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Abstract Self-immolative polymers (SIPs) have recently emerged as a distinct class of stimuli-responsive materials that undergo programmed
domino-like degradation in response to specific biochemical triggers. The unique biochemical characteristics of the tumor microenvironment
(TME) include acidic pH, elevated glutathione (GSH) levels, excessive reactive oxygen species (ROS), dysregulated enzymes, and hypoxia. TME-
responsive SIPs have attracted significant attention for precise cancer imaging and therapy. By integrating labile linkages and modular structural
design, these polymers can amplify weak biochemical signals into robust responses, enabling controlled drug release, signal amplification in
imaging, and multifunctional theranostics. Compared with conventional responsive systems, SIP-based nanoplatforms offer enhanced sensitivi-
ty, tunable degradation kinetics, and the potential for sequential or cascade activation. In this review, we provide a comprehensive overview of
the design principles, activation mechanisms, and functional applications of TME-responsive SIPs. We highlight representative strategies for their
use in targeted drug delivery, tumor imaging, and synergistic therapeutic approaches and discuss the incorporation of emerging modalities such
as near-infrared Il (NIR-Il) imaging and combination immunotherapy. Finally, we outline the major challenges and opportunities for advancing
SIP-based nanomedicines for clinical translation and offer perspectives on how this rapidly evolving field may reshape the future of precision can-
cer diagnosis and treatment.
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plored for cancer imaging and therapy, including liposomes,'
polymer micelles,®! dendrimers,”! inorganic nanoparticles,”
and polymer-drug conjugates.” However, each class of carrier
presents intrinsic limitations, such as instability, cytotoxicity,
poor biodegradability, and unpredictable drug release, which
limit their long-term clinical utility.!”? In this context, self-
immolative polymers have emerged as a distinct class of stimuli-
responsive materials that undergo controlled cascade depoly-
merization in response to specific biochemical or physiological
triggers. When engineered to respond to the unique biochemi-
cal features of the tumor microenvironment (TME), such as
acidic pH, elevated glutathione (GSH), reactive oxygen species,
or enzyme overexpression, self-immolative polymers (SIPs) en-
able highly selective spatiotemporally regulated drug and
probe release.*”) The ability to deliver precise therapeutics
along with real-time imaging makes TME-responsive SIPs a
transformative cancer theranostics platform.

A tumor microenvironment is crucial for cancer progres-
sion, therapeutic resistance, and metastasis.l'” Compared to
healthy tissues, tumors exhibit a unique biochemical and bio-
physical milieu characterized by acidic extracellular pH, ele-
vated levels of GSH and reactive oxygen species, hypoxia, ab-
normal enzyme activity, and a dense extracellular matrix.['"12]
These hallmarks not only facilitate tumor survival and im-
mune evasion but also provide exploitable triggers for de-
signing smart delivery systems. Harnessing TME-specific cues
can facilitate localized activation of therapeutic agents, re-
duce systemic toxicity, and improve therapeutic efficacy and
imaging precision.'31 Although conventional nanocarriers
have been adapted with responsive linkers and coatings to
exploit these advantages, their responses are often incom-
plete or suffer from premature leakage and limited control
over the release kinetics. Owing to their unique end-to-end
depolymerization mechanism, self-immolating polymers pro-
vide an amplified and highly controlled release profile, which
makes them ideal for TME-responsive theranostic applica-
tions.l'4l

SIPs have emerged as a distinct subclass of stimuli-respon-
sive materials in this rapidly evolving field. After a single trig-
gering event, SIPs are programmed to undergo cascade de-
polymerization from end to end rather than responding in a
stoichiometric manner.l®! By amplifying weak stimuli, self-
immolation achieves efficient signal amplification, sustained
drug release, and highly sensitive imaging. Under physiologi-
cal conditions, SIPs retain structural integrity but disassemble
completely upon stimulus activation, thus influencing spa-
tiotemporal release profiles in an unprecedented manner.l'3]
These properties uniquely position SIPs as chemical ampli-
fiers within the tumor milieu, amplifying subtle TME cues for
therapeutic and diagnostic effects. In recent years, tumor mi-
croenvironment-responsive SIPs have demonstrated remark-
able potential in both cancer imaging and therapy. By tailor-
ing their end-cap motifs, backbone chemistry, and degrad-
able linkages, researchers have developed systems capable of
tumor-selective activation, controlled drug release, real-time
imaging, and synergistic theranostics.') These advances
highlight the versatility of SIPs in overcoming long-standing
barriers such as poor drug stability, inefficient tumor accumu-
lation, and limited imaging sensitivity.

In this review, we highlight the recent advances in the de-
sign and application of TME-responsive self-immolative poly-
mers for cancer imaging and therapy. First, we summarize the
fundamental design principles and triggering mechanisms
governing self-immolative depolymerization. We then de-
scribe how different TME triggers, such as pH, reactive oxy-
gen species (ROS), GSH, H,S, and enzymatic activity, were har-
nessed to achieve tumor-selective activation. Particular em-
phasis was placed on strategies that integrate therapeutic
payloads and imaging agents within a single SIP-based plat-
form to enable spatiotemporally controlled cancer theranos-
tics. Finally, we outline the current challenges, translational
considerations, and future directions required to enhance the
clinical realization of SIP-based nanotheranostics (Fig. 1).

Tumor
microenvironment-
responsive
self-immolative
polymers

Theranostics

Fig. 1 Schematic representation of TME-responsive self-
immolative polymers (SIPs), where pH, ROS, H,S, and enzyme
triggers induce cascade depolymerization, enabling amplified
tumor imaging, controlled drug release for tumor therapy, and
integrated theranostic applications.

2 DESIGN PRINCIPLES OF TME-RESPONSIVE
SELF-IMMOLATIVE POLYMERS

The core design of TME-responsive SIPs involves matching the
molecular trigger to a specific biochemical cue in the tumor mi-
lieu, such as acidic pH, elevated ROS or GSH, aberrant H,S levels,
or overexpressed enzymes, to achieve selective depolymeriza-
tion within malignant tissues.'’=2% For pH-responsive SIPs, acid-
labile motifs, such as hydrazone, cis-aconityl, acetal/ketal, or or-
tho-ester linkages, are often incorporated as terminal or pen-
dant triggers that undergo hydrolysis or protonation-driven re-
arrangement in the mildly acidic extracellular tumor space
(pH=6.0-7.0) or within endo/lysosomal compartments
(pH=5.0-6.0).>1?2 ROS-responsive SIPs exploit the overproduc-
tion of hydrogen peroxide and peroxynitrite in tumors by em-
bedding thioketal, boronic ester/boronate, or thioether groups
that undergo oxidative cleavage to unmask the self-immolative
unit and propagate head-to-tail depolymerization.”>? By con-
trast, GSH-responsive SIPs leverage the high intracellular reduc-
tive potential of tumors (up to 10 mmol/L cytosolic GSH) using
disulfide, diselenide, or telluride linkages that are rapidly
cleaved by thiol-disulfide exchange, releasing the capping
group and initiating depolymerization cascades.”>?*® Enzyme-
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responsive SIPs use peptide or ester substrates tailored to tu-
mor-overexpressed proteases (e.g., matrix metalloproteinase-2
(MMP-2), matrix metalloproteinase-9 (MMP-9), cathepsin B
(CTSB), and legumain) or esterases; cleavage of these
peptide/ester linkers at the polymer terminus unlocks the self-
immolative backbone.””?®! Finally, hypoxia-responsive SIPs em-
ploy azo-, nitroimidazole-, or quinone-based triggers that are re-
ductively cleaved by hypoxia-inducible nitroreductases or one-
electron reductases in oxygen-deficient tumor cores, thus selec-
tively releasing the depolymerization initiator in hypoxic re-
gions.?”!

A successful SIP integrates these stimulus-labile triggers
with an electronically tuned self-immolative backbone (e.g.,
poly(benzyl carbamate), poly(quinone methide), or poly(thio-
carbonate)) to ensure rapid domino-type depolymerization
after trigger activation, while maintaining kinetic stability at
physiological pH=7.4. Fine control over the electronic proper-
ties of the linker, such as electron-withdrawing substituents
to accelerate B-elimination), steric environment, and polymer
hydrophilicity/hydrophobicity modulate both the degrada-
tion rate and bio-distribution.39-331 Moreover, the hetero-
geneity of TME features often necessitates multi-responsive
or cascade-activation SIPs, in which orthogonal triggers, such
as pH, ROS, enzymes, or hypoxia, act sequentially or synergis-
tically to improve activation specificity while minimizing off-
target degradation.3*! These strategies illustrate how a deep
understanding of TME pathophysiology can be directly trans-
lated into rational molecular designs for SIPs that achieve pre-
cise tumor-selective activation, predictable depolymerization
kinetics, and improved therapeutic indices.

2.1 Molecular Structure and Self-degradation
Mechanism

Self-immolative polymers are architecturally programmed
macromolecules composed of repeating “self-immolative units”
that remain kinetically stable until unmasked at a terminal end-
cap.®! Their molecular frameworks are poly(benzyl carbamate),
poly(benzyl ether), poly(benzyl carbonate), hemiacetal-contain-
ing poly(phthalaldehydes), and more recently, metathesis-driv-
en 1,6-enyne-based chains that feature nucleophiles or elec-
tron-donors bearing benzyl or heteroaryl motifs whose libera-
tion triggers a cascade of head-to-tail bond scission.*>*®! Upon
cleavage of the stimuli-responsive endcap (e.g., by enzymes, pH,
ROS, reductants, UV, or thermal triggers), the newly exposed
aniline, hydroxyl, thiol, or alkene groups initiate stepwise trans-
formations such as 1,6-aza-quinone-methide elimination, in-
tramolecular cyclization-elimination, hemiacetal fragmentation,
or metathesis-driven ring closures.*”¢ Each cleavage event lib-
erates the next latent unit, driving head-to-tail depolymeriza-
tion into discrete low-molecular-weight fragments, such as
quinone-methides, CO,, cyclic thiols, or bicyclopentene deriva-
tives.*® This one-stimulus-many-response behavior functions as
a molecular amplifier, sharply contrasting with conventional
degradable polymers, whose scission is random and stoichio-
metric. Recent innovations, including modular multi-stimuli
“logic-gate” endcaps and post-polymerization click-installed
termini/capes, have diversified SIP architectures and enabled
precise spatial and temporal control over degradation
kinetics.*”) This molecular programmability increases their in-
volvement in biosensing activities, signal amplification, drug re-

lease systems, and materials with adaptive properties as well as
bioimaging platforms.

2.2 pH-responsive SIPs

pH-responsive SIPs have emerged as a new generation of cru-
cial stimuli-responsive materials for the controlled release of
drugs, based on the capacity of the polymer chains to depoly-
merize via an end-to-end mechanism in the presence of a sin-
gle environmental trigger."?! As a result of the depolymeriza-
tion mechanism of the polymer chains, efficient drug release is
realized as the polymer chains are broken into smaller
molecules. Owing to the progressive nature of the acidification
pathway within the cellular compartment, pH-responsive SIPs
are crucial for intracellular drug release.*"! The main disadvan-
tage of the initial design of SIPs is the poor pH selectivity within
the physiologically relevant pH range of 7.4 to 5.0.*2 The initial
design of SIPs focused on modifying the end-cap reactivity. As a
result of the initial design of SIPs, there were challenges with
poor pH selectivity within the physiologically relevant pH range.
Recent designs for pH-responsive SIPs have focused on the uti-
lization of acid-labile motifs and self-immolative backbones.[*’!
As a result of the utilization of the acid-labile motifs and the self-
immolative backbones within the design of pH-responsive SIPs,
efficient release of the drug is realized as the bonds are broken
via the pH-triggered mechanism.

