs of NBDHEX for real-time mon-
itoring and sustained drug release.

In recent years, two Pt(iv) prodrugs of the NBDHEX deriva-
tive were reported that involved cisplatin and carboplatin as
Pt(u) drugs. The prodrugs were found to have the potency to
combat the GST-mediated resistance to Pt(n)-based drugs.'®"”
Although numerous studies have reported NBDHEX derivatives
with different structural modifications aimed at improving
bioavailability and anticancer efficacy, these derivatives still
lack sufficient selectivity towards cancer cells.”>** Considering
these observations, in recent years, researchers have focused on
developing NBDHEX prodrugs with a better selectivity and real-
time monitoring of drug activation in the cellular context. In
this regard, in 2024 our group rationally designed and reported
a newly synthesized biothiol-responsive prodrug of NBDHEX,
RK-296 (Fig. 19A).%> Activation of RK-296 by biothiols (GSH)
with the release of Biot-NIR-OH and NBDHEX was established
in aqueous medium using UV-Vis, and fluorescence methods
(Fig. 19B and C). However, a partial release of NBDHEX from
the prodrug was observed, as confirmed by HPLC analysis. The
work employs GSH as the stimulus as it is the most abundant
intracellular thiol, playing an important role in the cellular
redox balance, and is present at elevated levels in tumour cells
as compared to normal cells.”® Based on the results from the
analytical studies, the biothiol-responsive activation of RK-296
and the release of the active drug and the fluorophore was
proposed (Fig. 19D). Notably, the nucleophilic attack of a
biothiol (RSH) may take place at both the S-centres of the
unsymmetrical disulfide linkage in RK-296 as per paths A and
B leading to the final release of NBDHEX and the fluorophore.

With this confirmation in hand, the prodrug was evaluated
for its time-dependent anticancer activity (48, 72 and 96 h) and
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Fig. 19 (A) Biothiol-responsive activation of the prodrug RK-296 for the
release of NBDHEX (GSTP1 inhibitor), with turn-on NIR fluorescence. (B)
Emission spectra and (C) Emission kinetics of RK-296 (10 pM) in the
presence/absence of GSH (500 pM). (D) Proposed mechanism for the
biothiol-triggered activation of RK-296 and the release of NBDHEX and
Biot-NIR-OH.

compared with free NBDHEX. Notably, it exhibited moderate
anti-proliferative activity in MDA-MB-231 cells, consistent with
sustained intracellular release of NBDHEX (Fig. 20A and B). The
moderate anti-proliferative activity of RK-296 in cancer cells
could be attributed to the partial release of NBDHEX from the
prodrug over time. Additionally, the activation of RK-296 by
intracellular biothiols and the turn-on fluorescence was eval-
uated in HeLa cells using fluorescence microscopy. The pro-
drug exhibited intense red emission, indicating successful
activation of RK-296 by the endogenous biothiols (Fig. 20C).
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Fig. 20 Dose-dependent anti-proliferative activity of (A) RK-296 and (B)
NBDHEX in MDA-MB-231 cells. Fluorescence microscopy images (bright
field and red channel) of (C) Hela cells treated with RK-296 (4 uM) alone
(a—b) and pre-treated with NEM followed by RK-296 (c—d), and (D) HEK-
293 cells treated with RK-296 alone (e—f), confirming the cellular incor-
poration of RK-296 and the release of NIR fluorophore Biot-NIR-OH. Hela
cells were pre-treated with NEM to quench the endogenous thiols. Scale
bar: 50 pm.
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The importance of the biotin-moiety in RK-296 in targeting
cancer cells over normal cells was validated by the lack of
fluorescence emission in the biotin receptor-negative HEK-293
cells (Fig. 20D). Taken together, these findings underscore the
potential of a stimuli-responsive, turn-on fluorogenic prodrug
strategy, in which sustained release of NBDHEX with real time
imaging would be useful for alleviating its off-target side
effects. While a partial release of NBDHEX could be achieved
from RK-296, further research on an advanced prodrug strategy
is needed for efficient release of NBDHEX from its prodrug with
improved anticancer activity.

In addition, numerous studies have reported the multimo-
dal anticancer activity of piperlongumine; however, its clinical
application is constrained by poor pharmacokinetic proper-
ties.””?® Therefore, researchers have focused on designing several
derivatives of piperlongumine,”® as well as its prodrugs,'® to
enhance its therapeutic activity. Altogether, these reports indicate
an urgent need to develop better GST inhibitors with enhanced
pharmacokinetics and anticancer potency to mitigate cancer
progression, as well as to implement combined prodrug strate-
gies with chemotherapeutic drugs to overcome GST-related
chemoresistance.

