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Approved anticancer drugs typically face challenges due to their narrow
therapeutic window, primarily because of high systemic toxicity and limited
selectivity for tumors. Prodrugs are initially inactive drug molecules designed
to undergo specific chemical modifications. These modifications render the
drugs inactive until they encounter specific conditions or biomarkers in vivo,
at which point they are converted into active drug molecules. This thoughtful
design significantly improves the efficacy of anticancer drug delivery by
enhancing tumor specificity and minimizing off-target effects. Recent
advancements in prodrug design have focused on integrating these strategies
with delivery systems like liposomes, micelles, and polymerosomes to further
improve targeting and reduce side effects. This review outlines strategies for
designing stimuli-responsive small molecule prodrugs focused on cancer
treatment, emphasizing their chemical structures and the mechanisms
controlling drug release. By providing a comprehensive overview, we aim to
highlight the potential of these innovative approaches to revolutionize cancer
therapy.
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1 Introduction

Cancer is a disease caused by the abnormal proliferation of cells, leading to
uncontrollable cell growth and the formation of primary solid tumors which can invade
adjacent and distant sites, a process known as cancer metastasis (Fares et al., 2020; Bian
et al., 2022). Metastasis is a major factor in the failure of cancer therapy, resulting in a
mortality rate exceeding 90% among cancer patients (Steeg, 2006). In 2023, the American
Cancer Society estimated that there will be approximately 1.96 million new cancer cases and
6,09,820 cancer-related deaths in the United States alone (Siegel et al., 2023). Consequently,
researchers are focusing on developing new and effective cancer treatment options, with
significant efforts dedicated to exploring potent chemotherapeutics.

The U.S. Food and Drug Administration (FDA) has approved various small-molecule
drugs for cancer chemotherapy, including doxorubicin (DOX), camptothecin (CPT) and its
derivative SN-38, gemcitabine (GEM), paclitaxel (PTX), 5-fluorodeoxyuridine (FDU),
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cisplatin, carboplatin, and oxaliplatin (Figure 1) (Liu et al., 2023;
Yang et al., 2023; Zhang et al., 2023; Zhao et al., 2023). These
chemotherapeutic agents act through various mechanisms: DOX
and CPT inhibit topoisomerases, preventing DNA replication and
transcription; PTX stabilizes microtubules, inhibiting tubulin
depolymerization and arresting cell division; GEM and FDU
interfere with DNA synthesis by incorporating into the DNA
strand; and cisplatin, carboplatin, and oxaliplatin form DNA
crosslinks, disrupting DNA structure and function, ultimately
leading to cell apoptosis and tumor growth inhibition (Nitiss,
2009; Shewach and Kuchta, 2009; Huang and Zhou, 2021;
Ebenezer et al., 2022). However, these drugs often lack specificity
for targeting tumor cells over normal healthy cells, leading to severe
side effects.

Therefore, there is a growing focus on developing novel and
potent chemotherapeutics with new mechanisms of action to more
effectively target and treat cancers. The construction of effective
chemotherapeutics with improved aqueous solubility, enhanced cell
uptake, and specific targeting of tumors is highly valued in the field.

In recent years, the development of prodrug-based strategies for
cancer therapy has gained considerable attention (Vedagopuram
and Bajaj, 2019; Sreekanth et al., 2021; Couvreur et al., 2023).
Through selected structure modifications, anticancer prodrugs are
inactive chemotherapeutic agents that possess little or no

pharmacological activity within non-target tissues. Subsequently,
in the presence of a tumor-specific biomarker, the “modified”
prodrugs can be converted into active chemotherapeutics to
produce a therapeutic effect at the target locations. The enhanced
specificity of anticancer prodrugs minimizes the off-target toxicity of
the drug and enhances the therapeutic efficacy. Several examples of
prodrugs have been reported, which have high stability, high tumor
specificity, and high maximum tolerated doses, while off-target
toxicities are minimal (Amly and Karaman, 2016; Rautio et al.,
2018; Souza et al., 2019). Moreover, the aqueous solubility and cell
permeability of some prodrugs have also been improved through
purposeful designs (Rautio et al., 2008; Sanches and Ferreira, 2019).
The FDA has respectively approved the anticancer prodrugs Zytiga
(for metastatic castration-resistant prostate cancer) in 2011 and
Ninlaro (for multiple myeloma) in 2015 (Rehman and Rosenberg,
2012; Shirley, 2016).

Small molecule prodrugs have small molecular weights and have
attracted considerable research interest during the development of
anticancer prodrugs. Early prodrug examples were designed to
enhance solubility, cell permeability, and chemical stability. In
recent years, more attention has been focused on overcoming the
toxicity issues surrounding chemotherapeutics, coupled with the
aim of adding some additional features such as diagnosis and drug
release tracking properties (Meng et al., 2016; Walther et al., 2017;

FIGURE 1
Chemical structures of select examples of FDA-approved chemotherapeutics, and their common modifiable moieties for synthesizing prodrugs.
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Goetz and Schork, 2018). These design strategies are expected to
achieve better therapeutic effects. In order to reach the targeted
goals, the development of anticancer prodrugs typically requires
synthetic modification of a chemotherapeutic agent to mask its
cytotoxicity. Modification methods include the introduction of
biomarker-responsive chemical groups or light-responsive groups
(Figure 2). Specific biomarkers are present within the tumor
microenvironment (TME), which consists of blood vessels,
endothelial cells, immune cells, rapidly proliferating cancer cells,
fibroblasts, and an extracellular matrix (Wu and Dai, 2017; Li et al.,
2022; Chen B.-Q. et al., 2023). To sustain this microenvironment,
several physiological processes are regulated, resulting in specific
traits of the TME. For example, the TME has a lower pH (ranging
from 6.5 to 7.2) compared to that of normal tissues (with a
pH around 7.4) owing to the Warburg effect (Liberti and
Locasale, 2016), and it is hypoxic due to the insufficient blood
supply to tumor tissue and the increased oxygen consumption by
cancer cells (Chen Z. et al., 2023). The levels of reactive oxygen
species (ROS) and enzymes are also elevated in the TME. In
addition, intracellular biomarkers such as glutathione (GSH), β-
galactosidase (β-Gal), and γ-glutamyltranspeptidase (GGT) are
upregulated in cancers. These traits can be utilized for the design
of anticancer small molecule prodrugs (Han et al., 2023). In this
review, we discuss recently reported small molecule prodrug
strategies for cancer treatment, focusing on small molecule
prodrugs that can be activated by specific biomarkers in tumor
issues or by light.

2 Small molecule prodrugs

2.1 Enzyme-responsive small
molecule prodrugs

Enzyme-responsive anticancer small molecule prodrugs are
modified drugs that can release functional moieties with the
catalysis of enzymes. Some enzymes are typically significantly
upregulated or specifically expressed in tumors, such as
carboxylesterases (Li et al., 2017; Dai et al., 2022), β-galactosidase

(Asanuma et al., 2015), β-glucuronidase (Cheng et al., 2021),
NAD(P)H: quinone oxidoreductase 1 (NQO1) (Wu et al., 2018),
and prostate-specific antigen (PSA) (Jiang and Hu, 2013). The
elevated enzymatic activities promote pathological processes
including tumor cell angiogenesis, cell invasion, and metastasis
(Baig et al., 2019). Based on the types of cancer and the
anticancer drug mechanism, various combinations of enzyme-
specific linkers and anticancer drugs constitute the diverse
structure of prodrugs. Table 1 summarizes some target enzymes
for the prodrugs.

Carboxylesterase (CE) is essential for metabolizing xenobiotics,
including drugs and toxins, and is regarded as a useful tumor
biomarker for patient staging, which can catalytically hydrolyze
several carboxyl esters and amides (Wang et al., 2018; Lucy and Hao-
Jie, 2020). Therefore, several CE-responsive small molecule
prodrugs have been developed for the treatment of cancer
(Ouyang et al., 2011; Bliman et al., 2018; Sharma et al., 2019;
Stephenson et al., 2021; Machulkin et al., 2022). These prodrugs
have esterase-activable moieties to mask the original toxicity of
antitumor drugs or to optimize their therapeutic efficacy.

Chemotherapy is crucial for the treatment of cancer. However,
drug resistance represents the primary barrier to the successful
treatment effects of chemotherapy (Holohan et al., 2013).
Tumors become resistant due to the rapid growth of small
subpopulations of resistant cells that survive initial treatment.
When resistance from one drug extends to other antitumor
therapies, it leads to multidrug resistance (MDR) (Gottesman,
2002). This resistance often results from increased drug efflux
mediated by ATP-binding cassette (ABC) transmembrane
proteins, such as ABCG2 and MDR1 (p-glycoprotein), which are
key players in normal physiology and major contributors to
chemoresistance (Gottesman et al., 2002). Although development
of various p-glycoprotein inhibitors is a feasible strategy to
overcome cancer MDR, enormous efforts have been dedicated to
exporting other innovative designs such as targeted small molecule
prodrugs, to circumvent MDRmechanisms (Duan et al., 2023). Kim
and his colleagues have developed a small molecule targeted
prodrug, compound C1, capable of overcoming drug resistance at
low doses for MDR cells. C1 is composed of a DOX moiety linked

FIGURE 2
Basic schematic diagram of the various design strategies used to create small molecule prodrugs.
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reversibly to a triphenylphosphonium (TPP) mitochondrial
targeting group and a dichloroacetic acid (DCA) subunit
(Sharma et al., 2018b). Firstly, C1 is targeted to the cancer
mitochondria by the lipophilic TPP moiety and accumulates,
then becomes activated by CE. The released DCA inhibits PDK
(a key enzyme in the metabolism of tumor cells), shifting the cancer
cells’ metabolism from aerobic glycolysis to oxidative
phosphorylation, aiding in overcoming drug resistance. The free
DOX generated through self-immolation in the mitochondria

translocates to the nucleus over time, where it functions
(Figure 3A). In vitro release test showed that C1 would likely
prove stable under physiologic conditions, while exposure of
C1 to carboxylesterase (1 U/mL) resulted in scission of the
aniline-amide bond and release of Dox from the reactive
intermediate (Figure 3B). C1 and formulations of DCA + DOX
(a mixture of DCA and DOX) were injected into mice with
MCF7 and DOX-resistant MCF7/DOX xenograft tumors.
C1 injection reduced tumor volume by about 78% (MCF7) and

TABLE 1 Summary of some enzyme-responsive small molecule prodrugs.

Enzymes Substrates Antitumor
drugs

In vitro models Ex vivo/in vivo
models

Ref

Carboxylesterase Ester, thioester, carbamate, and amide
bonds

Gemcitabine Huh7, HepG2,
HEK293, MCF-7,

BxPC3

— Stephenson et al. (2021)

DOX MCF-7, HepG2, HT-
29, HeLa, NIH3T3

— Bliman et al. (2018);
Sharma et al. (2019)

Docetaxel 22Rv1, PC-3 22Rv1 tumor-bearing mice Machulkin et al. (2022)

5-Fluorouracil HeLa, MG36 mice Ouyang et al. (2011)

β-Galactosidase Glycosidic bond DOX HT-29, HeLa HT-29 tumor-bearing mice Sharma et al. (2018a)

MMAE KB, HeLa KB tumor-bearing mice Legigan et al. (2012)

β-Glucuronidase β-D-Glucuronic acid residues SN-38 A594, HCT116, MCF-
7, HepG2

HCT116 tumor-bearing
mice

Huang et al. (2021)

MMAE KB, A549, MDA-MB-
231, MIA PaCa2

KB tumor-bearing mice Renoux et al. (2017)

CA-4 HeLa, MDA-MB-231,
MCF-7, SKOV-3

MDA-MB-231 tumor-
bearing mice

Peng et al. (2022)

NQO1 Quinones 5-Fluorouracil A549, L02 A549 tumor-bearing mice Zhang X. et al. (2018)

CA-4 HepG2, A549 HepG2 tumor-bearing
mice

Zhang et al. (2020)

SN-38 A549, HeLa A549 tumor-bearing mice Shin et al. (2016)

PSA -Arg-Ser-Ser-Tyr-Tyr Ser-Arg- PTX LNCaP LNCaP tumor-bearing
mice

Elsadek et al. (2010)

-Hyp-Ala-Ser-Chg-Gln- Phosphoramide
mustard

LNCaP — Wu and Hu (2016)

-His-Ser-Ser-Lys-Leu-Gln- Emetine LNCaP, 22Rv1 — Akinboye et al. (2017)

Caspase-3 -Asp-Glu-Val-Asp- DOX SCC7, MDA-MB-231 SCC7 tumor-bearing mice Chung et al. (2016)

MMAE HCC70, MDA-
MB-231

HCC70/MDA-MB-
231 tumor-bearing mice

Chung et al. (2019)

Alkaline
phosphatase

Phosphate group 5-Fluorouracil,
vorinostat

HeLa, HepG2 — Tyagi et al. (2023)

Plasmin D-Ala-Leu-Lys- Si113 HepG2, Huh-7 HepG2 tumor-bearing
mice

Rango et al. (2021)

Cathepsin B Peptide Gemcitabine 4T1 4T1 tumor-bearing mice Zhang H. et al. (2018)

FAPα N-terminal carbobenzoxy-glycyl-L-
proline-4-(Z)-blocked
dipeptides (Z-GP)

Gemcitabine 4T1, PC-3 4T1 tumor-bearing mice Sun et al. (2019)

Tyrosinase Phenol Cyclometalated Pt (II)
complex

A375 A375 tumor-bearing mice Liu Y. et al. (2023)

γ-
Glutamyltransferase

Glutamyl group Kinesin spindle protein
inhibitors

A549, H460 — Fukai et al. (2021)
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74% (DOX/MCF7), while combined DCA + DOX treatment led to
53% and 18% reductions, respectively. Fluorescence image analysis
revealed that C1 accumulated at tumor sites to release the drug DOX
compared to the equivalent concentration of DCA + DOX
(Figure 3C). These findings suggest C1 overcomes the efflux
mechanisms in DOX-resistant cells and significantly inhibits the
growth of resistant cell line xenografts (DOX/MCF7). The
combination of subcellular targeting and metabolic alteration
through an enzyme-responsive linker offers a promising strategy
for tackling chemoresistant tumors.