Recent breakthroughs also show that the kinetics of de-
polymerization and stability of SIPs could be controlled in a
fine manner through backbone and side-chain engineering.
Thus, glyoxy-amide-based SIPs containing a series of tertiary
amine side chains display efficient rates of depolymerization
in mildly acidic environments while maintaining stability at
physiological pH, thus facilitating efficient intracellular deliv-
ery of active payloads.*¥ Gillies et al. reported pH-responsive
self-immolative nanoparticles based on poly[N,N-(diisopropy-
lamino)ethyl glyoxylamide-r-N,N-(dibutylamino)ethyl glyoxy-
lamide], in which the disassembly threshold (pH=7.0-5.0)
could be precisely regulated by pendant amine composition.
These nanoparticles remained stable in circulation, but un-
derwent rapid depolymerization (about 60%-80% within 2 h)
under acidic conditions, resulting in effective peptide release
and enhanced endosomal escape.[*’! Mechanistically, proto-
nation of tertiary amine pendants at mildly acidic pH destabi-
lizes the polymer backbone, facilitating end-cap cleavage and
subsequent 1,6-elimination along the glyoxylamide units.
This cascade depolymerization resulted in rapid nanoparticle
disassembly and synchronized peptide release, demonstrat-
ing the kinetic advantages of self-immolative systems over
conventional acid-labile carriers.

Beyond pH responsiveness, multifunctional SIPs have been
developed to integrate tumor-associated biochemical cues.
Tumor-acidic-milieu-responsive self-immolative amphiphilic
poly(ferrocenes) undergo complete depolymerization to form
cascade-release glutathione-depleting azaquinone methide
and aminoferrocene, thereby amplifying intracellular oxida-
tive stress and effectively inhibiting tumor growth in vitro and
in vivo (Fig. 2).*91 Furthermore, by integrating phenylboronic
acid ester and ferrocene units into a single amphiphilic back-
bone, these nanoparticles translate elevated intratumoral ox-
idative stress into a self-propagating degradation process
that amplifies local pH modulation and reactive oxygen
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Fig. 2 pH-responsive SIP nanoplatforms that undergo acid-triggered end-cap cleavage in the TME, initiating cascade depolymerization and
amplified therapeutic release (Reproduced with permission from Ref. [46]; Copyright (2023), American Chemical Society).

species production, leading to selective tumor accumulation,
accelerated cargo release, and superior antitumor perfor-
mance in vivo.[46]

2.3 ROS-responsive SIPs

The increased levels of ROS within the tumor environment act
as a specific trigger for activating ROS-sensitive SIPs through
traceless depolymerization and the effective release of cargo in-
to cells.*”*8 Hydrogen peroxide (H,0,), one of the major ROS
species, is typically present in tumor tissues at concentrations of
approximately 50—-100 pmol/L, which are higher than those in
normal tissues. Depending on the ROS-sensitive motif used in
the design, ROS-sensitive SIPs are divided into two classes: sul-
fur-based and sulfur-free systems. The use of sulfur-based
bonds, including thioacetal, ketal, thioether, selenium, and dise-
lenide groups, leads to the depolymerization of these systems
upon exposure to ROS or oxidative stress (commonly =50
pmol/L H,0, under tumor-relevant conditions). This leads to the
destabilization of these drug delivery systems and effective re-
lease of cargo into cells. Selenium-based bonds are more sensi-
tive to ROS and are preferred over their disulfide-based coun-
terparts because of their lower bond dissociation energies.*”!
The use of aryl- or benzyl-boronic ester-based bonds and perox-
alates leads to the depolymerization of these systems upon ex-
posure to ROS and oxidative stress.”°=>2 The use of these bonds
leads to depolymerization of these systems.

Recent studies have shown that ROS-responsive SIPs hold
great promise for intensifying ROS-mediated oxidative dam-
age and disrupting redox homeostasis in the TME in an un-
precedented manner. The ROS-activatable self-immolative
mitoxantrone prodrug was shown to exhibit ROS-mediated
activation under tumor-relevant ROS levels (=50 pmol/L H,0,)
and self-amplified fragmentation of the tumor backbone, re-
sulting in specific drug delivery and ROS amplification to en-
hance chemotherapy efficacy while reducing side effects.53!
Upon oxidation of the ROS-sensitive linker, the terminal pro-
tecting group is cleaved, exposing an electron-donating unit

that initiates head-to-tail depolymerization. This cascade pro-
cess amplified drug release beyond stoichiometric cleavage,
enabling enhanced intracellular mitoxantrone accumulation
specifically under tumor-relevant oxidative conditions, while
remaining relatively stable in normal physiological environ-
ments. Accordingly, ROS-responsive SIP prodrugs have been
designed to combine ROS-mediated activation and self-pro-
pagating depolymerization to generate ROS and chemother-
apy through positive feedback loops to induce irreversible re-
dox imbalances and trigger cancer cell apoptosis.>* Our
group developed a ROS-responsive cinnamaldehyde-derived
poly(thioacetal) that showed improved self-amplified shatter-
ing chain fragmentation to enhance ROS generation and im-
munogenic cell death (ICD) under oxidative conditions (about
100 pmol/L H,0,) to produce chemo-immunotherapy
through improved activation of dendritic cells and cytotoxic T
cells.531 In addition, self-immolative polymer-based ICD in-
ducers have recently proven to be highly potent candidates
for cancer immunotherapy through modulation of the cellu-
lar redox status. Therefore, ROS-responsive SIPs represent the
oxidative branch of redox-responsive systems discussed in
this review.

Generally, these types of systems have been specifically de-
signed to induce cascade depolymerization upon detection
of tumor-related cellular oxidative and reductive environ-
ments, such as increased ROS (50—-100 ymol/L H,0,) and glu-
tathione levels (2—-10 mmol/L intracellularly). This increases
oxidative stress in cancer cells. This self-immolative reaction is
expected to induce the rapid release of ICD inducers, leading
to further disruption of mitochondria, increased ROS produc-
tion, and the release of damage-associated molecular pat-
terns (DAMPs) such as calreticulin and high mobility group
box 1 (HMGB1). As a result, cancer cells undergo immuno-
genic apoptosis, while dendritic cells mature and cytotoxic T
cells become activated (Fig. 3).°6! In summary, these studies
show that self-immolative polymers can combine precise re-
dox regulation with immune activation, providing a promis-
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Fig. 3 An ROS-responsive SIP enables cascade depolymerization, redox amplification, and enhancement of anticancer efficacy by translating
elevated intratumoral ROS into oxidative stress (Reproduced with permission from Ref. [56]; Copyright (2023), Elsevier).

ing platform for synergistic cancer immunotherapy. Here,
ROS-responsive systems correspond to oxidative redox trig-
gers, whereas GSH-mediated activation is discussed separate-
ly as the reductive (GSH-responsive) branch in the next sec-
tion.

2.4 GSH-responsive SIPs

Intracellular glutathione (GSH), which is typically elevated 2-10-
fold in many solid tumors relative to normal tissues, is a key re-
ducing metabolite that drives redox homeostasis and frequent-
ly contributes to multidrug resistance (MDR) by detoxifying re-
active species and promoting drug efflux. GSH-responsive SIPs
represent the reductive branch of redox-responsive systems, in
which thiol-mediated activation is primarily driven by intracel-
lular glutathione. Intracellular GSH concentrations in tumor cells
are generally in the range of 2-10 mmol/L, whereas extracellu-
lar levels are typically <10 ymol/L. SIPs platforms have exploited
this biochemical hallmark to achieve selective activation of tu-
mor cells.”” The most widely used motif is the disulfide linkage,
which undergoes rapid thiol-disulfide exchange with cytosolic
GSH, typically at concentrations of 5-10 mmol/L, triggering
main-chain depolymerization or cleavage of pendant linkers,
thereby releasing conjugated drugs or imaging probes. For ex-
ample, poly(disulfide)-based prodrugs can simultaneously scav-
enge intracellular GSH and unleash the active drug payload. Our
group has designed an amphiphilic doxorubicin (DOX)-conju-
gated poly(disulfide) (PSSD) whose dense S—S bonds consume
intracellular GSH, disrupt redox balance, and promote cascade
depolymerization-assisted DOX liberation in MDR breast-cancer
models, with depolymerization observed under 10 mmol/L GSH

conditions within approximately 30-60 min, leading to signifi-
cantly reduced ICs; values and pronounced tumor growth inhi-
bition in vivo.8

Furthermore, recent advances have demonstrated that
redox-responsive self-immolative polyprodrugs can exploit
intracellular GSH and oxidative stress for cascade-amplified
cancer therapies. In this context, the term “redox-responsive”
refers to systems integrating both oxidative (ROS-mediated)
and reductive (GSH-mediated) activation mechanisms. Yuan
et al. reported a dual-polymer system in which a ROS-degrad-
able poly(thioacetal) polyprodrug containing cinnamalde-
hyde-depleted GSH (within the 2—10 mmol/L intracellular
range) elevated oxidative stress, thereby amplifying endoge-
nous ROS levels. This redox amplification subsequently trig-
gered head-to-tail depolymerization of a second ROS-respon-
sive self-immolative polyprodrug, enabling efficient doxoru-
bicin release and resulting in pronounced antitumor efficacy
in murine models.5 Xu et al. reported the synthesis of an
amphiphilic, ferrocene-grafted self-immolative block copoly-
mer prepared through a polycondensation strategy followed
by post-polymerization functionalization (Fig 4). In their de-
sign, an acid-responsive trigger enabled the polycondensa-
tion of a side-chain-linked ferrocene monomer, after which an
isocyanate-terminated poly(ethylene glycol) (PEG) segment
was introduced to yield the amphiphilic self-immolative poly-
mer. Under acidic conditions (pH=6.5—6.8, representative of
the tumor extracellular environment), the polymer under-
goes degradation via a cascade self-immolation process, lead-
ing to the formation of azaquinone methide (AQM) interme-
diates, concurrent release of ferrocene, and payload libera-
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tion. The generated AQMs consumed intracellular glu-
tathione (GSH), whereas ferrocene participated in Fenton-like
reactions with endogenous hydrogen peroxide, typically
present at 50—100 pmol/L in tumor tissues, collectively induc-
ing ferroptotic cell death in cancer cells. Significant tumor
growth inhibition was demonstrated in vivo using the devel-
oped polymer system in 4T1 tumor-bearing mice.*4! A num-
ber of biomedically relevant self-immolative polymers, includ-
ing poly(benzyl carbamate), poly(benzyl carbonate), and
polyglyoxylate, were developed by Gillies et al., showing that
hydrophobic core properties play a critical role in aqueous
stability, drug loading, and cytotoxicity.[86061 GSH-associat-
ed redox modulation has been demonstrated to be a promis-
ing strategy for designing smart self-immolating polymer
therapeutics.