6. Future perspectives

Over the past decade, researchers have devoted considerable
efforts towards the development of various stimuli-responsive,
turn-on fluorogenic prodrugs that enable real-time bioimaging
and fluorescence-associated precise and non-invasive monitor-
ing for targeted drug delivery. The strategy offers additional
benefits in reducing the drug-induced off-target toxicity to
healthy cells. Numerous studies have explored the potential
of fluorogenic prodrug strategies of selective inhibitors target-
ing key metabolic enzymes involved in glucose metabolism,
nucleotide synthesis, DNA metabolism, and drug metabolism.
In this review, these strategies are critically evaluated with
particular emphasis on their respective therapeutic advantages
and inherent limitations. Notably, stimuli-responsive dual-
locked fluorogenic prodrug platforms have emerged as parti-
cularly promising candidates, offering enhanced therapeutic
efficacy and reduced dose-limiting toxicity through improved
control over site-specific drug activation. Despite the well-
established advantages of prodrugs over conventional chemo-
therapeutics, systematic investigation of their pharmacological
properties remains imperative for expediting successful clinical
translation.

After careful analysis of the published literature, we learned
that fine tuning of prodrug structures could significantly
improve the pharmacokinetic properties of these systems,
alongside improving the therapeutic efficacy required for clin-
ical applications. For example, Mishra and co-workers reported
an amphiphilic, GSH-sensitive, non-targeting prodrug of Dox
and EPR, named Dox/EPR-SS-TPGS, as well as a cancer-cell
targeting prodrug, Dox/EPR-SS-TPGS-B6.>” They demonstrated
that these amphiphilic micellar prodrugs increased the average
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half-life of EPR and Dox by 2.87 and 3.37-fold, respectively,
compared to free EPR + Dox. Notably, the half-life of EPR was
extended from 3.5 h to 9 h in EPR-SS-TPGS, in which EPR is
conjugated to d-o-tocopheryl polyethylene glycol succinate via a
disulfide linker. These findings highlight the importance of
structural modifications of enzyme inhibitor delivery systems
to enhance plasma circulation time while enabling site-specific
drug activation. Furthermore, the authors emphasized the
critical role of cancer cell-targeting moieties, like vitamin B6,
in the Dox/EPR-SS-TPGS-B6 prodrug for enhanced cellular
uptake and targeting properties. Similarly, our group high-
lighted the role of biotin receptor-mediated targeting in improv-
ing the selective uptake of the GSH-triggered NBDHEX prodrug
(RK-296) in cancer cells over normal cells.” Collectively, these
studies demonstrated that receptor-mediated targeting strategies
can offer cancer cells selectivity to prodrugs, revealing an important
approach towards the rational remodelling of enzyme inhibitors.
Therefore, the strategic design of a prodrug system incorporating
amphiphilic and cancer-cell-targeting moieties would represent a
promising approach to improve pharmacokinetics and therapeutic
applications.