The Lee group designed a novel hybrid anticancer prodrug
(OSamp) that amplifies oxidative stress by depleting GSH and
generating ROS (Han et al., 2017). OSamp was designed with
two complementary pharmacophores: a cinnamaldehyde for ROS
generation through acid-triggered hydrolysis, and a quinine methide
for GSH scavenging through esterase-catalyzed hydrolysis. This
design results in a significant accumulation of ROS, leading to
preferential cancer cell death (Figure 3D). In the mouse model of
SW620 tumor xenografts, OSamp (2 mg/kg) significantly increased
oxidative stress, inducing apoptotic cell death and reducing tumor
growth without notable side effects. This study highlights a dual
stimuli-activatable prodrug approach, potentially extendable to the
development of hybrid prodrugs.

β-Galactosidase (β-gal) is an enzyme that breaks down
glycosidic bonds and hydrolyzes β-galactosides into
monosaccharides. Overexpression of β-gal in tumors has been
reported (Wagner et al., 2015), leading to the development of β-

gal-responsive antitumor prodrugs. Kim and colleagues designed a
theranostic system, Gal-DOX, which includes a galactose moiety
and DOX connected by a self-immolative linker (Sharma et al.,
2018a). After activation in cancer cells, the glycosidic bond is
broken, releasing DOX for colon cancer therapy with a
fluorescence turn-on response, enabling monitoring of drug
localization and action site (Figure 4A). They observed that Gal-
DOX’s toxicity did not significantly differ from free DOX in HT-29
cells but showed reduced cytotoxicity in HeLa cells with low β-gal
expression. In HT-29 xenograft-bearing nude mice, Gal-DOX’s
tumor-targeted accumulation was visualized by enhanced
fluorescence up to 48 h, while free DOX cleared from the tumor
site within 24 h. The treatment with Gal-DOX significantly retarded
tumor growth, showing 53.1% tumor growth inhibition compared to
34.9% with free DOX treatment. Additionally, the Papot group
developed a prodrug by combining a galactoside trigger with a folate
receptor (FR) ligand, resulting in the tubulin inhibitor monomethyl
auristatin E (MMAE) release (Legigan et al., 2012). This prodrug
released free MMAE, inhibiting cancer cell division after specific
internalization in KB cells through FR-mediated endocytosis and
glycosidic bond degradation.

β-Glucuronidase (β-glu) hydrolyzes β-D-glucuronide
compounds and is highly expressed in a broad range of tumors.
β-glu is deemed to be associated with tumor invasion and metastasis
(Tranoy-Opalinski et al., 2014). The strategy of employing β-
glucuronidase-responsive prodrugs for the targeted delivery of
small molecule drugs has been demonstrated to be feasible. Lu

FIGURE 3
(A) The chemical structure and activation mechanism of C1 by carboxylesterase are depicted in the figure. (B) Time-dependent fluorescence
enhancement seen upon incubation of C1 with carboxylesterase (1 U/mL) in PBS (37°C). The change in fluorescence intensity is directly related to active
Dox release from C1. Adapted with modification from Ref. (Sharma et al., 2018b) © 2018 Elsevier. (C) Fluorescence images of mice with MCF7/Dox and
MCF7 tumors and ex vivo images of dissected organs are provided as representations. (D)Chemical structure of OSamp, a hybrid anticancer prodrug
activated by dual stimuli that amplifies oxidative stress. Adapted with modification from Ref. (Han et al., 2017) © 2017 American Chemical Society.
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and colleagues designed an innovative β-glucuronidase-responsible
albumin-binding prodrug, SN38-glu-Mal, to selectively deliver
SN38 to tumor sites for maximum efficacy (Figure 4B) (Huang
et al., 2021). In human HCT116, A549, HepG2, and MCF-7 cell
lines, the prodrug’s toxicity was significantly lower than SN38.
However, adding β-glucuronidase to the cell culture medium
released SN38, causing increased cytotoxicity similar to SN38.
SN38-glu-Mal (25 mg/kg) and irinotecan (15 mg/kg, metabolized
to SN38) were injected into HCT116 tumor-bearing mice. SN38-
glu-Mal accumulated more at the tumor site than irinotecan, with its
concentration in tumor tissue 30 times higher after 48 h; The SN38-
glu-Mal group showed lower circulating SN38 but increased tumor-
site accumulation compared to irinotecan. Targeting the tumor
microenvironment with β-glucuronidase-responsive prodrugs of
MMAE and the tubulin inhibitor combretastatin A4 (CA-4) for
efficient therapy has also been reported (Renoux et al., 2017; Peng
et al., 2022).

NQO1 is an enzyme that facilitates the reduction of quinones and is
involved in detoxifying harmful mutagens or toxins. As NQO1 is highly
expressed inmany solid tumors, including those of the liver, lung, breast,
and colon, it is used to activate quinone prodrugs. For instance, Zhang
and coworkers synthesized a small molecule prodrug that includes an
NQO1-responsive trigger group (Q3PA, quinone propionic acid), a self-
immolative linkage, and the active drug 5-FU (Figure 5A) (Zhang et al.,
2018). As NQO1-mediated reduction proceeds, Q3PA ester
spontaneously forms lactone by intramolecular cyclization, which can
lead to rapid release of the chemical moiety.

Compared to the compound generated through the
condensation of 5-FU with Q3PA without the self-immolative

linker, the prodrug steadily released 5-FU, and 5-FU’s
concentration reached a plateau within 48 h (Figure 5B). The
results from the study on the prodrug’s impact on tumor growth
in A549 xenografts show that it is more effective at inhibiting tumor
growth in vivo than the unmodified 5-FU compound (Figure 5C).
Similarly, Wu’s group selected CA-4 as the drug to be connected
with the NQO1-responsive trigger group via different self-
immolative linkers and evaluated them biologically (Zhang et al.,
2020). Furthermore, a cancer-targeting and NQO1-triggered
theranostic prodrug containing SN-38 was developed by Kim and
colleagues for a more effective cancer treatment (Shin et al., 2016).

Prostate-specific antigen (PSA) represents a serine protease
specifically expressed in prostate tissue and carcinoma
(Christensson et al., 1990). As it is overexpressed in the prostate
tumor site but rapidly inactivated in systemic circulation due to
binding to serum protease inhibitors like α2-macroglobulin (A2M)
and α1-antichymotrypsin (ACT), PSA is considered an attractive
target for small molecule prodrugs against prostate cancer (Lilja
et al., 1991; Otto et al., 1998). Kratz’s group developed a PSA
cleavable albumin-binding prodrug of PTX, which was
approximately three times more cytotoxic than paclitaxel in PSA-
positive LNCaP cells (Elsadek et al., 2010). Moreover, PSA
activatable peptide prodrugs of phosphoramide mustard and
emetine containing a PSA peptide substrate have also been
developed for prostate cancer treatment (Wu and Hu, 2016;
Akinboye et al., 2017).

Caspases are proteases involved in programmed cell death. Among
them, caspase-3 is closely related to apoptosis and is activated by both
intrinsic and extrinsic pathways, making it a focus for cancer therapy

FIGURE 4
(A) Activationmechanism of Gal-DOX by β-galactosidase. Adapted with modification from Ref. (Sharma et al., 2018a) © 2018 Elsevier. (B)Creation of
HSA-glu-SN38 and its mechanism of drug release. Adapted with modification from Ref. (Huang et al., 2021) © 2021 Elsevier.
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(Chung et al., 2018). After tumors are treated with targeted therapy or
radiotherapy, they express caspases, and caspase-responsive prodrugs
can elicit cytotoxic effects to the related cancer cells. Byun and co-
workers developed a caspase-cleavable prodrug, called EMC-DEVD-
DOX, in which EMC (ε-maleimidocaproic acid) and DOX were
connected through a DEVD peptide spacer (a widely used substrate
of caspase-3). This small molecule prodrug can selectively target the
irradiated local tumor and release free DOX with a substantially long
plasma half-life (Chung et al., 2016). Likewise, MPD02, developed by
their group, conjugates MMAE to the C-terminus of the KGDEVD
peptide via a self-eliminating linkage and introduces EMC to the side
chain of lysine (Chung et al., 2019). These caspase-activatable prodrugs
could be used as an adjuvant of radiotherapy and other therapeutic
methods to increase the therapeutic efficiency of cancer treatment.

In addition to the above mentioned, small molecule prodrugs
that can be activated by other kinds of enzymes have also been
developed (Zhang H. et al., 2018; Sun et al., 2019; Fukai et al., 2021;
Rango et al., 2021; Liu et al., 2023; Tyagi et al., 2023). They are highly
effective in targeting tumors and enhancing therapeutic efficacy.

In conclusion, enzyme-responsive small molecule prodrugs
exploit the elevated or specific expression of certain enzymes in
tumor cells to release active drug compounds selectively within the
tumor microenvironment. These prodrugs remain inactive until

they encounter the target enzyme, which catalyzes a chemical
reaction to release the active drug. For instance, carboxylesterase-
responsive prodrugs like gemcitabine and doxorubicin are activated
by esterase enzymes, leading to targeted drug release and tumor
inhibition. Similarly, β-galactosidase and β-glucuronidase-
responsive prodrugs have shown promising results in various
cancer models, using glycosidic and glucuronic acid residues to
release cytotoxic agents specifically in tumor tissues. This strategy
minimizes off-target effects and enhances therapeutic efficacy by
ensuring that the active drug is released predominantly within the
tumor. However, the heterogeneous expression of these enzymes in
different tumors presents a challenge, necessitating further
optimization and the development of highly specific enzyme-
substrate pairs. Despite these challenges, enzyme-responsive
prodrugs represent a powerful approach to improving the
selectivity and effectiveness of cancer treatments.

2.2 GSH-responsive small
molecule prodrugs

Glutathione (GSH) is a vital cellular metabolite that is essential
for maintaining redox homeostasis in cells. Its role in regulating

FIGURE 5
(A)Mechanism of the activation and chemical structure of the prodrug. (B) Percentage of 5-FU released from 1 (20 µM) and 2 (20 µM) over time in the
presence of NADPH (100 µM) and NQO1 (14 μg/mL) in PBS. (C) Changes of tumor volumes (iv, 15 mg/kg). Adapted with modification from Ref. (Zhang
et al., 2018) © 2018 American Chemical Society.
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cellular health and disease is of utmost importance (Balendiran et al.,
2004; Montero and Jassem, 2011; Dai et al., 2022; Shi et al., 2022).
The intracellular GSH concentration of tumors (around 10 mM) is
up to 40 times higher than that of healthy cells (Morales et al., 2005)
and 100–1,000 times higher than the extracellular environment in
normal cells (<10 μM) (Li et al., 2019). Consequently, various GSH-
responsive small molecule prodrugs have been developed for cancer
therapy, which can more rapidly release drugs in cancer cells in
comparison with normal cells.

It is reported that 2,4-dinitrobenzenesulfonyl derivatives’ phenyl
sulfide bond can be efficiently cleaved by GSH and serves as a
cleavable site in the prodrug for drug release (Shibata et al., 2008;
Wang et al., 2017). Based on this strategy, Fang’s group designed an
anticancer small molecule prodrug that is triggered by GSH and
releases the chemotherapeutic agent mechlorethamine. The
biological studies indicated that the prodrug has good selectivity

and growth inhibition on tumor cells (Xu et al., 2015). In addition,
Zhou and colleagues developed three pro-catechol-type
diphenylpolyenes as small molecule-based anticancer prodrugs
with prooxidative properties. They protected the catechol moiety
by converting 2,4-dinitrobenzenesulfonates (DNBS) to phenols
through a GSH-mediated process (Bao et al., 2019). Particularly,
the highly reactive 4-OH group on the catechol moiety was
selectively blocked by DNBS. Their hypothesis was that the high
GSH levels in cancer cells would activate the masked 4-OH group,
releasing the catechol moiety locally within cancer cells, while
remaining inactive in healthy cells. The released catechol moiety
would then undergo in situ oxidation to o-quinone, generating
reactive oxygen species, leading to selective cancer cell death
(Figure 6A). The prodrug PDHH is superior to 5-FU and DOX,
and its ability to kill SW620 cells (IC50 = 4.3 μM) is much greater
than that of L02 cells (IC50 = 42.3 μM). Fluorescence imaging

FIGURE 6
(A) Schematic depiction of designing glutathione-activated catechol-type diphenylpolyenes as small molecule anticancer prooxidative prodrugs.
(B) Fluorescence imaging to assess the therapeutic efficacy of PDHH following its activation by GSH in SW620 cells. SW620 cells were treated with PDHH
(15 μM) for 9–24 h, followed by PI staining. Adapted with modification from Ref. (Bao et al., 2019) © 2019 Elsevier. (C) Proposed method for traceable
activation of BTMP-SS-PTX prodrug. (D) Comparison of tumor volume after treatment with PBS, BTMP-SS-PTX (equivalent to paclitaxel), and PTX
(5 mg/kg). (E) Relative fluorescent ratio of tumors. Adapted with modification from Ref. (Ye et al., 2021) © 2021 Elsevier.
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revealed that SW620 cells treated with 15 μM PDHH for 24 h
displayed classic indicators of apoptosis, such as cytoplasmic
shrinkage, the presence of vacuoles, and the formation of
apoptotic bodies (Figure 6B).