Mechanistically, GSH-responsive SIPs act not only as stimu-
lus-triggered depots but also as redox modulators; by locally
depleting GSH, they amplify oxidative stress and can resensi-
tize resistant tumors to chemotherapy, creating synergistic
effects when combined with ROS-generating agents, photo-
dynamics, or radiotherapy.> Current challenges include bal-
ancing linker stability in the blood versus rapid intracellular
cleavage, optimizing hydrophobic/hydrophilic block design
for high loading and endosomal escape, and translating these
redox-triggered depolymerizable systems into scalable, clini-
cally safe formulations. Overall, the combination of self-im-
molative backbones with GSH-labile linkages represents a ro-
bust strategy to exploit tumor redox imbalance for precision
imaging and combination therapy.

2.5 H,S-responsive SIPs
The abnormal distribution of hydrogen sulfide (H,S) as a patho-
logical biomarker and signaling gasotransmitter is linked to can-
cer progression. Basal H,S levels in tumor tissues are typically
higher than those in normal tissues; however, the concentra-
tion is rarely sufficient to affect therapeutic outcomes or acti-
vate prodrugs effectively. In addition to detecting H,S, SIPs that
respond to H,S are capable of enhancing their signal locally to
trigger domino-like polymer degradation, allowing ultrasensi-
tive imaging and potentiated therapy.

The poly(thiocarbamate)s used in this design are based on
benzyl-thiocarbamates and are end-capped with triggers that

are H,S-cleavable. Upon nucleophilic attack by H,S, the termi-
nal capping group is removed, resulting in the release of car-
bonyl sulfide (COS), which is rapidly hydrolyzed to H,S by the
ubiquitous enzyme carbonic anhydrase (CA). Because of this
feedback loop, the local H,S concentration exponentially in-
creased, accelerating the depolymerization of the PTC back-
bone into 4-aminobenzyl alcohol and PEG fragments. In our
recent study, we engineered an amphiphilic variant (H,S-PTC-
PEG) that self-assembled into about 110 nm nanoparticles
(SNP) capable of encapsulating either an H,S-responsive
hemicyanine fluorogenic probe (p-Cy) or an H,S-activatable
doxorubicin prodrug (p-DOX). The resulting SNP p-Cy
achieved a detection limit of about 20 nmol/L for H,S in
buffer, which is seven-fold more sensitive than the free probe,
permitting real-time visualization of orthotopic colorectal, liv-
er, and lung metastatic lesions as small as about 2 mm and
even submillimeter pulmonary micrometastases in mice. Par-
allel SNP p-DOX formulations exploited the surge of polymer-
derived H,S to disrupt mitochondrial cytochrome-c-oxidase
and depress ATP production and efflux pump (P-gp) activity,
thereby overcoming MDR and markedly suppressing the
growth of MCF-7/ADR xenografts, lung metastases, and
breast cancer patient-derived xenografts (Fig. 5).162]

To further broaden tumor selectivity beyond endogenous
H,S abundance, we introduced a bioorthogonal pre-target-
ing click-activated SIP nanocarrier (CONP). In this two-step
strategy, trastuzumab-tetrazine (T-Tz) first labels HER2-posi-
tive cancer cells and the subsequent systemic delivery of
CONP composed of an isocyanide-capped PTC (NC-PTC-PEG)
plus an H,S-responsive amplifier polymer (NO,-PTC-PEG)—
undergoes cycloaddition with the surface-bound T-Tz, liberat-
ing COS that is enzymatically converted to H,S. The burst of
H,S then triggers NO,-PTC-PEG to depolymerize in a self-
propagating fashion, producing further H,S, thereby convert-
ing a sparse antigen signal into a robust chemical stimulus.
This cascade enabled potent fluorescence recovery of a
quenched CyNO, probe, high-contrast imaging of heteroge-
neous HER2-positive xenografts, and superior suppression of
tumor growth when loaded with a doxorubicin prodrug while
minimizing off-target toxicity.[63!

H,S-responsive self-immolating polymers have emerged as
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promising macromolecular donors that can deliver gasotrans-
mitters to specific sites in pathological microenvironments.
An acrylate-caged poly(thiourethane) (PTU) self-immolating
polymer was developed to initiate hydrogen sulfide release in
the presence of Cys/Hcy, targeting biomarkers closely corre-
lated with neurodegenerative diseases. Carbonyl sulfide
(COS) is generated when Cys or Hcy is added to the PTU back-
bone, resulting in end-to-end depolymerization, which is
then converted to H,S by carbonic anhydrase. The polymer
was self-assembled into biomimetic nanoparticles via CTAB-
assisted self-assembly and coated with red blood cell mem-
branes to make them more stable and biocompatible. When
exposed to Cys/Hcy, these core-shell nanoparticles exhibited
negligible hydrolytic degradation, but they rapidly depoly-
merized and released H,S.1%4l Importantly, controlled intracel-
lular H,S delivery effectively mitigated oxidative stress and
mitochondrial damage in BV-2 microglial cells under
Alzheimer's disease-relevant conditions. This study high-
lights the potential of pathology-responsive self-immolative
PTU platforms as advanced macromolecular H,S donors for
neuroprotective applications.

2.6 Enzyme-responsive SIPs
Activity-linked labeling of enzymes using SIPs represents an

emerging strategy for translating enzymatic activity directly in-
to molecular signal amplification. Enzyme-responsive SIPs en-
able the direct conversion of enzymatic activity into amplified
labeling signals through depolymerization cascades. Sahabat
et al. reported activity-linked SIP probes, in which enzyme-
mediated cleavage of terminal capping groups by penicillin G-
amidase or the catalytic antibody Ab38C2 initiates end-to-end
depolymerization, generating multiple reactive azaquinone me-
thide intermediates that covalently label the active enzyme (Fig.
6). Following the enzymatic cleavage of the terminal capping
group, the exposed aniline intermediate undergoes rapid 1,6-
elimination, generating multiple azaquinone methide interme-
diates along the polymer backbone. Because each catalytic
event triggers the depolymerization of the entire chain, signifi-
cant signal amplification is achieved, ensuring that labeling re-
flects enzymatic activity rather than simple protein abundance.
The system is inherently fluorogenic because enzymatic
uncaging restores 71-conjugation in the released aniline units, al-
lowing fluorescence-based detection in conjunction with mass
spectrometry.® Although background fluorescence from hy-
drolyzed intermediates remains a consideration, this work un-
derscores the utility of enzyme-responsive SIPs as powerful plat-
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Fig. 6 SIPs with enzyme-dependent depolymerization triggered by tumor-associated enzymatic cleavage are capable of amplifying signals based

on activity and selective release of payloads (Reproduced with permission from Ref. [65]; Copyright (2009), American Chemical Society).

forms for activity-based enzyme profiling and molecular signal
amplification. In addition to enzyme profiling, aberrantly ex-
pressed enzymes within pathological microenvironments, par-
ticularly proteases such as matrix metalloproteinases, cathep-
sins, esterases, and y-glutamyl transpeptidase, have been wide-
ly exploited to trigger SIP prodrugs and nanotheranostics with
high spatial precision.’®?? Typically, enzyme-cleavable linkers
are incorporated to expose a triggering motif upon site-specific
cleavage, initiating domino-like depolymerization or backbone
disassembly that releases conjugated drugs, photosensitizers, or
imaging agents.° This strategy enables rapid and efficient pay-
load liberation under biologically mild conditions, while mini-
mizing off-target toxicity. Owing to their intrinsic catalytic effi-
ciency, substrate specificity, and compatibility with physiologi-
cal environments, enzymes offer uniquely advantageous trig-
gers for SIP activation, providing a biomimetic and selective ap-
proach for amplified signal generation and precise drug deliv-
ery in diseased tissues such as cancer and inflammation.[°7:5¢!
Furthermore, enzyme-responsive self-immolative systems
provide an effective strategy for dynamically controlling cell-
cell interactions. A recent study by Chad et al. demonstrated
that an artificial cell-surface marker incorporating a -glu-
curonidase-cleavable self-immolative linker, multivalent
adamantyl recognition units, and a bioorthogonal dibenzocy-
clooctyne (DBCO) handle was engineered and efficiently in-
stalled on living cell membranes via strain-promoted
azide-alkyne cycloaddition. The modified cells selectively as-
sembled with B-cyclodextrin-functionalized partners through
non-covalent host-guest interactions, inducing proximity-
dependent biological responses, such as actin cytoskeleton
remodeling and suppression of cancer cell proliferation and
migration. Notably, enzymatic activation triggers rapid self-
immolative decomposition of the marker, leading to cell dis-
assembly and full restoration of native proliferative and mi-
gratory behavior.[®! The work presented here highlights en-
zyme-responsive self-immolative platforms as versatile chem-
ical biology tools for reversible and on-demand regulation of
intercellular interactions, which are relevant for the study of

cellular communication and engineering of dynamic cellular
assemblies. Enzyme-responsive SIPs offer sharp on-site activa-
tion, minimal off-target leakage, quick and easy diagnostics,
and therapeutic integration. In addition, there are continued
challenges, such as refining trigger specificity in healthy tis-
sues, tuning the depolymerization kinetics of polymer scaf-
folds for efficient release in vivo, and increasing biodegrad-
ability and translational scalability.

3 TME-RESPONSIVE SELF-IMMOLATIVE
POLYMERS FOR TUMOR IMAGING

The TME is characterized by a complex network of biochemical
and biophysical abnormalities, including acidic extracellular pH,
high GSH and ROS levels, overexpressed enzymes, and hypoxic
conditions.”~72 These specific features drive tumor growth and
resistance to therapy but also provide exploitable cues for the
design of smart, activatable imaging agents. Among the emerg-
ing strategies, stimulus-responsive intelligent polymers have re-
ceived considerable attention in the last few years as a new
generation of TME-responsive materials because they can con-
vert subtle biological events into amplified chemical or optical
responses.”>’4 SIPs induce a head-to-tail depolymerization cas-
cade when triggered by specific TME stimuli, releasing reporter
molecules or fluorescent fragments in an event that amplifies
the signal.l’”) This self-propagating disassembly mechanism al-
lows precise spatiotemporal control and enhanced imaging
contrast within the tumor tissues.*! Recent progress in this field
has yielded a diverse range of SIP-based probes responsive to
pH, redox gradients, and enzyme activity, offering versatile plat-
forms for tumor visualization through fluorescence, chemilumi-
nescence, and multimodal imaging platforms.l’6””]

3.1 Fluorescence Imaging

Fluorescence imaging is considered to be one of the most effec-
tive approaches for visualizing tumor progression and thera-
peutic response. However, its clinical translation remains ham-
pered by poor signal-to-background ratios, limited tissue pene-
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tration, and lack of probes that respond selectively to TME cues.
The traditional form of fluorophores, based on the concept of
always-on, is usually characterized by nonspecific activation and
quick photobleaching, resulting in high background fluores-
cence and limited diagnostic accuracy. In contrast, TME-respon-
sive SIPs provide a promising strategy for overcoming these
challenges by combining conditional activation with signal am-
plification. In these systems, fluorescence is quenched during
circulation. However, it is quickly rebuilt in association with a
terminal triggering stimulus, such as hypoxia, acidity, enzyme
activity, or redox imbalance, detaching the terminal triggering
group, thereby initiating a cascade of depolymerization. Each
triggering event can liberate multiple fluorophore-containing
fragments, amplify the emission intensity, and improve detec-
tion. Such sensitivity. Autocatalytic disassembly allows SIPs to
function not only as molecular amplifiers for diagnostic imag-
ing, but also as dynamic probes for monitoring therapeutic acti-
vation and fate within tumors.