In addition, increasing attention has been paid to the
optimization of self-immolative linkers and stimuli-responsive
moieties for precise tumour-site specific activation. For instance,
our group reported distinct EPR release behaviour and cytotoxi-
city profiles for RM-13 and RM-28, attributable to the presence of
different esterase-responsive moieties, such as pivaloyloxymethyl
ester in RM-13 and a pivalate ester in RM-28.% Similarly, Yin and
co-workers observed superior cytotoxicity of the boronic acid-
containing prodrug PBA-AMF compared with the corresponding
boronate ester analogue PBE-AMF, which was attributed to
enhanced sialic acid-mediated cellular uptake.”” Lee and co-
workers further reported that the release profiles of amonafide
prodrugs (Amo-c-NO,, Amo-NO,, Amo-c-N3, Amo-N; and Amo-M)
are strongly influenced by both linker groups and triggering
units.®® Notably, the prodrugs in which amonafide was con-
nected to the stimuli-responsive unit via a carbamate bond
(Amo-c-NO, and Amo-c-N3) exhibited more efficient drug release
than those directly conjugated through a C-N bond. Moreover,
enhanced substrate specificity was observed for the enzyme
(NTR)-triggered prodrug Amo-c-NO, compared with the bio-
analyte (H,S)-responsive prodrug, Amo-c-N;. In line with these
findings, Qian and co-workers highlighted the advantages of the
double-locked enzyme (HDAC and CTSL)-triggered prodrug
(AcKLP) over the cysteine-triggered amonafide prodrug (PhTLP)
in achieving selective inhibition of cancer cells over normal
cells.”® Similar linker-dependent effects have also been observed
by our group for the 5-FU prodrugs, such as BJ-92 and BJ-50.%”
Our study revealed that the drug connected directly by a C-N
bond in BJ-50 was not cleavable by the self-immolative process.
Given that only a handful of researchers have systematically
evaluated the role of the linker and stimuli-responsive unit
design in prodrug systems, detailed investigation into the
rational optimization of suitable linker groups and activation
mechanisms are essential for the development of advanced
prodrug delivery systems.
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As mentioned earlier, the development of chemoresistance
remains a major limitation of conventional chemotherapy and
is often associated with the overexpression of specific drug-
metabolizing enzymes. Notable examples include the AR-mediated
detoxification of doxorubicin and GSTP1-driven inactivation of
cisplatin. To overcome these resistance mechanisms, several stu-
dies have explored the co-delivery strategies that combine che-
motherapeutic drugs with the inhibitors of these metabolizing
enzymes. For instance, Dox has been co-delivered with aldose
reductase inhibitor EPR in the Dox/EPR-SS-TPGS-B6 micellar
prodrug system, resulting in better therapeutic outcomes.®” Simi-
larly, mutual prodrugs of cisplatin and its derivatives with the
GSTP1 inhibitor NBDHEX have exhibited enhanced therapeutic
efficacy against cisplatin-resistant cancer cell lines.'® In addition,
emerging evidence has indicated that the co-delivery of chemo-
therapeutic agents with gasotransmitter H,S can mitigate
dose-limiting toxicities towards healthy cells. For example,
amonafide-H,S releasing prodrugs (AM-ITC and AM-TCB),
synthesized by our group, exhibited a significant reduction
in amonafide-mediated toxicity in normal cells (HDF and
HEK-293), which was attributed to the cytoprotective effects
of H,S.”*7® Taken together, these findings highlight the
potential of co-delivery strategies, either combining multiple
therapeutic agents or pairing an anticancer agent with a
cytoprotective gasotransmitter, to enhance therapeutic effi-
cacy, while simultaneously minimizing off-target toxicity and
the emergence of chemoresistance. Therefore, the rational
design of prodrug systems with optimized pharmacokinetics,
appropriate triggering moieties, and highly selective activa-
tion is important for enabling the clinical translation of multi-
functional prodrug platforms.

7. Conclusions

This review illustrates the critical roles of key metabolic enzymes
involved in glucose metabolism (aldose reductase), nucleotide
synthesis (thymidylate synthase), DNA replication (Topoisome-
rases) and drug metabolism (glutathione-S-transferases) in can-
cer cell proliferation and the development of chemoresistance.
Although several inhibitors targeting these enzymes are being
explored for their anticancer potential, their clinical applications
are constrained by suboptimal pharmacokinetic properties.
Therefore, the transformative potential of stimuli-responsive
prodrug systems for the targeted delivery of inhibitors against
these enzymes has attracted substantial research attention, owing
to their ability to enhance site-specific activation, improve bio-
availability and reduce the off-target side effects. In particular, the
stimuli-responsive, dual-locked, fluorogenic prodrugs offer the
added advantage of precise and efficient delivery, facilitating real-
time monitoring of active payload release while minimizing dose-
limiting toxicity in normal cells. Beyond monotherapy, combi-
nation strategies integrating these enzyme inhibitors either with
known FDA-approved chemotherapeutic drugs or with cytopro-
tective gasotransmitters have shown significant improvements in
anticancer efficacy, exhibiting synergistic effects in both in vitro
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and in vivo conditions with reduced off-target side effects and
leading to prominent tumour growth inhibition. With the pro-
gressive trend in this field, we anticipate that the clinical transla-
tion of active enzyme inhibitors caged within stimuli-triggered
delivery systems will represent a promising approach towards
more effective and safer cancer treatments. Nevertheless, com-
prehensive investigations for their pharmacodynamics and safe
pharmacology profiles remain essential to facilitate successful
clinical application.
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