Moreover, the disulfide bond also possesses relatively high reactivity
with GSH and can be cleaved rapidly, thereby inducing the release of the
targeted drug and the generation of fluorescent change (Wang et al.,
2014). Numerous disulfide-containing prodrugs have been developed for
cancer imaging and treatment (Wang et al., 2016; Botella et al., 2016;
Kong et al., 2016). Zhu’s group designed and synthesized a novel small
molecule anticancer prodrug, BTMP-SS-PTX, which combines 2-(benzo
[d]thiazol-2-yl)-4-methoxyphenol (BTMP) with PTX through a disulfide
bond linkage (Ye et al., 2021). When exposed to the elevated levels of
GSH found in tumors, the prodrug undergoes activation and breaks
down to release PTX and visible BTMP, allowing for the visualization and
tracking of the free drug (Figure 6C). After the injection of the drug
(100 μM) for 48 h, BTMP-SS-PTX exhibited lower toxicity to non-cancer
cells 293T, and better anticancer activity in HepG2, MCF-7, and HeLa
cells than free drugs. In the HeLa-xenograft mouse model, the prodrug
significantly inhibited tumor growth (Figure 6D). In vivo imaging data
demonstrated a gradual release of BTMP-SS-PTX at the tumor site,
showcasing an increase in fluorescence intensity peaking at 12 h and
significantly decreasing after 24 h (Figure 6E). In order to accomplish
real-time monitoring of drug release during drug delivery, Zeng and
colleagues developed theranostic GSH-responsive small molecule
prodrugs based on fluorescence resonance energy transfer (FRET)
(Hu and Zeng, 2017). In cancer cells exhibiting elevated GSH levels,
the disulfide bonds are effectively broken, leading to the interruption of
the FRET process. This results in a dual fluorescence response and the
targeted release of CPT. Additionally, Brown’s group developed a
theranostic CA-4 prodrug that releases the drug through the cleavage
of the disulfide bond and contains a NIR fluorophore enabling timely
monitoring of the cleavage (Kong et al., 2017). These strategies have
offered new approaches for cancer diagnosis and treatment.

Generally, GSH-responsive small molecule prodrugs leverage the
elevated levels of glutathione (GSH) found in tumor cells to achieve
selective drug release. These prodrugs are designed with disulfide bonds
or other GSH-reactive moieties that are cleaved in the presence of high
GSH concentrations, which are typically 100–1,000 times higher in
cancer cells compared to normal cells. This cleavage triggers the release
of the active drug specifically within the tumor microenvironment. For
instance, doxorubicin and paclitaxel prodrugs utilizing GSH-sensitive
linkers have demonstrated enhanced targeting and reduced systemic
toxicity in preclinical models. By exploiting the redox imbalance in
cancer cells, GSH-responsive prodrugs provide a targeted delivery
system that minimizes side effects and improves therapeutic
outcomes. Despite the promising potential, challenges such as
variability in GSH levels among different tumors and potential
resistance mechanisms need to be addressed through further research
and optimization.

2.3 ROS-responsive small
molecule prodrugs

Malignant tumors exhibit elevated levels of ROS due to altered
metabolism and signaling pathways (Trachootham et al., 2009; Liou and
Storz, 2010). Key ROS include hydrogen peroxide (H₂O₂), superoxide

anions (O₂⁻), and hydroxyl radicals. Among these, H₂O₂ is particularly
important as it is stable and produced by nearly all sources of oxygen
radicals (Lee and Shacter, 2000), this characteristic makes H₂O₂ a
promising target for developing new ROS-responsive prodrugs with
high selectivity for cancer cells (Lu et al., 2020).

The reaction between boronates and H2O2 is biocompatible and
bioorthogonal. In the meantime, boronic acids and their esters
apparently do not possess inherent toxicity, and the hydrolysis
end product, boric acid, is deemed non-toxic to humans (Peng
and Gandhi, 2012). Indeed, boronated H2O2-activatable small
molecule prodrugs of SN38, DOX, 5-FU, and GEM have been
devised for the selective cancer treatment and have demonstrated
promising results in vivo (Wang et al., 2016; Ai et al., 2019;
Matsushita et al., 2019; Skarbek et al., 2019). Moreover,
considering DOX’s dose-dependent cardiotoxicity, which is partly
attributed to its excessive production of ROS, Lukesh and team
created a unique boronated hybrid codrug incorporating H2O2-
responsive DOX, capable of releasing H2S through COS hydrolysis.
This novel formulation aims to preserve DOX’s antitumor
properties while minimizing its cardiotoxic effects (Hu et al., 2022).

Yet, the clinical application of H2O2-responsive prodrugs
utilizing phenylboronic acid/ester components is constrained by
challenges including non-specific interactions between boronic acid
and bio-diols, the susceptibility of boronic acid esters to hydrolysis,
and the limited specificity of boronic acid esters for H2O2. Recently,
a strategy based on an α-ketoamide structure to construct a novel
H2O2-responsive nitrogen mustard prodrug KAM-2 has been
reported by the Yin group (Figure 7A) (Meng et al., 2019).

The strong electron-withdrawing nitro group of KAM-2 increases
the carbonyl group’s electrophilicity and enabling it to react with H2O2

significantly faster (Xie et al., 2016). Due to the significant role of the
nitro group of KAM-2 in H₂O₂-induced nucleophilic attack, a non-nitro
analog, KAM-7, which is resistant toH₂O₂, was synthesized as a negative
control. KAM-2 showed stability without H₂O₂ and had low cytotoxicity
against cancer cells. In the HL-60 cell line, KAM-2 demonstrated a
strong antiproliferative effect, which was reduced by pretreatment with
the H₂O₂ scavenger N-acetylcysteine (NAC). In contrast, KAM-7 was
inert to H₂O₂ and showed low cytotoxicity toward HL-60 cells, and
pretreatment with NAC did not diminish its toxicity (Figure 7B). The
researchers subsequently illustrated the DNA-damaging and apoptosis-
inducing effects associated with the liberated nitrogen mustard. This
serves as a novel approach in the development of ROS-responsive small
molecule prodrugs.

2.4 Bioreductive reactive small
molecule prodrugs

Approximately 50% of cancer patients with solid tumors will receive
platinum (Pt)-based anticancer drugs during chemotherapy (Miller et al.,
2020). Pt (Ⅱ)-based treatments, such as oxaliplatin, carboplatin, and
cisplatin, are approved for cancer therapy. However, their use is often
limited by severe dose-dependent side effects, poor tumor specificity, and
intrinsic or acquired cisplatin resistance (Kelland, 2007). To address
these issues, researchers have developed Pt (Ⅳ)-based prodrugs.

Unlike the square-planar Pt (Ⅱ) complex, the octahedral Pt (Ⅳ)
complex has two additional axial ligands, allowing adjustments to its
biological properties like lipophilicity, selectivity, and redox stability. The
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Pt (Ⅳ) complex can be reduced to Pt (Ⅱ) species and release axial ligands
in the presence of biological reducing agents such as ascorbic acid (AsA)
and GSH (Johnstone et al., 2016). GSH is consumed during Pt (Ⅳ)
complex activation, which helps overcome cisplatin resistance and
reduces side effects (Galluzzi et al., 2012). As a result, Pt (Ⅳ)
complexes are being explored as the next generation of platinum-
based anticancer drugs. Gou’s group designed Pt (Ⅳ)-based prodrugs
with an indomethacin moiety linked to biotin for targeting tumors (Hu
et al., 2017), while Xu’s group attempted to conjugate riluzole into Pt
(Ⅳ)-based prodrugs to enhance anticancer activity and reduce side
effects, achieving promising results (Li et al., 2023).

Motexafin gadolinium (MGd) is a type of expanded porphyrin used
as a redox mediator. Recent studies confirm that MGd can catalyze the
intracellular reduction of oxaliplatin-based Pt (Ⅳ) prodrugs to cytotoxic
Pt (Ⅱ) (Thiabaud et al., 2016). Sessier and colleagues reported a Pt
(Ⅳ)-based texaphyrin conjugate OP-3 (Thiabaud et al., 2020). The
conjugate consisted of MGd, linked to the oxaliplatin Pt (Ⅳ) derivative
via a succinate linker, with an acetoxy group as the axial ligand
(Figure 8A). OP-3 demonstrated good stability in serum, and the
reduction of Pt (Ⅳ) was confirmed using reverse-phase high-
performance liquid chromatography (HPLC). In vitro experiments
revealed that OP-3 had broad antiproliferative effects compared to
oxaliplatin across multiple cell lines, including those resistant to
platinum. In mice with xenografts of A549, A2780, HCT116, CT26,
and MET6, OP-3 (70 mg/kg per dose on days 1–13) significantly
reduced tumor volume compared to the vehicle and oxaliplatin
(4 mg/kg per dose on days 1–13) (Figure 8B). These findings suggest
that OP-3 is a more effective candidate for slowing and inhibiting tumor
growth, offering a promising approach for the clinical translation of Pt
(Ⅳ)-based prodrugs.

2.5 Hypoxia-activated small
molecule prodrugs

Owing to insufficient blood circulation in tumor tissues, hypoxia
is a common feature in solid tumors. The oxygen supply fails to meet

the metabolic requirements of tumor cells, which subsequently
aggravates hypoxia along with tumor growth, resulting in the
intratumoral microenvironment presenting a notable hypoxic
phenotype (Emami Nejad et al., 2021). Nevertheless, hypoxia
presents a promising target for cancer diagnosis and treatment. It
is well recognized that reducing enzymes such as azoreductase and
nitroreductase are overexpressed in hypoxic solid tumors. These
enzymes can respectively reduce azoaromatic and nitro-aromatic
derivatives. As a result, novel hypoxia-activated small molecule
prodrugs incorporating azoaromatic and nitroaromatics units as
hypoxia-responsive protective groups have been created (Verwilst
et al., 2017; Kim et al., 2018; Peng et al., 2019).

Cancer stem-like cells (CSCs) pose a challenge to the effective
treatment of triple-negative breast cancer (TNBC) and contribute to
the development of chemoresistance, leading to poor prognosis. To
address this, Kim’s group developed a small-molecule-based binary
prodrug, CDF-TM, which is selectively activated in hypoxic
environments to release the anticancer drug SN-38 and the CSC-
suppressing agent 3,4-difluorobenzylidene curcumin (CDF) (Kim
et al., 2022). CDF-TM consists of a self-immolative linker and a
hypoxia-responsive linker, nitrobenzene, to connect SN-38 and CDF
(Figure 9A). The reference compound, CDF-R, was similarly
designed by attaching only CDF to the linker. In BALB/c female
mice with breast cancer stem cell (BCSC)-enriched 4T1 tumors,
CDF-TM significantly inhibited tumor growth. Bioluminescence
imaging showed that both control and SN-38-treated groups had
a higher presence of spreading BCSCs in the lungs, whereas fewer
spreading cells were observed in the CDF-R and CDF-TM treated
groups, with only a weak signal in the CDF-TM group (Figure 9B).
This novel small molecule prodrug offered a distinct therapeutic
option for TNBC.

In addition, the incorporation of nitroimidazole groups has also
been observed in activable chemotherapeutics. Kowol’s group
developed a hypoxia-activatable 2-nitroimidazole-based prodrug
(Bielec et al., 2020). Anaplastic lymphoma kinase (ALK) and
mesenchymal-epithelial transition factor (c-MET) are pivotal
receptor tyrosine kinases involved in tumor proliferation (Holla

FIGURE 7
(A) Structures of prodrug KAM-2. (B) Assessing the impact of NAC on the cytotoxicity of KAM-2 and KAM-7 in HL-60 cells following a 72-h
incubation period. Adapted with modification from Ref. (Meng et al., 2019) © 2019 Royal Society of Chemistry.
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et al., 2017; Zhang et al., 2018). Under hypoxic conditions, the
prodrug displayed the liberation of the ALK and c-MET inhibitor
crizotinib. Notably, the prodrug exhibited excellent stability in
serum and effectively suppressed c-MET phosphorylation and
tumor cell proliferation in vivo.

2.6 Acidic pH-responsive small
molecule prodrugs

Due to the high glycolytic metabolism of cancer cells, their
microenvironment tends to be acidic (pH 6.5–7.2), a key feature of

FIGURE 8
(A)Chemical structure of OP-3 and the release of therapeuticMGd and oxaliplatin through hydrolysis and reduction. (B) In vivo efficacy of oxaliplatin
(4mg/kg) andOP-3 (70mg/kg) in HCT116, A2780, and A549 tumor-bearingmice, and syngeneic tumormodels (EMT6, CT26). Adaptedwithmodification
from Ref. (Thiabaud et al., 2020) © 2020 National Academy of Sciences.

FIGURE 9
(A) Chemical structure and activation mechanism of CDF-TM. (B) Representative BLI of metastases in control (DMSO), CDF-R (0.001 mmol/kg),
CDF-TM (0.001 mmol/kg), and SN-38 (0.001 mmol/kg) treated mice. Adapted with modification from Ref. (Kim et al., 2022) © 2022 Elsevier.
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cancers (Piasentin et al., 2020). The acidic environment in solid tumor
tissues is crucial for cancer cell proliferation, migration, invasion,
metastasis, drug resistance, and immune evasion (Boedtkjer and
Pedersen, 2020). Based on this characteristic of cancers, a large
number of acid-responsive prodrug systems have been reported (Hou
et al., 2017; Teng et al., 2022). The use of acid-sensitive breakable
hydrazones is a common strategy (Jin et al., 2023).