Recent studies have demonstrated the ability of a rational
combination of self-immolative chemistry and TME-respon-
sive motifs to generate highly specific and bright fluores-
cence signals for real-time cancer visualization. As an illustra-
tion, Shao et all’® fabricated an azobenzene-capped self-
immolative block copolymer that is non-emissive in circula-
tion but can depolymerize under hypoxic conditions through
enzymatic reduction of the azo bond to release fluorescent
subunits selectively in tumor tissues. In this design, enzymat-
ic reduction of the azo linker removed the terminal stabiliz-
ing group, initiating head-to-tail backbone depolymerization
and releasing multiple fluorogenic fragments per triggering
event. This cascade activation significantly enhanced the fluo-
rescence intensity in hypoxic tumor regions compared with
normoxic tissues, thereby improving tumor-to-background
contrast. Similarly, Jeon et all°6771 demonstrated a ROS-
responsive self-immolative polymer that activates oxidative
stress and generates powerful fluorescence, as well as thera-
peutic radicals that can induce immunogenic cell death,
demonstrating the dual diagnostic and therapeutic capabili-
ties of SIPs. In another elegant example, Zong et al.[*2 devel-
oped an H,S-triggered self-immolative poly(thiocarbamate)
(PTC) that not only releases an near-infrared (NIR) fluo-
rophore upon activation, but also generates carbonyl sulfide,
which is enzymatically converted into additional H,S to drive
further depolymerization, creating a self-amplifying feedback
loop that enables ultrasensitive tumor imaging. Beyond or-
ganic dyes, Smith et al*3! introduced lanthanide chelates
containing self-immolative polymers, whose depolymeriza-
tion restores metal-based luminescence, enabling deep tis-
sue and vascular imaging with reduced background interfer-
ence. Grolman et al.’®! reported depolymerizing self-immola-
tive lanthanide-chelate polymers that switch on metal lumi-
nescence after trigger cleavage, enabling vascular/tomo-
graphic contrast with programmed circulation and subse-
quent rapid excretion.

Furthermore, Sagi et al. reported a self-immolative
polyurethane system engineered to undergo rapid end-to-
end depolymerization upon the removal of a terminal trigger
group. The polymers were constructed using urethane-linked
aromatic repeat units that enabled efficient 1,6-elimination

and decarboxylation reactions, resulting in complete chain
unzipping after a single cleavage event. Importantly, the in-
corporation of fluorogenic units into the polymer backbone
allowed direct visualization of the depolymerization process.
When capped with a protein-responsive butanone moiety,
enzymatic activation by bovine serum albumin initiates head-
group removal, triggering cascade degradation and the re-
lease of highly fluorescent amine products, highlighting the
potential of self-immolative polymers as signal-amplifying
platforms for fluorescence imaging and sensitive biomolecu-
lar detection.l®% In addition, SIPs provide a powerful frame-
work for fluorescence imaging by converting a single bio-
chemical trigger into a cascade depolymerization event that
releases multiple fluorogenic units, thereby achieving intrin-
sic signal amplification.!®% In contrast to conventional activat-
able probes that generate stoichiometric fluorescence re-
sponses, SIP-based systems undergo head-to-tail backbone
fragmentation after trigger cleavage, resulting in enhanced
fluorescence when the trigger is activated, with an improved
signal-to-background ratio and sensitivity.8 This concept
has been further extended to tumor-specific imaging by inte-
grating hypoxia-responsive motifs into self-immolative block
copolymer architectures.l’8l Under oxygen-deficient condi-
tions, enzymatic reduction of hypoxia-labile azo linkers in-
duces detachment of hydrophilic shielding blocks and initi-
ates cascade depolymerization of the SIP backbone, leading
to rapid and selective amplification of fluorescence within hy-
poxic tumor regions (Figs. 7a and 7b).’8) Together, these
studies demonstrate that combining trigger-responsive
chain-shattering polymers with hypoxia-activated self-
immolative block copolymers enables highly sensitive and
spatially confined fluorescence imaging, highlighting SIPs as
versatile molecular amplifiers for visualizing tumor-associat-
ed microenvironmental cues.

3.1.1 Polymer degradation-activated probes

The accurate acquisition of molecular information from tumor-
associated biomarkers requires imaging probes that respond
selectively to pathological cues while maintaining low back-
ground signals in complex biological environments. Although
fluorescent probes offer high spatial and temporal resolutions,
conventional polymeric imaging systems often suffer from non-
specific activation and persistent background fluorescence
caused by premature probe turn-on and off-target accumula-
tion.l®'~#4 To overcome these limitations, small-molecule chem-
ical labeling has emerged as an effective alternative to fluores-
cent protein tagging for in vitro and in vivo protein studies, of-
fering improved specificity and reduced steric interference.”
Probes based on enzyme activity are even more selective, as
they take advantage of the catalytic production of reactive in-
termediates, including quinone methides, to perform targeted
labeling.®>) Simultaneously, SIPs have facilitated the creation of
degradable lanthanide-based vascular imaging agents that of-
fer a long duration of circulation and micro-CT contrast and
completely break down to excrete small molecules during end-
cap cleavage. This enhanced degradation system addresses the
toxicity issues related to long-circulating systems of contrast
agents and underscores the flexibility of SIPs in medical imag-
ing applications.’” Furthermore, recent efforts have sought to
construct dual-responsive degradation probes in which ortho-

https://doi.org/10.1007/510118-026-3633-6


https://doi.org/10.1007/s10118-026-3633-6
https://doi.org/10.1007/s10118-026-3633-6
https://doi.org/10.1007/s10118-026-3633-6
https://doi.org/10.1007/s10118-026-3633-6
https://doi.org/10.1007/s10118-026-3633-6
https://doi.org/10.1007/s10118-026-3633-6
https://doi.org/10.1007/s10118-026-3633-6

Ullah, I. et al./ Chinese J. Polym. Sci. 2026, 44, 2112-2135 2121

HO
NH,
2 Fluorescence

COH
n+2

mPEG-Azo-SIP

s Azoreductase

Hypoxic tumor
environment

Deshielding of mPEG P
"N A w.
N

Wb&b WW;M
QQ@@ .

Mw-"

Cell membrane

Fig. 7 Enzyme- and microenvironment-activated fluorescence amplification based on self-immolative polymers. (a) Enzymatic cleavage (e.g., BSA)
removes the terminal protecting group to initiate cascade depolymerization and release fluorogenic reporters (Reproduced with permission from
Ref. [80]; Copyright (2008), Wiley-VCH GmbH). (b) Tumor-associated internalization and activation enables localized fluorescence turn-on in cancer

tissues (Reproduced from Ref. [78]; Copyright (2022), Wiley-VCH GmbH).

gonal triggers, such as pH and hypoxia, act together to amplify
degradation kinetics. For example, polymeric assemblies bear-
ing azobenzene-imidazole conjugates display hypoxia-induced
cleavage followed by acidic-accelerated self-immolation, yield-
ing rapid fluorescence “turn-on” at the tumor site.*®! Despite
this progress, the majority of systems are currently limited to
first near-infrared window (NIR-I) emission, which has low tissue
penetration. Therefore, subsequent SIP probes need to be ex-
tended into the second near-infrared window (NIR-Il) window
and utilize biodegradable backbones to reduce long-term toxic-
ity, enabling translational imaging applications.

3.1.2 Signal amplification imaging principles

A distinguishing feature of SIP-based imaging systems is their
signal-amplification capabilities. Unlike conventional activat-
able probes that rely on a one-to-one stoichiometric response,
SIPs enable “chain-reaction” amplification, where a single trig-
gering event induces depolymerization of the entire backbone
and liberates multiple signaling units. This chemical amplifica-
tion mechanism mirrors biological signal transduction and
markedly enhances the detection sensitivity and imaging con-
trast. Self-immolative comb polymers (reported by Shabat et al.)
are an effective signal-amplification approach, in which one
event at the polymer head activates head-to-tail depolymeriza-
tion to release multiple units of reporters in sequence along the
polymer backbone. By incorporating cleavable side reporters
into each repeating unit, this architecture overcomes the steric
limitations of dendritic systems and enables an amplified fluo-
rescence output from one molecular recognition event, making
it highly attractive for sensing and imaging applications.*® Fur-
thermore, recent advances have highlighted the integration of
self-immolative polymers with advanced photophysical strate-
gies to achieve amplified and stimuli-responsive tumor imaging.
For example, Wang et al. developed conjugated poly(fluorene-
alt-benzothiadiazole) (PFDBt-BIMEG) donors that can be used in
energy transfer switching to switch the real-time ratiometric flu-
orescence under tumor-relevant redox conditions.®”? Addition-
ally, with self-immolative depolymerization linked to chemilu-
minescence or photoacoustic (PA) capabilities, hybrid SIP sys-
tems allow deep-tissue visualization according to optical diffu-

sion depth.%3#] These efforts collectively demonstrate that
combining self-propagating chemical amplification with ad-
vanced photophysical mechanisms holds promise for precise,
high-sensitivity tumor imaging in complex biological environ-
ments.

3.1.3 Fluorogenic SIPs for tumor tracking

Fluorogenic SIPs are a rapidly developing TME-sensitive imag-
ing agent capable of real-time tumor tracking with minimal
background interference. These systems are optically silent in
systemic circulation but become fluorescent. Response to envi-
ronmental stimulation, for example, enzyme cleavage, redox re-
actions, or bioorthogonal ligation, through which the emission
of a reaction is spatially confined. Recent progress in bioortho-
gonal chemistry has provided efficient routes for the construc-
tion of fluorogenic SIPs with high temporal and spatial resolu-
tion.

Gerti et al. reported tetrazine-trans-cyclooctene (Tz-TCO)
click-based fluorogenic probes that achieve rapid in situ acti-
vation and high signal-to-noise imaging in live imaging cells
and in vivo tumor models.° Additionally, Xu et al. produced
a live-cell fluorescence-activated Tz probe targeted at the
lysosome within minutes, demonstrating its potential for
bioorthogonal imaging.®"! Incorporating such bioorthogonal
motifs into self-immolative polymer architectures pioneered
by Shabat et al. as powerful signal-amplification platforms en-
ables the development of hybrid SIP systems that remain op-
tically silent until tumor-microenvironment-triggered depoly-
merization unmasks reactive fluorogenic units.°2 Despite
these advances, challenges related to in vivo polymer aggre-
gation and metabolic clearance persist, underscoring the
need for next-generation fluorogenic SIPs emphasizing
biodegradable backbones, red-shifted emission beyond 1000
nm, and multimodal integration with PA or magnetic reso-
nance imaging (MRI) for clinically translatable tumor visual-
ization.