Kratz and his colleagues reported two acid-responsive albumin-
binding prodrugs, AE-Ester-Sulf07 and AE-Keto-Sulf07, for the targeted
delivery of the cytotoxic tubulin-disrupting peptide auristatin E to cancer
cells (Pes et al., 2019). In this theranostic, the albumin-binding moiety
was linked to AE-Ester and AE-Keto (two carbonyl-containing
derivatives of auristatin E) via an optimized maleimide-bearing
hydrazide linker (Figure 10A). Using LC-MS, it was discovered that
91%–99% of both prodrugs were bound to albumin within 2 min after
incubation inmurine and human plasma.HPLC analysis confirmed that
the stability of the prodrugs under simulated physiological conditions
(pH 7.4) was significantly higher compared to the free drug. In acidic
conditions (pH 4.1), 21% of AE-Keto was released after 24 h, while AE-
Ester-Sulf07 released 90%AE-Ester after 24 h (Figure 10B). In nudemice
with human tumor xenografts, both albumin-binding prodrugs
demonstrated remarkable anticancer effects compared to the parent

drug auristatin E (Figure 10C). All in all, AE-Ester-Sulf07 and AE-Keto-
Sulf07 are innovative albumin-binding prodrugs with great potential for
the delivery of auristatins toward solid tumors.

Zhang and colleagues demonstrated another hydrazone-based
prodrug of DOX for evaluation in U87 cells. This prodrug consists
of DOX, a coumarin fluorophore, and an αvβ3 integrin targeting
component (Li et al., 2014). Utilizing a hydrazone maleimide linker,
DOX was linked to the structure, causing quenching of the coumarin
fluorescence by DOX molecules in the prodrug. Consequently, the
prodrug exhibited diminished fluorescence intensity at pH 7.4. Upon
lowering the pH to 5.0, a swift increase in fluorescence emission at
330 nm was observed, indicative of hydrazone unit hydrolysis and
subsequentDOX release. This feature enabled real-time tracking ofDOX
release in in vitro settings.

2.7 Light-responsive small
molecule prodrugs

Due to the exceptional advantages of optical signal control,
including non-invasiveness, high spatial resolution, and precise
spatio-temporal control, numerous light-activated compounds

FIGURE 10
(A) Chemical structures of prodrug AE-Keto-Sulf07. (B) Release of AE-Keto and AE-Ester from AE-Keto-Sulf07 and AE-Ester-Sulf07 at pH 7.4 and
pH 4.1. (C) Comparison of tumor growth curves for AE-Keto, AE-Ester-Sulf07, and AE-Keto-Sulf07 against AE and control groups in human tumor
xenograft models using nude mice. Adapted with modification from Ref. (Pes et al., 2019) © 2019 Elsevier.
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have been synthesized for use in chemotherapy (Dcona et al., 2020;
Vickerman et al., 2021). Early strategies for light-responsive
applications utilized nitrobenzyl photoresponsive groups (Mo
et al., 2016). However, activation of this unit requires shorter
excitation wavelengths (below 500 nm), which often result in
limited tissue penetration and possible phototoxicity (Hou et al.,
2018). Recently, research has concentrated on developing light-
activatable systems that operate with longer excitation
wavelengths and demonstrate enhanced photoconversion
efficiencies.

Photodynamic therapy (PDT) employs photosensitizers (PS)
that are activated by visible to near-infrared light to produce singlet
oxygen (1O2), leading to cellular toxicity. However, 1O2 has a brief
lifespan and limited diffusion range, restricting its damage within
the cell diameter. This confinement means there is no bystander
effect, often resulting in suboptimal therapeutic outcomes for PDT
(Arya et al., 2012). You and colleagues have innovated by creating a
light-activated prodrug, Pc-(L-CA4)2, which consists of a
fluorescent phthalocyanine PS, the anticancer drug CA-4, and a
1O2-sensitive linker (Rajaputra et al., 2016). Research demonstrated
that upon irradiation with a 690 nm laser, the prodrug generates 1O2,
causing localized tumor damage while simultaneously releasing CA-
4. This release of CA-4 leads to more extensive and prolonged
damage, effectively killing tumor cells that survive the initial PDT.
Thus, the prodrug Pc-(L-CA4)2 effectively surpasses the spatial and
temporal constraints of 1O2 in PDT, significantly enhancing its
antitumor efficacy.

Zhu’s group recently synthesized a light-activatable oxaliplatin
Pt (Ⅳ) conjugate PS, named phorbiplatin, which operates at
wavelengths of 650/660 nm. This photosensitizer utilizes
pyropheophorbide α (PPA), known for its high absorbance at
650 nm and efficient generation of 1O2. The

1O2-producing PPA
was attached to the axial position of the oxaliplatin Pt (Ⅳ) prodrug
(Figure 11A) (Wang et al., 2019). Upon exposure to low-intensity
red light at 650 nm, the Pt (Ⅳ) is converted to Pt (Ⅱ) and PPA is
simultaneously released. Phorbiplatin demonstrated enhanced
cytotoxic effects on cancer cells when activated by light
compared to dark conditions. In experiments using the
4T1 tumor-bearing mouse model, phorbiplatin treated with light
(660 nm, 100 mW cm−2, 10 min) exhibited superior antitumor
effects compared to both standard oxaliplatin and a combination of
oxaliplatin with PPA (Figure 11B). This is the first study that uses
red light to control the activation of platinum prodrugs in vivo, and
this work is expected to motivate other researchers to develop novel
light-responsive Pt (Ⅳ) prodrugs.

Fu and colleges have developed a novel approach to reduce
systemic toxicity in cancer therapy by using radiotherapy-induced
prodrug activation (Fu et al., 2024). Researchers identified N-alkyl-
4-picolinium (NAP) as an efficient caging group that releases active
molecules upon exposure to radiation. The study developed a NAP-
derived carbamate linker that, when integrated into antibody-drug
conjugates (ADCs), released fluorophores and toxins upon
irradiation (Figure 11C). These ADCs were effective in living
cells and tumor-bearing mice, demonstrating a marked antitumor
effect. The research highlighted the potential of using radiation-
removable protecting groups for creating next-generation ADCs
with enhanced stability and therapeutic efficacy. This method
showed promise for targeted drug activation, minimizing damage

to healthy tissues and improving the overall effectiveness of cancer
treatments.

Furthermore, in order to achieve real-time visualization of
ovarian cancer cells during chemotherapy, Hou and his
colleagues devised a novel prodrug fluorescent probe, YW-OAc,
which is capable of tracing cancer cells while delivering
chemotherapeutic agents (Chen S. et al., 2023). YW-OAc is
composed of three key elements: D-acetyl-galactose residue, 2-
(2′-hydroxyphenyl) benzothiazole as a fluorescent marker, and
the anticancer agent chlorambucil. Its fluorescence shifts from
blue to green after reacting with β-Gal in cancer cells. Following
light exposure (≥410 nm), the green fluorescence reverts to blue
upon chlorambucil’s release (Figure 11D). In normal cells, the
fluorophore remains unchanged, irrespective of light exposure.
Conversely, in OVCAR-3 cancer cells that overexpress β-Gal, the
glycosidic bond in YW-OAc is cleaved, releasing the fluorophore,
which is then subject to photolysis by irradiation, thus liberating the
drug. YW-OAc exhibits low toxicity to normal cells regardless of
irradiation and shows no significant dark toxicity to ovarian cancer
cells but demonstrates marked phototoxicity. YW-OAc holds
promise as an effective bioimaging and diagnostic tool.

2.8 Bioorthogonal reaction-based small
molecule prodrugs

Bioorthogonal reaction-based small molecule prodrugs
represent a novel approach in the development of targeted cancer
therapies. These prodrugs are designed to undergo specific chemical
reactions that are orthogonal, or non-interfering, with biological
processes. The unique aspect of bioorthogonal reactions is that they
can occur in living systems without disrupting native biochemical
pathways, ensuring high selectivity and minimizing off-target
effects. Typically, these reactions involve the conversion of an
inactive prodrug into an active drug through a catalyst or a
trigger present within the tumor microenvironment. This strategy
enables precise drug activation at the tumor site, enhancing
therapeutic efficacy while reducing systemic toxicity. Recent
advancements have demonstrated the potential of bioorthogonal
prodrugs in achieving targeted and controlled drug release, paving
the way for more effective and safer cancer treatments.

In He and coworkers’ study, 3-vinyl-6-oxymethyl-tetrazine
(voTz) was introduced as a versatile reagent for the modular
preparation of bioorthogonal activable prodrugs (He et al., 2024).
The voTz reagent allowed for cysteine-selective labeling and the
creation of peptide-drug conjugates (PDCs) with high stability
and specificity (Figure 12). These PDCs remained inactive in the
bloodstream and became activated only upon reaching the tumor
site, where bioorthogonal cleavage reactions triggered drug
release. This design significantly enhanced the targeting
efficiency and therapeutic potency of the prodrugs while
minimizing off-target toxicity. In vivo studies demonstrated
the therapeutic efficacy and safety of this approach, suggesting
that voTz-based prodrugs could be a promising strategy for
precision cancer therapy. The broad applicability of functional
groups and the chemoselective modification capability of voTz
highlight its potential for developing next-generation
biopharmaceuticals and biomaterials.
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3 Comparison of small molecule
prodrugs with conventional
chemotherapeutics

3.1 Targeted delivery and activation
mechanisms

Small molecule prodrugs are designed to remain inactive until they
reach the tumor site, where specific enzymes, pH levels, or other
biomarkers trigger their activation. This targeted delivery minimizes
off-target effects and enhances drug concentration at the tumor site. In
contrast, conventional drugs are active throughout the body, often leading
to higher systemic toxicity. For example, enzyme-responsive prodrugs
such as β-galactosidase and β-glucuronidase-activated prodrugs show
lower toxicity in non-cancerous cells compared to traditional
chemotherapeutics. This targeted activation allows for higher efficacy
in killing tumor cells while reducing harmful side effects commonly seen
with conventional chemotherapies (Senter and Sievers, 2012).

3.2 Reduced systemic toxicity and
enhanced stability

By targeting the tumor microenvironment specifically, small
molecule prodrugs reduce the risk of damaging healthy tissues.
Prodrugs can be chemically modified to improve their solubility and
stability, which are critical factors for drug delivery and efficacy.
Conventional drugs may lack these modifications, leading to
challenges in formulation and administration. Studies have
shown that small molecule prodrugs can achieve better
therapeutic outcomes by ensuring higher drug concentrations at
the tumor site and reducing adverse effects. For instance, the GSH-
responsive prodrug BTMP-SS-PTX demonstrated superior
anticancer activity and lower toxicity compared to paclitaxel
alone. This improvement in stability and solubility ensures that
the drug remains effective during its transit through the body,
ultimately leading to better patient outcomes (Haag and
Kratz, 2006).

FIGURE 11
(A) The molecular structure of phorbiplatin and the mechanism of oxaliplatin release triggered by light at 650/660 nm. (B) Time course of tumor
growth suppression compared to controls. Adapted with modification from Ref. (Wang et al., 2019) © 2019 Elsevier. (C) Schematic representation of a
radiation-responsive ADC. Adapted with modification from Ref. (Fu et al., 2024) © 2024 Springer Nature. (D)Diagram of the YW-OAc prodrug fluorescent
probe. Adapted with modification from Ref. (Chen et al., 2023) © 2023 Elsevier.
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4 Conclusion

Prodrug strategies, crucial in cancer therapy, involve regulating
the toxicity of anticancer drugs and have been adopted to create a
variety of therapeutic agents for treatment, targeting, diagnosis, and
imaging purposes. Such strategies enhance the allure of prodrug
design as a pivotal method in oncological drug development. In this
review, we classify these strategies according to their activation
mechanisms. By directly modifying drugs that have already
gained clinical approval, this approach substantially cuts down
the time required for drug development, offering a route to
enhance drug effectiveness and mitigate side effects. Although
this approach shows promise for cancer chemotherapy, several
challenges must still be overcome to design more tailored and
effective prodrugs.

One major challenge is enzymatic heterogeneity within the
tumor microenvironment, which can affect prodrug activation
efficiency. Enzyme-responsive prodrugs require meticulous
optimization of enzymes and their substrates. Although the
linkers’ chemical bonds are generally less susceptible to
physiological conditions, thus lowering the risk of non-specific
prodrug activation, the possibility of premature or failed

activation at incorrect sites remains. Many enzymes that are
overexpressed in cancerous tissues are also found in normal
tissues, necessitating the development of highly specific enzyme-
substrate pairs and the exploration of multifunctional linkers that
can respond to multiple tumor-specific stimuli.

Prodrug activation specificity is another significant challenge.
Ensuring that prodrugs are activated only at the tumor site without
affecting healthy tissues is critical for minimizing side effects.
Strategies such as incorporating dual or multi-activatable systems
that respond to multiple tumor-specific triggers can enhance
activation specificity and therapeutic efficacy.

Additionally, the pharmacokinetics and pharmacodynamics
(DMPK) of prodrugs must be finely tuned to reduce off-target
effects and enhance therapeutic efficacy. This involves optimizing
the stability, solubility, and distribution of prodrugs in the body.
Novel delivery systems, such as nanoparticles and liposomes, can
improve the bioavailability and tumor targeting of prodrugs
(Chenguang et al., 2020; Kankala et al., 2021), thereby
overcoming some of the DMPK challenges.

Looking ahead, the development of dual or multi-activatable
prodrugs seems to be a leading strategy for achieving enhanced
tumor specificity in targeted cancer treatments, as demonstrated in

FIGURE 12
The development of bioorthogonal activable peptide-drug conjugates (PDCs) involves the creation of an all-in-one tetrazine reagent that facilitates
chemoselective labeling and prodrug synthesis. Adapted with modification from Ref. (He et al., 2024) © 2024 Springer Nature.
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previous studies. If these prodrugs incorporate additional therapeutic
modalities, such as photodynamic therapy, photothermal therapy, and
immunotherapy, more effective cancer treatments may emerge, offering
advancements over conventional chemotherapy. We anticipate that
ongoing research will soon yield novel, activatable small molecule
prodrugs that are clinically effective for cancer treatment.

Author contributions

YT: Writing–original draft. JGo: Data curation,
Writing–original draft. JM: Data curation, Writing–original draft.
HJ: Writing–original draft, Writing–review and editing. HZ:
Writing–review and editing. JGa: Writing–review and editing.

Funding

The author(s) declare that financial support was received for the
research, authorship, and/or publication of this article. This study

was supported by the National Natural Science Foundation of China
(82202848), and China Postdoctoral Science Foundation
(2023M741866).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

References

Ai, Y., Obianom, O. N., Kuser, M., Li, Y., Shu, Y., and Xue, F. (2019). Enhanced tumor
selectivity of 5-fluorouracil using a reactive oxygen species-activated prodrug approach.
ACS Med. Chem. Lett. 10, 127–131. doi:10.1021/acsmedchemlett.8b00539

Akinboye, E. S., Rosen, M. D., Bakare, O., and Denmeade, S. R. (2017). Anticancer
activities of emetine prodrugs that are proteolytically activated by the prostate specific
antigen (PSA) and evaluation of in vivo toxicity of emetine derivatives. Bioorg. Med.
Chem. 25, 6707–6717. doi:10.1016/j.bmc.2017.11.015

Amly, W., and Karaman, R. (2016). Recent updates in utilizing prodrugs in drug delivery
(2013-2015). Expert Opin. drug Deliv. 13, 571–591. doi:10.1517/17425247.2016.1142527

Arya, S. K., Lee, K. C., Dah’alan, D. u.B., and Rahman, A. R. A. (2012). Breast tumor
cell detection at single cell resolution using an electrochemical impedance technique.
Lab a Chip 12, 2362–2368. doi:10.1039/c2lc21174b

Asanuma, D., Sakabe, M., Kamiya, M., Yamamoto, K., Hiratake, J., Ogawa, M., et al.
(2015). Sensitive β-galactosidase-targeting fluorescence probe for visualizing small
peritoneal metastatic tumours in vivo. Nat. Commun. 6, 6463. doi:10.1038/
ncomms7463

Baig, M. H., Adil, M., Khan, R., Dhadi, S., Ahmad, K., Rabbani, G., et al. (2019).
Enzyme targeting strategies for prevention and treatment of cancer: implications for
cancer therapy. Seminars Cancer Biol. 56, 1–11. doi:10.1016/j.semcancer.2017.12.003

Balendiran, G. K., Dabur, R., and Fraser, D. (2004). The role of glutathione in cancer.
Cell biochem. Funct. 22, 343–352. doi:10.1002/cbf.1149

Bao, X.-Z., Dai, F., Wang, Q., Jin, X.-L., and Zhou, B. (2019). Developing glutathione-
activated catechol-type diphenylpolyenes as small molecule-based and mitochondria-
targeted prooxidative anticancer theranostic prodrugs. Free Radic. Biol. Med. 134,
406–418. doi:10.1016/j.freeradbiomed.2019.01.033

Bian, X., Jiang, H., Meng, Y., Li, Y.-p., Fang, J., and Lu, Z. (2022). Regulation of gene
expression by glycolytic and gluconeogenic enzymes. Trends Cell Biol. 32, 786–799.
doi:10.1016/j.tcb.2022.02.003

Bielec, B., Schueffl, H., Terenzi, A., Berger, W., Heffeter, P., Keppler, B. K., et al.
(2020). Development and biological investigations of hypoxia-sensitive prodrugs of the
tyrosine kinase inhibitor crizotinib. Bioorg. Chem. 99, 103778. doi:10.1016/j.bioorg.
2020.103778

Bliman, D., Demeunynck, M., Leblond, P., Meignan, S., Baussane, I., and Fort, S.
(2018). Enzymatically activated glyco-prodrugs of doxorubicin synthesized by a
catalysis-free diels–alder reaction. Bioconjugate Chem. 29, 2370–2381. doi:10.1021/
acs.bioconjchem.8b00314

Boedtkjer, E., and Pedersen, S. F. (2020). The acidic tumor microenvironment as a
driver of cancer. Annu. Rev. physiology 82, 103–126. doi:10.1146/annurev-physiol-
021119-034627

Botella, P., Muniesa, C., Vicente, V., and Cabrera-García, A. (2016). Effect of drug
precursor in cell uptake and cytotoxicity of redox-responsive camptothecin
nanomedicines. Mater. Sci. Eng. C 58, 692–699. doi:10.1016/j.msec.2015.09.012

Chen, B.-Q., Zhao, Y., Zhang, Y., Pan, Y.-J., Xia, H., Kankala, R. K., et al. (2023a).
Immune-regulating camouflaged nanoplatforms: a promising strategy to improve

cancer nano-immunotherapy. Bioact. Mater. 21, 1–19. doi:10.1016/j.bioactmat.2022.
07.023

Chen, S., Tang, Y., Li, Y., Huang, M., Ma, X., Wang, L., et al. (2023c). Design and
application of prodrug fluorescent probes for the detection of ovarian cancer cells and
release of anticancer drug. Biosens. Bioelectron. 236, 115401. doi:10.1016/j.bios.2023.
115401

Chen, Z., Han, F., Du, Y., Shi, H., and Zhou, W. (2023b). Hypoxic microenvironment
in cancer: molecular mechanisms and therapeutic interventions. Signal Transduct.
Target. Ther. 8, 70. doi:10.1038/s41392-023-01332-8

Cheng, Z., Huang, Y., Shen, Q., Zhao, Y., Wang, L., Yu, J., et al. (2021). A
camptothecin-based, albumin-binding prodrug enhances efficacy and safety in vivo.
Eur. J. Med. Chem. 226, 113851. doi:10.1016/j.ejmech.2021.113851

Chenguang, L., Han, Y., Kankala, R. K., Wang, S.-B., and Chen, A.-Z. (2020).
Subcellular performance of nanoparticles in cancer therapy. Int. J. Nanomedicine 15,
675–704. doi:10.2147/IJN.S226186

Christensson, A., laurell, C.-B., and lilja, H. (1990). Enzymatic activity of prostate-
specific antigen and its reactions with extracellular serine proteinase inhibitors. Eur.
J. Biochem. 194, 755–763. doi:10.1111/j.1432-1033.1990.tb19466.x

Chung, S. W., Cho, Y. S., Choi, J. U., Kim, H. R., Won, T. H., Kim, S. Y., et al. (2019).
Highly potent monomethyl auristatin E prodrug activated by caspase-3 for the
chemoradiotherapy of triple-negative breast cancer. Biomaterials 192, 109–117.
doi:10.1016/j.biomaterials.2018.11.001

Chung, S. W., Choi, J. U., Cho, Y. S., Kim, H. R., Won, T. H., Dimitrion, P., et al.
(2018). Self-triggered apoptosis enzyme prodrug therapy (STAEPT): enhancing
targeted therapies via recurrent bystander killing effect by exploiting caspase-
cleavable linker. Adv. Sci. 5, 1800368. doi:10.1002/advs.201800368

Chung, S. W., Choi, J. u., Lee, B. S., Byun, J., Jeon, O.-C., Kim, S. W., et al. (2016).
Albumin-binding caspase-cleavable prodrug that is selectively activated in radiation
exposed local tumor. Biomaterials 94, 1–8. doi:10.1016/j.biomaterials.2016.03.043

Couvreur, P., Lepetre-Mouelhi, S., Garbayo, E., and Blanco-Prieto, M. J. (2023). Self-
assembled lipid–prodrug nanoparticles. Nat. Rev. Bioeng. 1, 749–768. doi:10.1038/
s44222-023-00082-0

Dai, Y., Wu, X., Yin, Y., and Dai, H. (2022). GSH/enzyme-responsive 2-sulfonyl-1-
methylimidazole prodrug for enhanced transdermal drug delivery and therapeutic efficacy
against hyperthyroidis. Int. J. Pharm. 617, 121600. doi:10.1016/j.ijpharm.2022.121600

Dcona, M. M., Mitra, K., and Hartman, M. C. T. (2020). Photocontrolled activation of
small molecule cancer therapeutics. RSC Med. Chem. 11, 982–1002. doi:10.1039/
d0md00107d

Duan, C., Yu, M., Xu, J., Li, B.-Y., Zhao, Y., and Kankala, R. K. (2023). Overcoming
cancer multi-drug resistance (MDR): reasons, mechanisms, nanotherapeutic solutions,
and challenges. Biomed. Pharmacother. 162, 114643. doi:10.1016/j.biopha.2023.114643

Ebenezer, O., Shapi, M., and Tuszynski, J. A. (2022). A review of the recent
developments of molecular hybrids targeting tubulin polymerization. Int. J. Mol. Sci.
23, 4001. doi:10.3390/ijms23074001

Frontiers in Pharmacology frontiersin.org16

Tu et al. 10.3389/fphar.2024.1434137

https://doi.org/10.1021/acsmedchemlett.8b00539
https://doi.org/10.1016/j.bmc.2017.11.015
https://doi.org/10.1517/17425247.2016.1142527
https://doi.org/10.1039/c2lc21174b
https://doi.org/10.1038/ncomms7463
https://doi.org/10.1038/ncomms7463
https://doi.org/10.1016/j.semcancer.2017.12.003
https://doi.org/10.1002/cbf.1149
https://doi.org/10.1016/j.freeradbiomed.2019.01.033
https://doi.org/10.1016/j.tcb.2022.02.003
https://doi.org/10.1016/j.bioorg.2020.103778
https://doi.org/10.1016/j.bioorg.2020.103778
https://doi.org/10.1021/acs.bioconjchem.8b00314
https://doi.org/10.1021/acs.bioconjchem.8b00314
https://doi.org/10.1146/annurev-physiol-021119-034627
https://doi.org/10.1146/annurev-physiol-021119-034627
https://doi.org/10.1016/j.msec.2015.09.012
https://doi.org/10.1016/j.bioactmat.2022.07.023
https://doi.org/10.1016/j.bioactmat.2022.07.023
https://doi.org/10.1016/j.bios.2023.115401
https://doi.org/10.1016/j.bios.2023.115401
https://doi.org/10.1038/s41392-023-01332-8
https://doi.org/10.1016/j.ejmech.2021.113851
https://doi.org/10.2147/IJN.S226186
https://doi.org/10.1111/j.1432-1033.1990.tb19466.x
https://doi.org/10.1016/j.biomaterials.2018.11.001
https://doi.org/10.1002/advs.201800368
https://doi.org/10.1016/j.biomaterials.2016.03.043
https://doi.org/10.1038/s44222-023-00082-0
https://doi.org/10.1038/s44222-023-00082-0
https://doi.org/10.1016/j.ijpharm.2022.121600
https://doi.org/10.1039/d0md00107d
https://doi.org/10.1039/d0md00107d
https://doi.org/10.1016/j.biopha.2023.114643
https://doi.org/10.3390/ijms23074001
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2024.1434137


Elsadek, B., Graeser, R., Esser, N., Schäfer-Obodozie, C., Ajaj, K. A., Unger, C., et al.
(2010). Development of a novel prodrug of paclitaxel that is cleaved by prostate-specific
antigen: an in vitro and in vivo evaluation study. Eur. J. Cancer 46, 3434–3444. doi:10.
1016/j.ejca.2010.08.018

Emami Nejad, A., Najafgholian, S., Rostami, A., Sistani, A., Shojaeifar, S.,
Esparvarinha, M., et al. (2021). The role of hypoxia in the tumor microenvironment
and development of cancer stem cell: a novel approach to developing treatment. Cancer
Cell Int. 21, 62. doi:10.1186/s12935-020-01719-5

Fares, J., Fares, M. Y., Khachfe, H. H., Salhab, H. A., and Fares, Y. (2020). Molecular
principles of metastasis: a hallmark of cancer revisited. Signal Transduct. Target. Ther. 5,
28. doi:10.1038/s41392-020-0134-x

Fu, Q., Gu, Z., Shen, S., Bai, Y., Wang, X., Xu, M., et al. (2024). Radiotherapy activates
picolinium prodrugs in tumours. Nat. Chem. doi:10.1038/s41557-024-01501-4

Fukai, R., Ogo, N., Ichida, T., Yamane, M., Sawada, J.-i., Miyoshi, N., et al. (2021).
Design, synthesis, and evaluation of a novel prodrug, a S-trityl--cysteine derivative
targeting kinesin spindle protein. Eur. J. Med. Chem. 215, 113288. doi:10.1016/j.ejmech.
2021.113288

Galluzzi, L., Senovilla, L., Vitale, I., Michels, J., Martins, I., Kepp, O., et al. (2012).
Molecular mechanisms of cisplatin resistance. Oncogene 31, 1869–1883. doi:10.1038/
onc.2011.384