3.2 Chemiluminescence Imaging
Chemiluminescence (CL) imaging has become one of the most
effective strategies for visualizing ROS in biological systems, of-
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fering a naturally high signal-to-noise ratio without the need for
external light excitation. Classic small-molecule CL probes are
typically characterized by short emission lifetimes and very lim-
ited signal strengths, thus limiting their application to long-term
and cumulative ROS monitoring in vivo. The development of
self-immolative polymers could offer a solution given that one
chemical triggering event can result in a cascading depolymer-
ization process, liberating multiple signal units. Embedding
chemiexcitable motifs in self-immolative backbones allows the
resulting CL-active SIPs to produce amplified, long-lasting light
emissions by marrying the sensitivity of chemiluminescence
with the signal amplification offered by polymeric systems.58
Recent research has demonstrated that the incorporation
of self-immolative polymers into CL nanoparticle platforms
can circumvent the intrinsically short emission lifetime of
conventional CL probes. Upon ROS-mediated activation, the
SIP-based nanoparticles undergo stepwise head-to-tail de-
polymerization. Through this process, high-energy intermedi-
ates are continuously produced, and resonance is transferred
to the encapsulated hydrophobic dyes via resonance energy
transfer (CRET), as illustrated in (Fig. 8). This domino-like
degradation process enables a single ROS-triggering event to
produce multiple CL emission cycles, resulting in sustained
high-contrast signals lasting several hours. Compared with
small-molecule CL donors, SIP-based configurations provide
higher ROS sensitivity, better signal retention, and superior in
vivo imaging performance, enabling the precise delineation
of ROS-rich inflammatory zones across multiple disease mod-
els.[881 Beyond this, depolymerization enhances the lumines-
cent response and promotes substrate turnover efficiency to
nanomolar detection limits.’”! By combining self-immolative
chemistry with peroxyoxalate-driven luminescence, these de-
signs amplify slight biochemical alterations in the tumor mi-
croenvironment into massive photon bursts, thus enabling
the detection of early tumor growth-associated oxidative
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In addition to ROS, hypoxia- and pH-responsive SIPs have
been engineered to trigger chemiluminescence under char-
acteristic tumor conditions. For example, oxygen-depleted re-
gions of solid tumors have been targeted with hypoxia-acti-
vated nitrobenzyl-caged SIPs coupled to 1,2-dioxetane phos-
phors, enabling high-contrast imaging of hypoxic cores.[93:94
An acidic environment within the TME causes acid-cleavable
carbamates or imine linkers in the SIP backbones to depoly-
merize and release CL precursors or energy-transfer donors.
As pH-triggered cleavage triggers chain reactions, chemilumi-
nescence is amplified, providing visual feedback on intratu-
moral acidity.®>! In these hypoxia- and pH-responsive sys-
tems, stimulus-mediated cleavage of the terminal protecting
group initiates cascade depolymerization of the SIP back-
bone, resulting in the sustained generation of chemiex-
citable intermediates rather than single-emission events. This
domino-type amplification prolongs the emission lifetime
and enhances the sensitivity under tumor-relevant condi-
tions, distinguishing SIP-based chemiluminescent platforms
from conventional small-molecule CL probes. A key advan-
tage of SIP design is that it can incorporate a variety of TME-
responsive motifs, such as GSH-cleavable disulfides and en-
zyme-sensitive peptides, enabling multimodal chemilumine-
scent sensing in complex tumor biochemistry.

Furthermore, Self-immolative amplification contributes to
prolonged luminescence lifetime and improved photon
yields. Conventional CL reactions typically suffer from short
emission durations owing to rapid substrate depletion; how-
ever, SIP-based systems overcome this by continuously gen-
erating CL precursors through a domino-like depolymeriza-
tion process. For example, a recent study found that polycar-
bonate-based SIPs activated by TMEs depolymerize upon ex-
posure to H,0,, releasing multiple light-emitting units.[° As a
result of this molecular amplification, persistent lumines-
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Fig. 8 Chemiluminescent SIP nanoparticles in which ROS-triggered cascade depolymerization generates sustained light emission for long-term,
background-free in vivo imaging (Reproduced with permission from Ref. [77]; Copyright (2022), American Chemical Society).
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cence can be produced for over 30 min, allowing for time-
resolved tumor imaging with minimal interference. By vary-
ing the trigger sensitivity, backbone rigidity, and substitution
pattern, the SIP architecture can be tailored to the activation
kinetics and emission profiles to meet specific diagnostic re-
quirements.

To translate CL imaging from preclinical models to clinical
practice, it is necessary to rationally engineer SIP backbones
with higher quantum yields, improved biocompatibility, and
optimized pharmacokinetics. Combining SIPs and nanocarri-
er architectures (e.g., micelles, dendrimers, polymeric
nanoparticles) could further stabilize CL precursors and en-
hance tumor accumulation via the enhanced permeability
and retention (EPR) effect.’”] Furthermore, integrating multi-
plexed CL systems responsive to distinct TME cues may pro-
vide a comprehensive view of tumor heterogeneity by simul-
taneously monitoring the pH, redox state, and enzyme activi-
ty. SIPs based on TMEs will become versatile molecular ampli-
fiers for chemiluminescence imaging, bridging the gap in di-
agnostic sensitivity and clinical applications.

3.3 Multimodal Imaging Platforms

Multimodal medical imaging plays a central role in cancer diag-
nosis and therapeutic monitoring. However, the performance of
conventional contrast agents is often constrained by either
rapid systemic clearance or long-term tissue accumulation and
toxicity. In particular, vascular imaging by CT and MRI requires
exogenous agents with sufficiently long blood circulation time,
a feature not attainable with the clinically used small-molecule
jodinated or Gd** chelates.”” Although macromolecular and
nanoparticle-based contrast agents improve pharmacokinetics,
their poor degradability and potential for long-term organ re-
tention remain major concerns. SIPs offer a compelling alterna-
tive by combining prolonged circulation with complete stimu-
lus-triggered  depolymerization  into  excretable  small
molecules.” Recent research has demonstrated that lan-
thanide-containing SIPs, such as self-immolative polyglyoxyla-
mides bearing pendant Gd3* chelates, function as effective
blood-pool contrast agents for micro-CT and MRILP? These sys-
tems exhibit tunable depolymerization kinetics through ratio-
nal end-cap design, enabling stable vascular contrast for up to
one hour followed by rapid renal clearance after imaging. Im-
portantly, despite the high doses required for micro-CT, these
polymeric chelates showed good in vivo tolerability, highlight-
ing the unique ability of SIPs to reconcile the imaging efficacy
with biosafety.

Self-immolative polymers have emerged as a powerful
bridge between rapidly clear-ring small-molecule probes and
non-degradable nanoparticles, enabling TME-responsive mul-
timodal imaging. Amphiphilic self-immolative block copoly-
mers self-assemble into micellar nanoparticles that undergo
cascade depolymerization in response to acidic pH and ele-
vated ROS levels, generating reactive azaquinone methide
(AQM) intermediates that covalently trap intracellular thiol-
containing substrates.['9% This triggered disassembly acti-
vates fluorine-19 nuclear magnetic resonance/magnetic reso-
nance imaging ("°F NMR/MRI) signals and enables '°F/'H du-
al-modality imaging, whereas in situ covalent conjugation of
DOTA-Gd moieties with thiol-rich biomacromolecules affords
prolonged 'H MR contrast retention in tumors. Such covalent

trapping-assisted signal amplification provides a general
strategy for long-term, stimuli-activatable imaging using self-
immolative polymer platforms (Fig. 9). Recent research has
extended these principles to more complex tri-modal or cas-
cade-activated SIP nanocarriers, advancing diagnostic preci-
sion and treatment monitoring. Liu et al. introduced an ROS-
cleavable SIP micellar platform co-loaded with iodinated aro-
matics and porphyrin derivatives for concurrent CT/PA/FL
imaging, in which oxidative stress in tumors triggered poly-
mer depolymerization and a sharp “turn-on” of both optical
and X-ray contrast.['97 Furthermore, sequence-defined self-
immolative and degradable amphiphiles have been engi-
neered into “digital micelles,” enabling label-free, multi-
modal tracking and quantitative biodistribution analysis by
MALDI mass spectrometry and imaging.'92 Collectively,
these studies establish SIPs as versatile and mechanistically
distinct platforms that bridge the gap between small-
molecule probes and conventional nanoparticles, offering un-
precedented opportunities for tumor-responsive, multi-
modal imaging, and theranostic applications.

3.4 Mechanisms for Improving Imaging Sensitivity
and Specificity

Achieving high imaging sensitivity and specificity remains a
central challenge in cancer diagnostics owing to the biological
complexity and heterogeneity of the TME. SIPs that respond to
TMEs provide a molecular framework that is capable of amplify-
ing biochemical signals while minimizing background interfer-
ence. They rely on a "cascade disassembly" mechanism to rapid-
ly and completely release imaging agents or signal-generating
molecules after being triggered by a single stimulus.l'%! Self-
amplified responses improve the signal-to-noise ratios (SNRs),
enabling the detection of early stage or microscale lesions that
would otherwise remain undetected using conventional activa-
tion probes. Furthermore, the modular nature of SIPs enables
precise integration of multiple stimuli-responsive triggers (e.g.,
pH, ROS, GSH, hypoxia, or enzyme-responsive linkers), thus en-
abling spatially and temporally precise activation control. Such
systems ensure that the imaging signal is exclusively “turned
on” in malignant regions, thereby reducing the systemic back-
ground and off-target activation.l'"*'%! For example, research
has reported a renewable-resource-based chain-shattering
polymer synthesized via ADMET polymerization, in which am-
phiphilic triblock copolymers incorporate repetitive, enzyme
-labile azobenzene units directly into the backbone. Enzymatic
reduction of azobenzene motifs triggers a self-immolative cas-
cade leading to main-chain fragmentation into small, non-toxic
products, distinguishing this system from conventional end-to-
end depolymerizing polymers and highlighting its potential for
enzyme-responsive delivery and imaging applications. Addi-
tionally, ROS-sensitive self-immolative constructs built around
thioketal or related ROS-cleavable motifs have been used to
translate oxidation events in tumor microenvironments into
amplified near-infrared fluorescent and photoacoustic outputs
by releasing or unquenching NIR chromophores upon cascade
depolymerization.l'® Beyond simple fluorogenic “turn-on” be-
havior, self-immolative scaffolds have also been adapted to pro-
duce amplified chemiluminescent readouts and other modality-
switched signals, demonstrating how one triggering event can
drive a cascade emission suitable for ultrasensitive detection.*®
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Fig. 9 (a) TME-triggered cascade depolymerization of self-immolative nanoparticles under acidic and ROS conditions generates AQM
intermediates, leading to nanoparticle disassembly and thiol-mediated activation of '°F/"H dual-modality MR imaging with prolonged retention; (b)
Multifunctional self-immolative polymers bearing HFI, HFB, and DOTA-Gd side chains with orthogonal acid and ROS-responsive triggers enable
programmable depolymerization and multimodal imaging (Reproduced with permission from Ref. [100]; Copyright (2020), Elsevier).