Goetz, L. H., and Schork, N. J. (2018). Personalized medicine: motivation, challenges,
and progress. Fertil. Steril. 109, 952–963. doi:10.1016/j.fertnstert.2018.05.006

Gottesman, M. M. (2002). Mechanisms of cancer drug resistance. Annu. Rev. Med. 53,
615–627. doi:10.1146/annurev.med.53.082901.103929

Gottesman, M. M., Fojo, T., and Bates, S. E. (2002). Multidrug resistance in cancer:
role of ATP–dependent transporters. Nat. Rev. Cancer 2, 48–58. doi:10.1038/nrc706

Haag, R., and Kratz, F. (2006). Polymer therapeutics: concepts and applications.
Angew. Chem. Int. Ed. 45, 1198–1215. doi:10.1002/anie.200502113

Han, E., Kwon, B., Yoo, D., Kang, C., Khang, G., and Lee, D. (2017). Dual stimuli-
activatable oxidative stress amplifying agent as a hybrid anticancer prodrug.
Bioconjugate Chem. 28, 968–978. doi:10.1021/acs.bioconjchem.6b00683

Han, H.-H., Wang, H.-M., Jangili, P., Li, M., Wu, L., Zang, Y., et al. (2023). The design
of small-molecule prodrugs and activatable phototherapeutics for cancer therapy.
Chem. Soc. Rev. 52, 879–920. doi:10.1039/d2cs00673a

He, X., Li, J., Liang, X., Mao, W., Deng, X., Qin, M., et al. (2024). An all-in-one
tetrazine reagent for cysteine-selective labeling and bioorthogonal activable prodrug
construction. Nat. Commun. 15, 2831. doi:10.1038/s41467-024-47188-6

Holla, V. R., Elamin, Y. Y., Bailey, A. M., Johnson, A. M., Litzenburger, B. C.,
Khotskaya, Y. B., et al. (2017). ALK: a tyrosine kinase target for cancer therapy. Cold
Spring Harb. Mol. case Stud. 3, a001115. doi:10.1101/mcs.a001115

Holohan, C., Van Schaeybroeck, S., Longley, D. B., and Johnston, P. G. (2013). Cancer
drug resistance: an evolving paradigm. Nat. Rev. Cancer 13, 714–726. doi:10.1038/
nrc3599

Hou, J.-T., Ren, W. X., Li, K., Seo, J., Sharma, A., Yu, X.-Q., et al. (2017). Fluorescent
bioimaging of pH: from design to applications. Chem. Soc. Rev. 46, 2076–2090. doi:10.
1039/c6cs00719h

Hou, Y., Zhou, Z., Huang, K., Yang, H., and Han, G. (2018). Long wavelength light
activated prodrug conjugates for biomedical applications. ChemPhotoChem 2,
1004–1011. doi:10.1002/cptc.201800239

Hu, Q., Yammani, R. D., Brown-Harding, H., Soto-Pantoja, D. R., Poole, L. B., and
Lukesh, J. C. (2022). Mitigation of doxorubicin-induced cardiotoxicity with an H2O2-
activated, H2S-donating hybrid prodrug. Redox Biol. 53, 102338. doi:10.1016/j.redox.
2022.102338

Hu, W., Fang, L., Hua, W., and Gou, S. (2017). Biotin-Pt (IV)-indomethacin hybrid: a
targeting anticancer prodrug providing enhanced cancer cellular uptake and reversing
cisplatin resistance. J. Inorg. Biochem. 175, 47–57. doi:10.1016/j.jinorgbio.2017.07.002

Hu, Y., and Zeng, F. (2017). A theranostic prodrug based on FRET for real-time drug
release monitoring in response to biothiols.Mater. Sci. Eng. C 72, 77–85. doi:10.1016/j.
msec.2016.11.056

Huang, R., and Zhou, P. K. (2021). DNA damage repair: historical perspectives,
mechanistic pathways and clinical translation for targeted cancer therapy. Signal
Transduct. Target. Ther. 6, 254. doi:10.1038/s41392-021-00648-7

Huang, Y., Wang, L., Cheng, Z., Yang, B., Yu, J., Chen, Y., et al. (2021). SN38-based
albumin-binding prodrug for efficient targeted cancer chemotherapy. J. Control. Release
339, 297–306. doi:10.1016/j.jconrel.2021.09.040

Jiang, Y., and Hu, L. (2013). Peptide conjugates of 4-aminocyclophosphamide as
prodrugs of phosphoramide mustard for selective activation by prostate-specific antigen
(PSA). Bioorg. Med. Chem. 21, 7507–7514. doi:10.1016/j.bmc.2013.09.039

Jin, C., Li, J., Yang, X., Zhou, S., Li, C., Yu, J., et al. (2023). Doxorubicin-isoniazid
conjugate regulates immune response and tumor microenvironment to enhance cancer
therapy. Int. J. Pharm. 631, 122509. doi:10.1016/j.ijpharm.2022.122509

Johnstone, T. C., Suntharalingam, K., and Lippard, S. J. (2016). The next generation of
platinum drugs: targeted pt(II) agents, nanoparticle delivery, and pt(IV) prodrugs.
Chem. Rev. 116, 3436–3486. doi:10.1021/acs.chemrev.5b00597

Kankala, R. K., Xu, P.-Y., Chen, B.-Q., Wang, S., and Chen, A.-Z. (2021). Supercritical
fluid (SCF)-assisted fabrication of carrier-free drugs: an eco-friendly welcome to active
pharmaceutical ingredients (APIs). Adv. Drug Deliv. Rev. 176, 113846. doi:10.1016/j.
addr.2021.113846

Kelland, L. (2007). The resurgence of platinum-based cancer chemotherapy.Nat. Rev.
Cancer 7, 573–584. doi:10.1038/nrc2167

Kim, H. S., Sharma, A., Ren, W. X., Han, J., and Kim, J. S. (2018). COX-2 Inhibition
mediated anti-angiogenic activatable prodrug potentiates cancer therapy in preclinical
models. Biomaterials 185, 63–72. doi:10.1016/j.biomaterials.2018.09.006

Kim, J. H., Park, J. M., Jung, E., Lee, J., Han, J., Kim, Y.-J., et al. (2022). A synchronized
dual drug delivery molecule targeting cancer stem cells in tumor heterogeneity and
metastasis. Biomaterials 289, 121781. doi:10.1016/j.biomaterials.2022.121781

Kong, F., Liang, Z., Luan, D., Liu, X., Xu, K., and Tang, B. (2016). A glutathione
(GSH)-responsive near-infrared (NIR) theranostic prodrug for cancer therapy and
imaging. Anal. Chem. 88, 6450–6456. doi:10.1021/acs.analchem.6b01135

Kong, Y., Smith, J., Li, K., Cui, J., Han, J., Hou, S., et al. (2017). Development of a novel
near-infrared fluorescent theranostic combretastain A-4 analogue, YK-5-252, to target
triple negative breast cancer. Bioorg. Med. Chem. 25, 2226–2233. doi:10.1016/j.bmc.
2017.02.046

Lee, Y.-J., and Shacter, E. (2000). Hydrogen peroxide inhibits activation, not activity,
of cellular caspase-3 in vivo. Free Radic. Biol. Med. 29, 684–692. doi:10.1016/s0891-
5849(00)00366-x

Legigan, T., Clarhaut, J., Tranoy-Opalinski, I., Monvoisin, A., Renoux, B., Thomas,
M., et al. (2012). The first generation of β-galactosidase-responsive prodrugs designed
for the selective treatment of solid tumors in prodrug monotherapy. Angewandte
Chemie Int. ed. Engl. 51, 11606–11610. doi:10.1002/anie.201204935

Li, J., Shi, J., Medina, J. E., Zhou, J., Du, X., Wang, H., et al. (2017). Selectively inducing
cancer cell death by intracellular enzyme-instructed self-assembly (EISA) of dipeptide
derivatives. Adv. Healthc. Mat. 6, 1601400. doi:10.1002/adhm.201601400

Li, K., Dong, W., Qiu, L., Liu, Q., Lv, G., Peng, Y., et al. (2019). A new GSH-responsive
prodrug of 5-aminolevulinic acid for photodiagnosis and photodynamic therapy of
tumors. Eur. J. Med. Chem. 181, 111582. doi:10.1016/j.ejmech.2019.111582

Li, S.-Y., Liu, L.-H., Jia, H.-Z., Qiu, W.-X., Rong, L., Cheng, H., et al. (2014). A pH-
responsive prodrug for real-time drug release monitoring and targeted cancer therapy.
Chem. Commun. 50, 11852–11855. doi:10.1039/c4cc05008h

Li, T., Li, J., Chen, Z., Zhang, S.-H., Li, S., Wageh, S., et al. (2022). Glioma diagnosis
and therapy: current challenges and nanomaterial-based solutions. J. Control. release
official J. Control. Release Soc. 352, 338–370. doi:10.1016/j.jconrel.2022.09.065

Li, Z., Qiao, X., Liu, X.-M., Shi, S.-H., Qiao, X., and Xu, J.-Y. (2023). Blocking xCT and
PI3K/Akt pathway synergized with DNA damage of Riluzole-Pt(IV) prodrugs for
cancer treatment. Eur. J. Med. Chem. 250, 115233. doi:10.1016/j.ejmech.2023.115233

Liberti, M. V., and Locasale, J. W. (2016). The Warburg effect: how does it benefit
cancer cells? Trends Biochem. Sci. 41, 211–218. doi:10.1016/j.tibs.2015.12.001

Lilja, H., Christensson, A., Dahlén, U., Matikainen, M. T., Nilsson, O.,
Pettersson, K., et al. (1991). Prostate-specific antigen in serum occurs
predominantly in complex with alpha 1-antichymotrypsin. Clin. Chem. 37,
1618–1625. doi:10.1093/clinchem/37.9.1618

Liou, G.-Y., and Storz, P. (2010). Reactive oxygen species in cancer. Free Radic. Res.
44, 479–496. doi:10.3109/10715761003667554

Liu, N., Zhang, R., Shi, Q., Jiang, H., and Zhou, Q. (2023a). Intelligent delivery system
targeting PD-1/PD-L1 pathway for cancer immunotherapy. Bioorg. Chem. 136, 106550.
doi:10.1016/j.bioorg.2023.106550

Liu, Y., Zhao, H., Li, L., Yang, B., Yue, Y., Li, M., et al. (2023b). A tyrosinase-activated
Pt(II) complex for melanoma photodynamic therapy and fluorescence imaging. Sensors
Actuators B Chem. 374, 132836. doi:10.1016/j.snb.2022.132836

Lu, M., Zhang, X., Zhao, J., You, Q., and Jiang, Z. (2020). A hydrogen peroxide
responsive prodrug of Keap1-Nrf2 inhibitor for improving oral absorption and selective
activation in inflammatory conditions. Redox Biol. 34, 101565. doi:10.1016/j.redox.
2020.101565

Lucy, H., and Hao-Jie, Z. (2020). Carboxylesterase 1 and precision pharmacotherapy:
pharmacogenetics and nongenetic regulators. Drug Metabolism Dispos. 48, 230–244.
doi:10.1124/dmd.119.089680

Machulkin, A. E., Uspenskaya, A. A., Zyk, N. Y., Nimenko, E. A., Ber, A. P., Petrov, S.
A., et al. (2022). PSMA-targeted small-molecule docetaxel conjugate: synthesis and
preclinical evaluation. Eur. J. Med. Chem. 227, 113936. doi:10.1016/j.ejmech.2021.
113936

Matsushita, K., Okuda, T., Mori, S., Konno, M., Eguchi, H., Asai, A., et al. (2019). A
hydrogen peroxide activatable gemcitabine prodrug for the selective treatment of
pancreatic ductal adenocarcinoma. ChemMedChem 14, 1384–1391. doi:10.1002/
cmdc.201900324

Meng, T., Han, J., Zhang, P., Hu, J., Fu, J., and Yin, J. (2019). Introduction of the α-
ketoamide structure: en route to develop hydrogen peroxide responsive prodrugs.
Chem. Sci. 10, 7156–7162. doi:10.1039/c9sc00910h

Meng, Z., Lv, Q., Lu, J., Yao, H., Lv, X., Jiang, F., et al. (2016). Prodrug strategies for
paclitaxel. Int. J. Mol. Sci. 17, 796. doi:10.3390/ijms17050796

Frontiers in Pharmacology frontiersin.org17

Tu et al. 10.3389/fphar.2024.1434137

https://doi.org/10.1016/j.ejca.2010.08.018
https://doi.org/10.1016/j.ejca.2010.08.018
https://doi.org/10.1186/s12935-020-01719-5
https://doi.org/10.1038/s41392-020-0134-x
https://doi.org/10.1038/s41557-024-01501-4
https://doi.org/10.1016/j.ejmech.2021.113288
https://doi.org/10.1016/j.ejmech.2021.113288
https://doi.org/10.1038/onc.2011.384
https://doi.org/10.1038/onc.2011.384
https://doi.org/10.1016/j.fertnstert.2018.05.006
https://doi.org/10.1146/annurev.med.53.082901.103929
https://doi.org/10.1038/nrc706
https://doi.org/10.1002/anie.200502113
https://doi.org/10.1021/acs.bioconjchem.6b00683
https://doi.org/10.1039/d2cs00673a
https://doi.org/10.1038/s41467-024-47188-6
https://doi.org/10.1101/mcs.a001115
https://doi.org/10.1038/nrc3599
https://doi.org/10.1038/nrc3599
https://doi.org/10.1039/c6cs00719h
https://doi.org/10.1039/c6cs00719h
https://doi.org/10.1002/cptc.201800239
https://doi.org/10.1016/j.redox.2022.102338
https://doi.org/10.1016/j.redox.2022.102338
https://doi.org/10.1016/j.jinorgbio.2017.07.002
https://doi.org/10.1016/j.msec.2016.11.056
https://doi.org/10.1016/j.msec.2016.11.056
https://doi.org/10.1038/s41392-021-00648-7
https://doi.org/10.1016/j.jconrel.2021.09.040
https://doi.org/10.1016/j.bmc.2013.09.039
https://doi.org/10.1016/j.ijpharm.2022.122509
https://doi.org/10.1021/acs.chemrev.5b00597
https://doi.org/10.1016/j.addr.2021.113846
https://doi.org/10.1016/j.addr.2021.113846
https://doi.org/10.1038/nrc2167
https://doi.org/10.1016/j.biomaterials.2018.09.006
https://doi.org/10.1016/j.biomaterials.2022.121781
https://doi.org/10.1021/acs.analchem.6b01135
https://doi.org/10.1016/j.bmc.2017.02.046
https://doi.org/10.1016/j.bmc.2017.02.046
https://doi.org/10.1016/s0891-5849(00)00366-x
https://doi.org/10.1016/s0891-5849(00)00366-x
https://doi.org/10.1002/anie.201204935
https://doi.org/10.1002/adhm.201601400
https://doi.org/10.1016/j.ejmech.2019.111582
https://doi.org/10.1039/c4cc05008h
https://doi.org/10.1016/j.jconrel.2022.09.065
https://doi.org/10.1016/j.ejmech.2023.115233
https://doi.org/10.1016/j.tibs.2015.12.001
https://doi.org/10.1093/clinchem/37.9.1618
https://doi.org/10.3109/10715761003667554
https://doi.org/10.1016/j.bioorg.2023.106550
https://doi.org/10.1016/j.snb.2022.132836
https://doi.org/10.1016/j.redox.2020.101565
https://doi.org/10.1016/j.redox.2020.101565
https://doi.org/10.1124/dmd.119.089680
https://doi.org/10.1016/j.ejmech.2021.113936
https://doi.org/10.1016/j.ejmech.2021.113936
https://doi.org/10.1002/cmdc.201900324
https://doi.org/10.1002/cmdc.201900324
https://doi.org/10.1039/c9sc00910h
https://doi.org/10.3390/ijms17050796
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2024.1434137


Miller, M., Mellul, A., Braun, M., Sherill-Rofe, D., Cohen, E., Shpilt, Z., et al. (2020).
Titanium tackles the endoplasmic reticulum: a first genomic study on a titanium
anticancer metallodrug. iScience 23, 101262. doi:10.1016/j.isci.2020.101262

Mo, S., Wen, Y., Xue, F., Lan, H., Mao, Y., Lv, G., et al. (2016). A novel o-nitrobenzyl-
based photocleavable antitumor prodrug with the capability of releasing 5-fluorourail.
Sci. Bull. 61, 459–467. doi:10.1007/s11434-016-1010-5

Montero, A. J., and Jassem, J. (2011). Cellular redox pathways as a therapeutic target
in the treatment of cancer. Drugs 71, 1385–1396. doi:10.2165/11592590-000000000-
00000

Morales, M. C., Pérez-Yarza, G., Nieto-Rementería, N., Boyano, M. D., Jangi, M.,
Atencia, R., et al. (2005). Intracellular glutathione levels determine cell sensitivity to
apoptosis induced by the antineoplasic agent N-(4-hydroxyphenyl) retinamide.
Anticancer Res. 25 3B, 1945–1951.

Nitiss, J. L. (2009). Targeting DNA topoisomerase II in cancer chemotherapy. Nat.
Rev. Cancer 9, 338–350. doi:10.1038/nrc2607

Otto, A., Bar, J., and Birkenmeier, G. (1998). Prostate-specific antigen forms
complexes with human alpha 2-macroglobulin and binds to the alpha 2-
macroglobulin receptor/ldl receptor-related protein. J. Urology 159, 297–303. doi:10.
1016/s0022-5347(01)64085-0

Ouyang, L., He, D., Zhang, J., He, G., Jiang, B., Wang, Q., et al. (2011). Selective bone
targeting 5-fluorouracil prodrugs: synthesis and preliminary biological evaluation.
Bioorg. Med. Chem. 19, 3750–3756. doi:10.1016/j.bmc.2011.05.004

Peng, X., and Gandhi, V. (2012). ROS-activated anticancer prodrugs: a new strategy
for tumor-specific damage. Ther. Deliv. 3, 823–833. doi:10.4155/tde.12.61

Peng, X., Gao, J., Yuan, Y., Liu, H., Lei, W., Li, S., et al. (2019). Hypoxia-activated and
indomethacin-mediated theranostic prodrug releasing drug on-demand for tumor
imaging and therapy. Bioconjugate Chem. 30, 2828–2843. doi:10.1021/acs.
bioconjchem.9b00564

Peng, Y., Shi, Z., Liang, Y., Ding, K., and Wang, Y. (2022). Targeting the tumor
microenvironment by an enzyme-responsive prodrug of tubulin destabilizer for triple-
negative breast cancer therapy with high safety. Eur. J. Med. Chem. 236, 114344. doi:10.
1016/j.ejmech.2022.114344

Pes, L., Koester, S. D., Magnusson, J. P., Chercheja, S., Medda, F., Abu Ajaj, K., et al.
(2019). Novel auristatin E-based albumin-binding prodrugs with superior anticancer
efficacy in vivo compared to the parent compound. J. Control. Release 296, 81–92.
doi:10.1016/j.jconrel.2019.01.010

Piasentin, N., Milotti, E., and Chignola, R. (2020). The control of acidity in tumor
cells: a biophysical model. Sci. Rep. 10, 13613. doi:10.1038/s41598-020-70396-1

Rajaputra, P., Bio, M., Nkepang, G., Thapa, P., Woo, S., and You, Y. (2016).
Anticancer drug released from near IR-activated prodrug overcomes spatiotemporal
limits of singlet oxygen. Bioorg. Med. Chem. 24, 1540–1549. doi:10.1016/j.bmc.2016.
02.025

Rango, E., D’Antona, L., Iovenitti, G., Brai, A., Mancini, A., Zamperini, C., et al.
(2021). Si113-prodrugs selectively activated by plasmin against hepatocellular and
ovarian carcinoma. Eur. J. Med. Chem. 223, 113653. doi:10.1016/j.ejmech.2021.113653

Rautio, J., Kumpulainen, H., Heimbach, T., Oliyai, R., Oh, D., Järvinen, T., et al.
(2008). Prodrugs: design and clinical applications. Nat. Rev. Drug Discov. 7, 255–270.
doi:10.1038/nrd2468

Rautio, J., Meanwell, N. A., Di, L., and Hageman, M. J. (2018). The expanding role of
prodrugs in contemporary drug design and development. Nat. Rev. Drug Discov. 17,
559–587. doi:10.1038/nrd.2018.46

Rehman, Y., and Rosenberg, J. E. (2012). Abiraterone acetate: oral androgen
biosynthesis inhibitor for treatment of castration-resistant prostate cancer. Drug
Des. Dev. Ther. 6, 13–18. doi:10.2147/DDDT.S15850

Renoux, B., Raes, F., Legigan, T., Péraudeau, E., Eddhif, B., Poinot, P., et al. (2017).
Targeting the tumour microenvironment with an enzyme-responsive drug delivery
system for the efficient therapy of breast and pancreatic cancers. Chem. Sci. 8,
3427–3433. doi:10.1039/c7sc00472a

Sanches, B. M. A., and Ferreira, E. I. (2019). Is prodrug design an approach to increase
water solubility? Int. J. Pharm. 568, 118498. doi:10.1016/j.ijpharm.2019.118498

Senter, P., and Sievers, E. (2012). The discovery and development of brentuximab
vedotin for use in relapsed Hodgkin lymphoma and systemic anaplastic large cell
lymphoma. Nat. Biotechnol. 30, 631–637. doi:10.1038/nbt.2289

Sharma, A., Kim, E.-J., Mun, S., Ji, M. S., Chung, B. G., and Kim, J. S. (2019).
Molecular theranostic based on esterase-mediated drug activation for hepatocellular
carcinoma. Dyes Pigments 163, 628–633. doi:10.1016/j.dyepig.2018.12.026

Sharma, A., Kim, E.-J., Shi, H., Lee, J. Y., Chung, B. G., and Kim, J. S. (2018a).
Development of a theranostic prodrug for colon cancer therapy by combining ligand-
targeted delivery and enzyme-stimulated activation. Biomaterials 155, 145–151. doi:10.
1016/j.biomaterials.2017.11.019

Sharma, A., Lee, M.-G., Shi, H., Won, M., Arambula, J. F., Sessler, J. L., et al. (2018b).
Overcoming drug resistance by targeting cancer bioenergetics with an activatable
prodrug. Chem 4, 2370–2383. doi:10.1016/j.chempr.2018.08.002

Shewach, D. S., and Kuchta, R. D. (2009). Introduction to cancer chemotherapeutics.
Chem. Rev. 109, 2859–2861. doi:10.1021/cr900208x

Shi, Z., Liu, J., Tian, L., Li, J., Gao, Y., Xing, Y., et al. (2022). Insights into stimuli-
responsive diselenide bonds utilized in drug delivery systems for cancer therapy.
Biomed. Pharmacother. 155, 113707. doi:10.1016/j.biopha.2022.113707

Shibata, A., Furukawa, K., Abe, H., Tsuneda, S., and Ito, Y. (2008). Rhodamine-based
fluorogenic probe for imaging biological thiol. Bioorg. Med. Chem. Lett. 18, 2246–2249.
doi:10.1016/j.bmcl.2008.03.014

Shin, W. S., Han, J., Verwilst, P., Kumar, R., Kim, J.-H., and Kim, J. S. (2016). Cancer
targeted enzymatic theranostic prodrug: precise diagnosis and chemotherapy.
Bioconjugate Chem. 27, 1419–1426. doi:10.1021/acs.bioconjchem.6b00184

Shirley, M. (2016). Ixazomib: first global approval. Drugs 76, 405–411. doi:10.1007/
s40265-016-0548-5

Siegel, R. L., Miller, K. D., Wagle, N. S., and Jemal, A. (2023). Cancer statistics. CA A
Cancer J. Clin. 73, 17–30. doi:10.3322/caac.21332

Skarbek, C., Serra, S., Maslah, H., Rascol, E., and Labruère, R. (2019). Arylboronate
prodrugs of doxorubicin as promising chemotherapy for pancreatic cancer. Bioorg.
Chem. 91, 103158. doi:10.1016/j.bioorg.2019.103158

Souza, C., Pellosi, D. S., and Tedesco, A. C. (2019). Prodrugs for targeted cancer
therapy. Expert Rev. anticancer Ther. 19, 483–502. doi:10.1080/14737140.2019.1615890

Sreekanth, V., Kar, A., Kumar, S., Pal, S., Yadav, P., Sharma, Y., et al. (2021). Bile acid
tethered docetaxel-based nanomicelles mitigate tumor progression through epigenetic
changes. Angew. Chem. Int. Ed. 60, 5394–5399. doi:10.1002/anie.202015173

Steeg, P. S. (2006). Tumor metastasis: mechanistic insights and clinical challenges.
Nat. Med. 12, 895–904. doi:10.1038/nm1469

Stephenson, A. A., Cao, S., Taggart, D. J., Vyavahare, V. P., and Suo, Z. (2021). Design,
synthesis, and evaluation of liver-specific gemcitabine prodrugs for potential treatment
of hepatitis C virus infection and hepatocellular carcinoma. Eur. J. Med. Chem. 213,
113135. doi:10.1016/j.ejmech.2020.113135

Sun, J., Yang, D., Cui, S.-H., Zhang, H.-T., Fu, Y., Wang, J.-C., et al. (2019). Enhanced
anti-tumor efficiency of gemcitabine prodrug by FAPα-mediated activation. Int.
J. Pharm. 559, 48–57. doi:10.1016/j.ijpharm.2019.01.032

Teng, Y. N., Kao, M. C., Huang, S. Y., Wu, T. S., Lee, T. E., Kuo, C. Y., et al. (2022).
Novel application of rhein and its prodrug diacerein for reversing cancer-related
multidrug resistance through the dual inhibition of P-glycoprotein efflux and
STAT3-mediated P-glycoprotein expression. Biomed. Pharmacother. 150, 112995.
doi:10.1016/j.biopha.2022.112995

Thiabaud, G., He, G., Sen, S., Shelton, K. A., Baze, W. B., Segura, L., et al. (2020).
Oxaliplatin Pt(IV) prodrugs conjugated to gadolinium-texaphyrin as potential
antitumor agents. Proc. Natl. Acad. Sci. U. S. A. 117, 7021–7029. doi:10.1073/pnas.
1914911117

Thiabaud, G., McCall, R., He, G., Arambula, J. F., Siddik, Z. H., and Sessler, J. L.
(2016). Activation of platinum(IV) prodrugs by motexafin gadolinium as a redox
mediator. Angewandte Chemie Int. ed. Engl. 55, 12626–12631. doi:10.1002/anie.
201604236

Trachootham, D., Alexandre, J., and Huang, P. (2009). Targeting cancer cells by ROS-
mediated mechanisms: a radical therapeutic approach? Nat. Rev. Drug Discov. 8,
579–591. doi:10.1038/nrd2803