The autocatalytic or head-to-tail depolymerization characteris-
tics of SIPs ensure that even low-abundance stimuli are convert-
ed into large, measurable outputs, narrowing the sensitivity gap
between molecular events and in vivo imaging readouts.
Moreover, specificity can be improved by integrating orthogo-
nal gating designing SIPs that require two or more TME cues (for
example, pH plus reductive potential, or enzyme activity plus
hypoxia) to trigger disassembly, thereby confining activation to
tumor loci and reducing off-target signals.''®” For example, sev-
eral groups have reported dual- or multi-stimuli-responsive
polymeric reporters (pH/GSH or hypoxia/enzyme combinations)
and self-immolative block copolymers that remain quiescent
until the intended intracellular milieu is encountered, improv-
ing in vivo contrast and minimizing premature leakage.* In in-
vasive metastatic models, protease-activated (MMP-sensitive)
polymeric reporters that release fluorophore-labeled fragments
only after site-specific proteolysis provide superior imaging con-
trast, showing the importance of spatially restricted SIP activa-
tion for more accurate diagnostics.'%! Taking advantage of
these activation-specific approaches, recent efforts have fo-
cused on fine-tuning the photophysical processes that underlie
signal generation to maximize the optical output while mini-
mizing background interference. In addition to activation logic,
energy transfer and quenching mechanisms also contribute sig-
nificantly to the improvement of the SIP-based sensitivity. Incor-

porating Forster resonance energy transfer (FRET) or photoin-
duced electron transfer (PET) motifs allows efficient "on-state"
emission when the polymer is intact!'°? For example, when
QSY21 and Cy5 were combined in a FRET-paired SIP in circula-
tion, no fluorescence was detected, but once enzymatically acti-
vated in tumor tissue, intense NIR-Il fluorescence was
observed!""%"""! By improving the contrast and minimizing
photobleaching and autofluorescence artifacts, this built-in sig-
nal gating improves the imaging fidelity under complex condi-
tions in vivo. Furthermore, SIPs allow for the integration of ener-
gy transfer systems that are capable of adjusting the emission
wavelength or lifetime in a dynamic manner to provide outputs
that are ratiometric or time-gated. For deep-tissue visualization,
such methods are particularly useful for overcoming the scat-
tering and absorption challenges.l''”

Nanostructural engineering plays a critical role in the imag-
ing precision, signal amplification, and rational polymer de-
sign. In systemic circulation, stimuli-responsive SIPs are com-
monly assembled into nanoscale architectures, including mi-
celles, vesicles, and nanogels, which stabilize the imaging
payloads. This nanostructure disassembles or shrinks when
exposed to tumor-specific triggers, thereby improving tissue
penetration and intratumoral diffusion.l''31141 By enhancing
the signal through fragmentation, robust "turn-on" contrast
can be achieved with little interference from the
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background.l''s1 Furthermore, poly(urethane) frameworks
with ROS-cleavable linkers enhance the activation selectivity
of the oxidative TME, resulting in an enhanced fluorescence
signal and higher tumor-to-normal tissue ratios.l'%® In addi-
tion to demonstrating strategies for improving imaging sensi-
tivity, specificity, and biocompatibility using SIP-based nano-
structures, these multiscale designs demonstrate how SIP-
based nanostructures can overcome the traditional trade-offs
between these properties. In summary, SIP-based imaging
systems enhance the sensitivity and specificity by converting
subtle tumor-associated biochemical cues into amplified di-
agnostic outputs through controlled cascade depolymeriza-
tion.

4 TME-RESPONSIVE SELF-IMMOLATIVE
POLYMERS FOR PRECISION TUMOR THERAPY
AND DIAGNOSIS

4.1 Chemotheraputic Drug Delivery
SIPs have emerged as a powerful class of TME for chemothera-
py delivery owing to their ability to undergo cascade depoly-
merization upon exposure to disease-associated triggers. By
coupling amphiphilic or hybrid polymer architectures with en-
zyme, pH, or redox-labile initiating units, SIP-based nanoparti-
cles can remain stable during circulation and rapidly disassem-
ble in the TME to release cargos. Several studies have demon-
strated that enzyme-triggered polymer unzipping enables pre-
cise control over nanoparticle disassembly, allowing efficient
drug liberation in response to tumor-associated enzymes while
minimizing premature leakage. In addition, hybrid polyester SIP
nanoparticles have been shown to integrate favorable
biodegradability with self-immolative behavior, achieving con-
trolled drug release kinetics that are well-aligned with patho-
logical conditions in solid tumors.

SIP-based nanoassemblies have emerged as versatile plat-
forms for TME-responsive chemotherapy delivery, thereby en-
abling controlled disassembly and efficient drug release. For
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example, Ren et al. demonstrated that in cancer cells, im-
munogenic micelles capable of capturing CD8 + T-cell epi-
topes and adjuvants undergo intracellular disassembly, en-
hancing antigen cross-presentation and antitumor responses,
highlighting the potential of stimulus-responsive carriers in
tumor therapy.l''¢ Similarly, Ergene et al. reported that side-
chain-engineered SIPs exhibited potent and selective an-
tibacterial activity through the rapid generation of bioactive
species upon triggering, illustrating how chemical design can
modulate release kinetics and bioactivity.l''” Activation of
self-immolative side chains exposes reactive intermediates
that initiate backbone fragmentation, enabling the rapid re-
lease of bioactive species. Compared with non-immolative
analogs, these polymers demonstrated accelerated degrada-
tion kinetics and enhanced biological efficacy following stim-
ulus exposure. Kumar et al. demonstrated enzyme-activated
polymer unzipping to induce complete nanoparticle disas-
sembly, with amphiphilic nanoassemblies providing more
uniform and efficient cargo liberation than polyelectrolyte
complexes.l'"8] Furthermore, Hybrid nanoparticles composed
of self-immolative poly(ethyl glyoxylate) and poly(D,L-lactic
acid) demonstrated tunable, stimuli-responsive drug release,
where the rate and extent of degradation and release de-
pended on the polymer ratio and triggering stimulus. in vitro
assays highlighted the influence of both the stimulus and for-
mulation on cytotoxicity.®] Furthermore, self-immolative
polymersomes (SIPsomes) were fabricated from amphiphilic
block copolymers containing hydrophobic blocks capable of
head-to-tail cascade depolymerization upon stimulus-trig-
gered cleavage of the terminal capping moieties.l''®! By incor-
porating visible light, UV light, or reductive-sensitive end
caps, SIPsomes disassemble into water-soluble fragments, en-
abling the controlled co-release of encapsulated drugs and
regulated permeability to protons, oxygen, and enzymatic
substrates. This modular design also allows the execution of
programmable enzymatic reactions following the OR, AND,
and XOR logic gates (Fig. 10). These findings establish SIP-
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Fig. 10 Self-immolative polymersomes enabling stimulus-triggered unzipping, programmable permeability, and logic-gated (OR/AND/XOR) drug
release for precision chemotherapy (Reproduced with permission from Ref. [119]; Copyright (2014), American Chemical Society).
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somes as versatile, stimulus-responsive nanocarriers with the
potential for precision chemotherapy delivery and advanced
therapeutic programming. Collectively, these studies high-
light that SIP-based chemotherapeutic systems enable stimu-
lus-amplified drug release with improved kinetic control and
tumor selectivity compared with conventional degradable
carriers.

4.2 Combination Therapy Platforms

Single-modality therapies based on TME-SIPs often fail to
achieve complete tumor eradication, owing to the multifactori-
al nature of malignancies and intratumoral heterogeneity.
Chemotherapy alone suffers from MDR and systemic toxicity,
while photodynamic therapy (PDT) and photothermal therapy
(PTT) are restricted by oxygen dependence and limited tissue
penetration, and immunotherapy is frequently compromised by
the immunosuppressive TME. To overcome these intrinsic limi-
tations, combination therapy platforms that integrate two or
more therapeutic strategies or combine therapy and diagnostic
imaging within a single SIP construct have emerged. Such sys-
tems exploit the unique ability of SIPs to undergo stimulus-trig-
gered, domino-type depolymerization in response to endoge-
nous cues (e.g., pH, ROS, hypoxia, or redox gradients), thereby
coordinating spatially and temporally controlled release of mul-
tiple payloads. TME-responsive SIPs amplify therapeutic efficacy
while minimizing off-target effects by coordinating co-delivery,
sequential activation, and synergistic interactions between
modalities. Our recent research showed that ROS can trigger a
self-amplifying poly(thioacetal) polymer that releases cin-
namaldehyde (CA) when endogenous ROS cleave thioacetal
groups, thereby increasing ROS levels via mitochondrial dys-
function and accelerating polymer degradation. In this cascade,
immunogenic cell death (ICD) of tumor cells is induced, while
side chains conjugated with an IDO-1 inhibitor (1-MT) reverse
the immunosuppressive TME for synergistic cancer im-
munotherapy. Upon self-assembly into nanoparticles, the am-
phiphilic polymer exhibited ROS-sensitive degradation in vitro
and in vivo, leading to potent antitumor activity and immune
memory against tumor recurrence (Fig. 11a).l'>”! Building on this
approach, we also developed an ROS-responsive self-immola-
tive polyprodrug nanoparticle (SIPN) encapsulating a tumor-
specific ROS inducer (NCyNH,) and doxorubicin (DOX).“¥! En-
dogenous ROS triggers polyprodrug degradation, releasing
DOX and NCyNH2, which are further activated by NAD(P)H
quinone dehydrogenase 1 (NQO1) to generate additional ROS,
amplifying drug release. This self-amplifiable mechanism en-
hances intratumoral drug activation and selectivity, achieving
efficient tumor suppression with minimal off-target toxicity.
These studies demonstrated that ROS-triggered self-amplifying
polymeric systems provide a versatile platform for precise, am-
plified therapeutic effects via synergistic immuno- and
chemotherapeutic strategies (Fig. 11b).

Furthermore, recent advances in SIPs have demonstrated
their potential as multifunctional platforms for targeted and
responsive cancer therapies, integrating both therapeutic de-
livery and diagnostic imaging using a single stimuli-respon-
sive system. Xie et al. demonstrated a glutathione (GSH)-
responsive SIP nanoparticle (DSS-BEN) that co-delivered a
therapeutic miRNA (miR-34a mimic) and a polyamine analog
(BENSpm). Upon activation by elevated concentrations of glu-

tathione, SIP was cleaved, releasing the co-delivered com-
pounds, which resulted in a synergistic effect in cancer thera-
py by concurrently regulating metabolism and genetic tar-
gets.211 The most recent study by Zhang et al. expanded the
field of theranostics to include a self-immolative, fluorinated
nanotheranostic system for '"F NMR/MRI-guided photody-
namic therapy. In this design, TME-triggered fragmentation
not only restored '°F MRI visibility, but also released photo-
sensitizers simultaneously, thereby allowing real-time image-
guided therapy.l'?2 Taken together, these studies under-
score the flexibility of SIPs as intelligent multimodal plat-
forms that allow self-amplifying, cascade-responsive, and
feedback-regulated therapy. Despite these meaningful ad-
vances, challenges persist, such as uniform activation in het-
erogeneous TMEs, finding a balance between stability and re-
sponsiveness, and simplifying synthesis to enable scalable
clinical translation. Future efforts should focus on the integra-
tion of SIPs with TME cues, employing modular click-type
chemistry, and incorporating real-time imaging modules to
precisely guide adaptive and synergistic precision oncology.
Additionally, TME-responsive self-immolative combination
platforms demonstrate how cascade depolymerization can
coordinate multimodal therapeutic activation with spatial
and temporal precision, thereby enhancing the synergistic ef-
ficacy while minimizing systemic toxicity.

4.3 SIPs Hydrogel Delivery Platforms

SIPs represent a distinct class of macromolecules that undergo
end-to-end depolymerization in response to specific triggers
such as variations in pH or exposure to light.”? Owing to this
programmed disassembly, SIPs have emerged as versatile stim-
uli-responsive materials with broad utility in signal ampilification,
biosensing, controlled drug delivery, and advanced material en-
gineering.'?! Initial demonstrations of self<immolation were
largely limited to oligomeric or dendritic structures; however,
subsequent developments have expanded the scope to in-
clude linear, cyclic, graft, hyperbranched, and network-type ar-
chitectures.'?!! The capacity of SIPs to be finely tuned towards
diverse external stimuli offers unique opportunities for the de-
sign of degradable hydrogels.

Recent studies have demonstrated that SIPs enable hydro-
gels to undergo precisely programmed stimulus-triggered
degradation through cascade depolymerization mechanisms.
Dual-responsive systems combining catechol-metal ion cross-
linking with self-immolative backbones exhibit gel disassem-
bly and payload release via either pH-induced cross-linking
dissociation or thiol-triggered end-to-end depolymerization,
highlighting orthogonal degradation pathways.'! In a bio-
inspired approach, vesicular assemblies formed through poly-
valent polyelectrolyte interactions were shown to disassem-
ble upon polymer unzipping, releasing encapsulated gela-
tors that subsequently induced hydrogel formation, thus cou-
pling polymer destruction to network construction.!'2¢! Side-
chain immolative poly(benzyl ether) systems further expand
hydrogel design by enabling post-polymerization functional-
ization and reductive disassembly of graft networks and
organogels into their constituent components.l'2”l Concur-
rently, self-immolative poly(thioesters) derived from amino
acids are synthesized through photocrosslinking to generate
hydrogels that are degraded by rapid unzipping under physi-
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ological conditions.['28! Collectively, these advances have es-
tablished SIP-based hydrogels as highly versatile, degradable
materials with tunable responsiveness, efficient network dis-
solution, and significant potential for biomedical, sensing,
and recyclable-material applications.

Self-immolative hydrogels (SIHs) composed of poly(ethyl
glyoxylate) (PEtG) hydrogel materials exhibit considerable po-
tential for the development of hydrogel materials with ampli-
fied rates of degradation upon demand and high pre-trigger
material stability.®’) The development of hydrogels with a
high gel content, large levels of water uptake, and appropri-
ate tissue-relevant material properties was achieved by incor-
porating light-responsive end-capped PEtG with PEG cross-
linked networks. Notably, hydrogel degradation and small-
molecule release could be reversibly switched on and off by
alternating light irradiation and dark storage, demonstrating

precise temporal control over network disassembly and drug
release (Fig. 12a). Furthermore, Deng et al. reported a click-
activated self-immolative polymer hydrogel in which selec-
tive cleavage of terminal end-caps initiates cascade depoly-
merization, enabling rapid and amplified gel degradation in
response to a single triggering event.[ This reversible degra-
dation pattern can be used for precise timing control over hy-
drogel stability and drug release, further highlighting the
possibilities for designing programmable drug delivery de-
vices using self-immolative hydrogels, as depicted in (Fig. 12b).
Water-soluble SIH was also synthesized using SPAAC, which
was expected to enable gelation upon injection for subse-
quent drug delivery applications.['2°1 To gain further control
over both gelation and degradation processes, dendritic SIH
was designed for drug delivery applications using carbosi-
lane dendrimers as bifunctional cross-linkers, according to
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Fig. 12  Stimulus-responsive self-immolative hydrogels with programmable degradation. (a) Light-triggered end-cap cleavage induces cascade
depolymerization of poly(ethyl glyoxylate) hydrogels, enabling reversible on-off degradation and controlled release (Reproduced with permission
from Ref. [61]; Copyright (2023), American Chemical Society). (b) Schematic illustration of the click-triggered self-immolative polymer degradation
and cascade depolymerization mechanism (Reproduced with permission from Ref. [8]; Copyright (2024) Wiley-VCH GmbH, CC BY 4.0).

Mufnoz-Sanchez et al.l'3% They employed CuAAC for SIH syn-
thesis, where different types of azide-functionalized poly-
mers, including those with non-cleavable and self-immola-
tive segments, were compared using non-cleavable and self-
immolative fragments. Collectively, these studies establish
SIHs as versatile material platforms in which degradation, me-
chanical performance, and therapeutic release can be pre-
dictably engineered, offering significant potential for respon-
sive biomaterials, controlled drug delivery, and smart hydro-
gel systems. These findings establish self-immolative hydro-
gels as programmable biomaterials, in which degradation,
mechanical integrity, and therapeutic release can be precise-
ly synchronized through cascade-triggered polymer unzip-
ping.

4.4 Other Drug Delivery Platforms

In addition to conventional micellar and vesicular assemblies,
TME-responsive TME SIPs have been exploited to construct a
variety of supramolecular and hybrid nanostructures capable of
programmable and stimuli-controlled drug release. The intrin-
sic degradability of SIPs enables structural disassembly and con-
comitant release of encapsulated payloads upon exposure to
specific physiological cues, including mildly acidic pH (6.5-6.8),
intracellular glutathione (2-10 mmol/L), and elevated reactive
oxygen species (typically 50—100 pmol/L H,0, in tumor tissues),
thereby enhancing therapeutic precision. Moore et al. demon-
strated this concept through the fabrication of programmable
SIP-based microcapsules via interfacial polymerization, where
fluorescent dyes encapsulated within the cavities were released
upon stimulus-triggered cleavage of SIP linkages, leading to
rapid shell rupture and cargo release within minutes under the
applied triggering conditions in vitro.'*" Stimulus-mediated
cleavage of SIP linkages destabilizes the polymeric shell through
head-to-tail depolymerization, leading to rapid structural col-
lapse and synchronized cargo release. This behavior highlights
the mechanical amplification capability of self-immolative poly-
mers in confined architectures, such as microcapsules. Similarly,
Liu et al. designed amphiphilic block SIP micelles composed of
polybenzoyl carbamate backbones incorporating distinct stim-

uli-labile end-caps, which allowed the controlled release of
chemotherapeutics, such as doxorubicin (DOX) and camp-
tothecin (CPT), in response to visible or ultraviolet light and re-
ductive environments.['') Based on this concept, Molla et al. de-
signed amphiphilic polyurethane-based self-immolative poly-
mers with redox-sensitive self-immolative groups on the hy-
drophobic backbone and triethylene glycol groups as hy-
drophilic segments. The synthesized ampbhiphilic SIPs self-
assemble to form micelles with the ability to encapsulate drugs
via m-ir stacking, hydrogen bonding, and hydrophobic interac-
tions. At a slightly acidic pH between 6.5 and 6.8 (tumor extra-
cellular pH range), the tertiary amine groups of the micelles un-
derwent protonation to enhance their uptake by cells, whereas
the higher concentration of GSH in tumor cells (2-10 mmol/L in-
tracellularly, compared with <10 pmol/L extracellularly) activat-
ed the self-immolation of the micelles to release the encapsu-
lated drugs.['327134

Modern studies have also adapted these ideas into multi-
drug and hybrid nanocarrier designs to control drug release
kinetics in space and time. Gilliés et al. designed nanocarrier
hybrids made of fast-degradable self-immolative PEtG and
slow-degradable lactic acid (PLA), developing a system in
which drug release occurs in sequence according to differ-
ences in degradation rates under UV or reducing conditions,
closely mimicking the pharmacokinetic profiles of drug com-
binations that have different release profiles, that is, different
kinetics of release are required in drug combinations.l8? In
another study, Such et al. designed nanocarrier hybrids made
of different ratios of fast degradable self-immolative poly[N,N-
(diisopropylamino) ethyl glyoxylamide-r-N,N-(dibutylamino)-
ethyl glyoxylamide] (P(DPAEGAm-r-DBAEGAmM)) and a pH-
sensitive  PEG-b-(2-diisopropylaminoethyl  methacrylate)
copolymers, in which drug release kinetics can be accurately
modulated according to different ratios of diisopropylamino
and dibutylamino side groups, showing that nanocarrier
composition can control drug release kinetics according to
different ratios of diisopropylamino and dibutylamino side
groups, showing that nanocarrier composition can control
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drug release kinetics according to different ratios of diiso-
propylamino and dibutylamino side groups, showing that
nanocarrier composition can control drug release kinetics.[*°]
In addition, research conducted by Langer et al.'3] described
a light-responsive self-immolative polycarbonate (LrPC) con-
jugated with 4,5-dimethoxy-2-nitrobenzyl (DMNB) side
chains. These constructs were co-assembled with U. S. Food
and Drug Administration (FDA)-approved poly(DL-lactic-co-
glycolic acid) (PLGA) to provide nano-constructs for photoin-
duced degradation and drug release. Despite these advances,
several challenges remain before SIP-based drug delivery sys-
tems can be clinically translated. For instance, the synthetic
complexity of multicomponent SIPs, degradation rate in het-
erogeneous TMEs, and biocompatibility of degradation prod-
ucts are important factors in advancing drug delivery sys-
tems involving SIPs. Furthermore, the assembly stability of
drug delivery systems involving SIPs in the blood circulation,
off-target effects, and scaling synthetic protocols are impor-
tant factors in advancing drug delivery systems involving
SIPs. Future research on drug delivery systems involving SIPs
should focus on integrating multiple stimuli in tumor mi-
croenvironments, such as redox potentials, pH, and enzymat-
ic activity, as described above in this review. Together, these
alternative SIP-based architectures expand the design space
of programmable nanomedicines by coupling structural dis-
assembly with amplified stimulus responsiveness across di-
verse supramolecular platforms.

5 TME-RESPONSIVE SIPS IN THERANOSTICS
(IMAGING-GUIDED THERAPY)

5.1 Imaging-Therapeutic Integrated Platform Design
Theranostic systems are molecular or nanoscale structures that
combine diagnostic imaging with therapeutic intervention in a
single system. TME-sensitive SIPs provide an efficient and
unique platform because they combine molecular sensing and
therapy in a self-amplifying depolymerization mechanism.F" In
contrast to the usual polymer-drug conjugates, which depend
on the controllable release of drugs through diffusion or cleav-
age of a single bond, SIPs are cleaved through cascade depoly-
merization activated by just one triggering event and are rapid-
ly unzipped at the backbone. This domino-dependent signal
amplification, increased sensitivity to pathological cues, and ef-
fective payload release makes SIPs especially ideal for respon-
sive imaging-based cancer treatment.”*!

The rational design of SIP-based theranostic platforms is
based on the rational inclusion of TME-labile chemical motifs
such as disulfide, boronate ester, imine, or enzyme-cleavable
linkers responding to endogenous tumor signals, such as in-
creased glutathione concentration, reactive oxygen species,
acidic pH, hypoxia, or aberrant enzymatic activity.['3¢1 When
activated, self-immolative depolymerization can release both
imaging reporters (e.g., fluorogenic reporters or MRI contrast
reporters) and therapeutic payloads (e.g., chemotherapeutics,
photosensitizers, or immunomodulators).’®! This synchro-
nized activation enables a direct correlation between diag-
nostic readouts and therapeutic response, facilitating real-
time monitoring of drug release, tumor penetration, and
treatment efficacy while minimizing off-target toxicity.