Tranoy-Opalinski, I., Legigan, T., Barat, R., Clarhaut, J., Thomas, M., Renoux, B., et al.
(2014). β-Glucuronidase-responsive prodrugs for selective cancer chemotherapy: an
update. Eur. J. Med. Chem. 74, 302–313. doi:10.1016/j.ejmech.2013.12.045

Tyagi, K., Kumari, R., and Venkatesh, V. (2023). Alkaline phosphatase (ALP)
activatable small molecule-based prodrugs for cancer theranostics. Org. Biomol.
Chem. 21, 4455–4464. doi:10.1039/d3ob00510k

Vedagopuram, S., and Bajaj, A. (2019). Recent advances in engineering of lipid-drug
conjugates for cancer therapy. ACS Biomaterials Sci. Eng. 5, 4148–4166. doi:10.1021/
acsbiomaterials.9b00689

Verwilst, P., Han, J., Lee, J., Mun, S., Kang, H.-G., and Kim, J. S. (2017). Reconsidering
azobenzene as a component of small-molecule hypoxia-mediated cancer drugs: a
theranostic case study. Biomaterials 115, 104–114. doi:10.1016/j.biomaterials.2016.
11.023

Vickerman, B. M., Zywot, E. M., Tarrant, T. K., and Lawrence, D. S. (2021). Taking
phototherapeutics from concept to clinical launch. Nat. Rev. Chem. 5, 816–834. doi:10.
1038/s41570-021-00326-w

Wagner, J., Damaschke, N., Yang, B., Truong, M., Guenther, C., McCormick, J., et al.
(2015). Overexpression of the novel senescence marker β-galactosidase (GLB1) in
prostate cancer predicts reduced PSA recurrence. PLOS ONE 10, e0124366. doi:10.1371/
journal.pone.0124366

Walther, R., Rautio, J., and Zelikin, A. N. (2017). Prodrugs in medicinal chemistry and
enzyme prodrug therapies. Adv. drug Deliv. Rev. 118, 65–77. doi:10.1016/j.addr.2017.
06.013

Wang, D., Zou, L., Jin, Q., Hou, J., Ge, G., and Yang, L. (2018). Human
carboxylesterases: a comprehensive review. Acta Pharm. Sin. B 8, 699–712. doi:10.
1016/j.apsb.2018.05.005

Wang, L., Xie, S., Ma, L., Chen, Y., and Lu, W. (2016b). 10-Boronic acid substituted
camptothecin as prodrug of SN-38. Eur. J. Med. Chem. 116, 84–89. doi:10.1016/j.
ejmech.2016.03.063

Frontiers in Pharmacology frontiersin.org18

Tu et al. 10.3389/fphar.2024.1434137

https://doi.org/10.1016/j.isci.2020.101262
https://doi.org/10.1007/s11434-016-1010-5
https://doi.org/10.2165/11592590-000000000-00000
https://doi.org/10.2165/11592590-000000000-00000
https://doi.org/10.1038/nrc2607
https://doi.org/10.1016/s0022-5347(01)64085-0
https://doi.org/10.1016/s0022-5347(01)64085-0
https://doi.org/10.1016/j.bmc.2011.05.004
https://doi.org/10.4155/tde.12.61
https://doi.org/10.1021/acs.bioconjchem.9b00564
https://doi.org/10.1021/acs.bioconjchem.9b00564
https://doi.org/10.1016/j.ejmech.2022.114344
https://doi.org/10.1016/j.ejmech.2022.114344
https://doi.org/10.1016/j.jconrel.2019.01.010
https://doi.org/10.1038/s41598-020-70396-1
https://doi.org/10.1016/j.bmc.2016.02.025
https://doi.org/10.1016/j.bmc.2016.02.025
https://doi.org/10.1016/j.ejmech.2021.113653
https://doi.org/10.1038/nrd2468
https://doi.org/10.1038/nrd.2018.46
https://doi.org/10.2147/DDDT.S15850
https://doi.org/10.1039/c7sc00472a
https://doi.org/10.1016/j.ijpharm.2019.118498
https://doi.org/10.1038/nbt.2289
https://doi.org/10.1016/j.dyepig.2018.12.026
https://doi.org/10.1016/j.biomaterials.2017.11.019
https://doi.org/10.1016/j.biomaterials.2017.11.019
https://doi.org/10.1016/j.chempr.2018.08.002
https://doi.org/10.1021/cr900208x
https://doi.org/10.1016/j.biopha.2022.113707
https://doi.org/10.1016/j.bmcl.2008.03.014
https://doi.org/10.1021/acs.bioconjchem.6b00184
https://doi.org/10.1007/s40265-016-0548-5
https://doi.org/10.1007/s40265-016-0548-5
https://doi.org/10.3322/caac.21332
https://doi.org/10.1016/j.bioorg.2019.103158
https://doi.org/10.1080/14737140.2019.1615890
https://doi.org/10.1002/anie.202015173
https://doi.org/10.1038/nm1469
https://doi.org/10.1016/j.ejmech.2020.113135
https://doi.org/10.1016/j.ijpharm.2019.01.032
https://doi.org/10.1016/j.biopha.2022.112995
https://doi.org/10.1073/pnas.1914911117
https://doi.org/10.1073/pnas.1914911117
https://doi.org/10.1002/anie.201604236
https://doi.org/10.1002/anie.201604236
https://doi.org/10.1038/nrd2803
https://doi.org/10.1016/j.ejmech.2013.12.045
https://doi.org/10.1039/d3ob00510k
https://doi.org/10.1021/acsbiomaterials.9b00689
https://doi.org/10.1021/acsbiomaterials.9b00689
https://doi.org/10.1016/j.biomaterials.2016.11.023
https://doi.org/10.1016/j.biomaterials.2016.11.023
https://doi.org/10.1038/s41570-021-00326-w
https://doi.org/10.1038/s41570-021-00326-w
https://doi.org/10.1371/journal.pone.0124366
https://doi.org/10.1371/journal.pone.0124366
https://doi.org/10.1016/j.addr.2017.06.013
https://doi.org/10.1016/j.addr.2017.06.013
https://doi.org/10.1016/j.apsb.2018.05.005
https://doi.org/10.1016/j.apsb.2018.05.005
https://doi.org/10.1016/j.ejmech.2016.03.063
https://doi.org/10.1016/j.ejmech.2016.03.063
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2024.1434137


Wang, Y., Liu, D., Zheng, Q., Zhao, Q., Zhang, H., Ma, Y., et al. (2014). Disulfide bond
bridge insertion turns hydrophobic anticancer prodrugs into self-assembled
nanomedicines. Nano Lett. 14, 5577–5583. doi:10.1021/nl502044x

Wang, Y., Zhang, L., Zhang, X., Wei, X., Tang, Z., and Zhou, S. (2016a). Precise
polymerization of a highly tumor microenvironment-responsive nanoplatform for
strongly enhanced intracellular drug release. ACS Appl. Mat. Interfaces 8 (9),
5833–5846. doi:10.1021/acsami.5b11569

Wang, Z., Wang, N., Cheng, S.-C., Xu, K., Deng, Z., Chen, S., et al. (2019).
Phorbiplatin, a highly potent pt(IV) antitumor prodrug that can be controllably
activated by red light. Chem 5, 3151–3165. doi:10.1016/j.chempr.2019.08.021

Wang, Z., Wu, H., Liu, P., Zeng, F., and Wu, S. (2017). A self-immolative
prodrug nanosystem capable of releasing a drug and a NIR reporter for in vivo
imaging and therapy. Biomaterials 139, 139–150. doi:10.1016/j.biomaterials.2017.
06.002

Wu, T., and Dai, Y. (2017). Tumor microenvironment and therapeutic response.
Cancer Lett. 387, 61–68. doi:10.1016/j.canlet.2016.01.043

Wu, X., and Hu, L. (2016). Design and synthesis of peptide conjugates of
phosphoramide mustard as prodrugs activated by prostate-specific antigen. Bioorg.
Med. Chem. 24, 2697–2706. doi:10.1016/j.bmc.2016.04.035

Wu, X., Li, X., Li, Z., Yu, Y., You, Q., and Zhang, X. (2018). Discovery of nonquinone
substrates for NAD(P)H: quinone oxidoreductase 1 (NQO1) as effective intracellular
ROS generators for the treatment of drug-resistant non-small-cell lung cancer. J. Med.
Chem. 61, 11280–11297. doi:10.1021/acs.jmedchem.8b01424

Xie, X., Yang, X. e., Wu, T., Li, Y., Li, M., Tan, Q., et al. (2016). Rational design
of an α-ketoamide-based near-infrared fluorescent probe specific for hydrogen
peroxide in living systems. Anal. Chem. 88, 8019–8025. doi:10.1021/acs.
analchem.6b01256

Xu, Y., Chen, J., Li, Y., Peng, S., Gu, X., Sun, M., et al. (2015). Synthesis and biological
studies of the thiols-triggered anticancer prodrug for a more effective cancer therapy.
Org. Biomol. Chem. 13, 2634–2639. doi:10.1039/c4ob02462a

Yang, J., Jia, L., He, Z., and Wang, Y. (2023). Recent advances in SN-38 drug
delivery system. Int. J. Pharm. 637, 122886. doi:10.1016/j.ijpharm.2023.122886

Ye, Y.-X.,Wu, S.-Y., Chen, X.-Y., Yu, Y.-W., Zeng, S.-M.-Z., Wang, Z.-C., et al. (2021).
Glutathione-responsive prodrug conjugates for image-guided combination in cancer
therapy. Eur. J. Med. Chem. 225, 113746. doi:10.1016/j.ejmech.2021.113746

Zhang, C., Qu, Y., Ma, X., Li, M., Li, S., Li, Y., et al. (2020). NQO1-selective activated
prodrugs of combretastatin A-4: synthesis and biological evaluation. Bioorg. Chem. 103,
104200. doi:10.1016/j.bioorg.2020.104200

Zhang, H., Sun, Z., Wang, K., Li, N., Chen, H., Tan, X., et al. (2018b). Multifunctional
tumor-targeting cathepsin B-sensitive gemcitabine prodrug covalently targets albumin
in situ and improves cancer therapy. Bioconjugate Chem. 29, 1852–1858. doi:10.1021/
acs.bioconjchem.8b00223

Zhang, R., Yu, J., Guo, Z., Jiang, H., and Wang, C. (2023). Camptothecin-based prodrug
nanomedicines for cancer therapy. Nanoscale 15, 17658–17697. doi:10.1039/d3nr04147f

Zhang, X., Li, X., Li, Z., Wu, X., Wu, Y., You, Q., et al. (2018a). An NAD(P)H:quinone
oxidoreductase 1 responsive and self-immolative prodrug of 5-fluorouracil for safe and
effective cancer therapy. Org. Lett. 20, 3635–3638. doi:10.1021/acs.orglett.8b01409

Zhang, Y., Xia, M., Jin, K., Wang, S., Wei, H., Fan, C., et al. (2018c). Function of the
c-Met receptor tyrosine kinase in carcinogenesis and associated therapeutic
opportunities. Mol. Cancer 17, 45. doi:10.1186/s12943-018-0796-y

Zhao, H., Yu, J., Zhang, R., Chen, P., Jiang, H., and Yu, W. (2023). Doxorubicin
prodrug-based nanomedicines for the treatment of cancer. Eur. J. Med. Chem. 258,
115612. doi:10.1016/j.ejmech.2023.115612

Frontiers in Pharmacology frontiersin.org19

Tu et al. 10.3389/fphar.2024.1434137

https://doi.org/10.1021/nl502044x
https://doi.org/10.1021/acsami.5b11569
https://doi.org/10.1016/j.chempr.2019.08.021
https://doi.org/10.1016/j.biomaterials.2017.06.002
https://doi.org/10.1016/j.biomaterials.2017.06.002
https://doi.org/10.1016/j.canlet.2016.01.043
https://doi.org/10.1016/j.bmc.2016.04.035
https://doi.org/10.1021/acs.jmedchem.8b01424
https://doi.org/10.1021/acs.analchem.6b01256
https://doi.org/10.1021/acs.analchem.6b01256
https://doi.org/10.1039/c4ob02462a
https://doi.org/10.1016/j.ijpharm.2023.122886
https://doi.org/10.1016/j.ejmech.2021.113746
https://doi.org/10.1016/j.bioorg.2020.104200
https://doi.org/10.1021/acs.bioconjchem.8b00223
https://doi.org/10.1021/acs.bioconjchem.8b00223
https://doi.org/10.1039/d3nr04147f
https://doi.org/10.1021/acs.orglett.8b01409
https://doi.org/10.1186/s12943-018-0796-y
https://doi.org/10.1016/j.ejmech.2023.115612
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2024.1434137

	Strategies for the development of stimuli-responsive small molecule prodrugs for cancer treatment
	1 Introduction
	2 Small molecule prodrugs
	2.1 Enzyme-responsive small molecule prodrugs
	2.2 GSH-responsive small molecule prodrugs
	2.3 ROS-responsive small molecule prodrugs
	2.4 Bioreductive reactive small molecule prodrugs
	2.5 Hypoxia-activated small molecule prodrugs
	2.6 Acidic pH-responsive small molecule prodrugs
	2.7 Light-responsive small molecule prodrugs
	2.8 Bioorthogonal reaction-based small molecule prodrugs

	3 Comparison of small molecule prodrugs with conventional chemotherapeutics
	3.1 Targeted delivery and activation mechanisms
	3.2 Reduced systemic toxicity and enhanced stability

	4 Conclusion
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	References