Recent advances in self-immolative polymer nanotheranos-
tics have enabled the rational integration of tumor microenvi-
ronment-responsive drug release with high-field imaging ca-
pabilities, exemplified by a glutathione-activated platform
designed for ultrahigh-field (UHF) MRI-guided hepatocellular
carcinoma therapy.l'3”7 A glutathi-one-responsive self-im-
molative polymer nanotheranostic platform (CA4@SIPD)
chelated with Dy(lll) was developed for UHF MRI-guided hep-
atocellular carcinoma therapy.l'38] The disulfide-containing
polymer undergoes tumor-associated GSH-triggered cascade
depolymerization, enabling efficient and controlled release of
the vascular-disrupting agent combretastatin A4 while simul-
taneously degrading the carrier. Owing to the high magnetic
moment and fast electron relaxation of Dy(lll), CA4@SIPD ex-
hibited markedly enhanced weighted contrast performance
under UHF MRI conditions. This platform integrates microen-
vironment-responsive drug delivery with high-performance
UHF MR, allowing real-time tumor visualization and syn-
chronous therapeutic monitoring and highlighting the po-
tential of self-immolative polymers in next-generation imag-
ing-guided cancer theranostics. Furthermore, to address the
challenges of long circulation, deep tumor penetration, and
efficient intracellular drug release in solid tumors, a zwitteri-
on, star-shaped auto-degradable nanoarchitecture was engi-
neered via a layer-by-layer block copolymer strategy, yield-
ing about 25 nm electroneutral nanoparticles with high DOX
loading, excellent serum stability, and prolonged blood circu-
lation (>72 h).I'39 This system undergoes synergistic enzyme-
triggered self-degradation in endolysosomal compartments,
enabling efficient intracellular drug release, deep tumor pen-
etration, and effective pancreatic tumor suppression in vivo.
Integrated NIR imaging further confirmed stable tumor accu-
mulation and retention, highlighting its promise as a stealth
theranostic platform for hard solid tumor treatment.

5.2 Real-time Monitoring of Drug Release and Tumor
Regression

The capacity to monitor the release of the drug and regression
of the tumor in real time is a characteristic of TME-responsive
SIPs in theranostics. In contrast to traditional nanocarrier meth-
ods that are based on passive accumulation or prolonged
degradation of the matrix, SIP-based systems convert a single
biochemical stimulus into a cascade depolymerization reaction,
which allows systematic activation of the therapeutic part and
amplification of the diagnostic signal. This unzipping mecha-
nism can contribute to the direct conjugation of polymer degra-
dation with optical, magnetic, or nuclear imaging outputs, thus
delivering a quantitative and time-resolved readout of the dy-
namics of drug release in tumors.4%12¢]

In typical SIP-based theranostics, tumor-associated stimuli,
including acidic pH, elevated GSH, ROS, or aberrant enzymat-
ic activity, cleave a terminal trigger group and initiate head-
to-tail depolymerization.’”! The resulting release of multiple
reporter units per triggering event affords intrinsic signal am-
plification, enabling the sensitive detection of polymer disas-
sembly in vivo. Fluorogenic SIPs of quenched near-infrared
(NIR) dyes or aggregation-induced emission luminogens have
been commonly used in imaging the intracellular release of
drugs, where recovery of fluorescence is related to depoly-
merization rates and cytotoxicity.’¢! Similarly, redox-respon-
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sive SIP prodrugs carrying doxorubicin or mitoxantrone have
been shown to exhibit GSH or ROS-dependent fluorescence
turn-on, quantitatively predicting intracellular drug release
and therapeutic outcome.33!

In addition to fluorescence imaging, SIPs have been inte-
grated with MRI, PA, and positron emission tomography (PET)
to enable deep tissue and longitudinal monitoring of treat-
ment response. For example, disulfide-containing SIP nanoth-
eranostics doped with paramagnetic ions undergo GSH-trig-
gered depolymerization, simultaneously releasing chemo-
therapeutics and generating MRI contrast agents in situ.5%
Longitudinal imaging revealed that signal enhancement tem-
porally coincides with maximal drug release and tumor re-
gression, establishing a direct causal relationship between
molecular activation and macroscopic  therapeutic
outcomes.l’6771 Chemiluminescent SIPs further extend this ca-
pability by eliminating the need for external excitation, allow-
ing background-free visualization of ROS-amplified depoly-
merization and treatment-induced oxidative stress.

Notably, imaging feedback with therapy can be integrated
to allow SIP-based systems to be active and adaptive treat-
ment systems, rather than passive carriers. SIP theranostics
can now provide early indicators of therapeutic response by
correlating signal kinetics with tumor growth inhibition, and
can be used to optimize the dose. However, there are still dif-
ficulties in overcoming intratumoral heterogeneity, reducing
interference by the accumulation of nonspecific probes, and
compatibility with clinically relevant imaging windows in-
cluding NIR-Il, MRI, and PET. Further developments in logic-
gated SIP designs, multimodal signal integration, and quanti-
tative pharmacokinetic modeling are likely to continue to im-
prove real-time “see-treat-verify” strategies and enable faster
clinical translation.

5.3 Overcoming Penetration Depth and Sensitivity
Limitations

Although having potential in cancer theranostics, their clinical
translation is traditionally limited by inadequate penetration in-
to tumor tissue and poor imaging sensitivity, especially in large
and dense or hypoxic solid tumors.”*" This abnormal tumor
vasculature, elevated interstitial fluid pressure, and high-density
extracellular matrix (ECM) all limit the deep diffusion of
nanoscale carriers and limit therapeutic activation and diagnos-
tic signal generation to the perivascular tissue. Thus, these phys-
ical and functional barriers are important factors that need to be
addressed to ensure the full effectiveness of SIP-based plat-
forms .21

An effective strategy involves the design of transformable
SIP nanostructures that undergo size or charge modulation in
response to TME cues.°611 In circulation, SIP assemblies are
typically engineered as stable nanoparticles (about 80—-120
nm) to prolong blood residence time. Upon exposure to
acidic pH, ROS, or tumor-specific enzymes, cascade depoly-
merization induces disassembly into ultra-small fragments
(<30 nm), enabling enhanced diffusion within tumor cores
and a more homogeneous intratumoral distribution.['40]
Charge-reversible SIPs further exploit tumor acidity to switch
from neutral or anionic states to cationic species, thereby pro-
moting cellular internalization and penetration through the
negatively charged ECM.['40.1411 Complementary approaches

incorporate  ECM-modulating agents or enzymatically
degradable linkers within SIPs to locally soften stromal barri-
ers, thereby facilitating deeper transport of both therapeutic
and imaging components.

Simultaneously, signal attenuation and sensitivity loss in
deep tissues require a combination of amplified and multi-
modal imaging techniques to overcome this lack of advan-
tages. Traditional fluorescence and PA techniques are limited
in terms of penetration depth because of light scattering and
absorption.l321 To address this, SIPs have been engineered to
generate amplified outputs or secondary signals upon de-
polymerization, such as gas generation, catalytic ROS produc-
tion, or the release of high-relaxivity MRI contrast agents.['42]
Multimodal SIPs systems that incorporate fluorescence or PA
with MRI, CT, or ultrasound offer complementary depth and
spatial resolution, warranting reliable tumor delineation on
both spatial scales. Notably, SIPs operating in the NIR-Il win-
dow (1000-1700 nm) significantly reduced tissue scattering
and autofluorescence, enabling deeper imaging and more ac-
curate monitoring of drug release and tumor response.['43]

This is further enhanced by the penetration capabilities of
SIP-based theranostics using external energy sources. SIP can
be remotely activated by ultrasound, X-ray, and NIR, and ul-
trasound can be used in combination with TME-responsive
depolymerization to induce the spatial control of drug deliv-
ery to deep-seated tumors. Additionally, self-immolative sig-
nal amplification ensures that even weak biochemical cues in
poorly perfused tumor regions are translated into robust di-
agnostic outputs. Future SIP designs are expected to inte-
grate depth-adaptive responsiveness, precise size or charge
conversion kinetics, and biodegradable backbones that de-
polymerize into renally clearable fragments, thereby minimiz-
ing long-term accumulation. The convergence of these strate-
gies is essential for overcoming penetration and sensitivity
barriers, ultimately enabling precise, deep tissue, and image-
guided cancer therapy.

6 CONCLUSIONS AND PERSPECTIVES

SIPs with TME responses have emerged as a powerful and ver-
satile class of materials for precision oncology, bridge-building
between molecular-level tumor sensing, and targeted thera-
peutic interventions. In addition to their modular structure and
tunable self-degradation kinetics, SIPs are highly selectively acti-
vated within tumor tissues based on several TME stimuli, such as
pH, ROS, GSH, enzymes, and hypoxia, thereby maximizing ther-
apeutic efficacy and minimizing off-target effects. Over the past
decade, SIPs have evolved from simple degradable backbones
to sophisticated platforms capable of synergistically integrating
multiple functions, including real-time imaging, controlled drug
release, and multimodal therapies. This evolution reflects the in-
creased appreciation of the dynamic and heterogeneous na-
ture of the TME and the need for polymeric systems that can
adapt to complex chemical and physical cues.

Tumor imaging with TME-responsive SIPs has demonstrat-
ed substantial improvements in sensitivity and specificity. By
exploiting "turn-on" fluorescence caused by degradation, flu-
orogenic SIPs enable precise tumor localization. CL-based SIP
platforms minimize background interference while enhanc-
ing the signal-to-noise ratios by eliminating the need for ex-
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ternal excitation. Multimodal imaging systems can be used to
visualize anatomical and functional structures by combining
near-infrared fluorescence (NIRF), photoacoustic imaging
(PA), magnetic resonance imaging (MR), and positron emis-
sion tomography (PET). Several approaches have been used
to improve the resolution and accuracy of SIP-mediated tu-
mor imaging, including signal amplification via cascading
polymer degradation, selective enzyme and ROS activation,
and the rational modulation of polymer hydrophobicity and
charge. Combined, these innovations demonstrate the im-
portance of SIPs as versatile molecular probes for noninva-
sive, high-fidelity tumor detection.

Therapeutically, TME-responsive SIPs enable spatiotempo-
rally regulated drug release profiles that match the physiolog-
ical conditions of the tumor microenvironment. Combination
therapy platforms that incorporate chemo-immunotherapy
or photothermal/photodynamic therapy expand therapeutic
efficacy through synergistic mechanisms using pH-, ROS-, and
GSH-responsive SIP micelles and prodrugs. Because of their
localized, sustained release, hydrogels and other SIP-based
delivery matrices reduce systemic toxicity and improve pa-
tient compliance. A single SIP construct, theranostics, inte-
grates imaging and therapeutic functions to offer real-time
monitoring of drug release, tumor regression, and therapeu-
tic responses, making it possible to tailor treatment regimens
based on the needs of individual patients. Additionally, ad-
vances in polymer design, such as the development of self-
amplifying and hierarchical degradation systems, have ad-
dressed the classical limitations in tissue penetration depth,
signal intensity, and systemic stability, thus extending the
clinical application of SIP-based platforms.

Although significant progress has been made, several chal-
lenges remains before TME-responsive SIPs can realize their
full translational potential. In particular, improving trigger se-
lectivity to better discriminate between tumor and normal tis-
sues is essential for minimizing off-target activation. Rational
tuning of end-cap sensitivity and backbone electronics is criti-
cal to reduce premature depolymerization during systemic
circulation while preserving rapid activation within the TME.
Additionally, enhancing the in vivo stability through opti-
mized nanostructural design and hydrophilic-hydrophobic
balance may improve pharmacokinetics and tumor accumu-
lation. Addressing these design parameters is pivotal for
translating SIP platforms into clinically viable precision oncol-
ogy systems.
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Ihsan Ullah, Wen-Jun Yang, Ye Liu, Ci-Long Chu,
and Youyong Yuan

South China University of Technology
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