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We further examined advances in hydrogel research for precision oncology over the past three years, with particular
attention to emerging applications in cancer diagnosis and treatment. Building on this overview, we summarized the
key oncological applications of hydrogel-based theranostic platforms according to distinct feedback modes. We also
assessed the major limitations that currently hinder their development and discussed potential strategies to address
them. Finally, we examined the challenges that continue to hinder real-world implementation and considered how
integration with emerging technologies may shape the future of the field. Overall, this review provides a systematic
framework for designing next-generation hydrogel-based cancer theranostic platforms that combine personalization,
continuous monitoring, and realistic potential for clinical translation.

INTRODUCTION

Cancer has become one of the leading causes of death and disease burden worldwide. According to
projections from the Global Burden of Disease Study 2023, the global cancer burden is expected to reach
approximately 30.5 million new cases and 18.6 million cancer-related deaths annually by 2050, representing
increases of 60.7% and 74.5%, respectively, compared with the 2024 levels"!. As the global cancer burden
intensifies, conventional clinical pathways that distribute diagnosis, treatment, and efficacy feedback across
separate time windows are increasingly unable to meet the demands for precision and timeliness in
oncologic care. Precision oncology emphasizes delivering the right treatment to the right patient at the right
time”. However, in routine practice, diagnosis and treatment often occur as two temporally distinct stages:
the former provides subtype stratification and target identification, while the latter involves systemic
administration or local intervention™*. Cancer is not a static entity but a dynamic system characterized by
pronounced spatial heterogeneity and temporal evolution®”.. Under therapeutic selection pressure, the
composition of tumor subclones, molecular profiles, and microenvironmental states continues to change'®”..
Consequently, one-time, static diagnostic information is insufficient to support long-term therapeutic
decisions"™, thereby limiting efficacy optimization and the realization of true individualized therapy.

In this context, theranostic platforms capable of simultaneously supporting molecular recognition, local
intervention, and dynamic monitoring are emerging as a critical direction in precision cancer medicine.
Theranostics, an increasingly important branch of medicine, integrates disease diagnosis with therapeutic
decision-making to advance individualized healthcare!>”. Built on biomarker detection and early disease
identification, this strategy tailors interventions to the patient’s specific condition and provides real-time
feedback or prediction of therapeutic efficacy"”, thereby enabling more targeted medical strategies. In this
process, clinicians utilize modern imaging, genomics, and other biotechnological approaches to
comprehensively evaluate disease status'"'?) and select appropriate targeted drugs or treatment modalities.

Hydrogels, three-dimensional (3D) networks formed by crosslinked hydrophilic polymer chains, possess
high water content, tunable pore architectures, and mechanical properties resembling those of soft tissues.
These features enable them to closely mimic the physicochemical environment of the native extracellular
matrix (ECM)". This not only provides a stable local environment for the retention and controlled release
of bioactive components, but also allows fine control over drug diffusion, degradation behavior, and tissue
compatibility by regulating material composition, crosslinking mode, and network structure*). Compared
with conventional systemic formulations, injectable and in situ gelling hydrogels can establish local drug
depots through minimally invasive administration, prolong intratumoral retention, reduce off-target toxicity,
and improve therapeutic precision"”. Furthermore, hydrogel matrices can carry a wide range of functional
molecules, including chemotherapeutic agents, proteins, nucleic acids, immunomodulators, exosomes, and
imaging probes!'*, thereby integrating diagnostic and therapeutic functions within a single material system.
Their responsiveness to signals in the tumor microenvironment (TME), such as pH, reactive oxygen species
(ROS), enzymes, temperature, and light"?, further permits spatiotemporally controlled signal activation and
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Figure 1. Schematic diagram illustrating how the hydrogel-based theranostic platform overcomes the current fragmentation between
diagnosis and therapy in cancer care, thereby enabling integrated tumor diagnosis and therapy [Created in BioRender. Mao, X. (2026) http
s://BioRender.com/tb8z975].

drug release at tumor sites. Collectively, these features make hydrogels ideal materials for constructing
multifunctional platforms that connect molecular recognition, targeted intervention, and real-time
monitoring [Figure 1].

In recent years, as the application of hydrogels in cancer diagnosis and therapy has continued to deepen, they
have gradually evolved toward integrated platforms capable of simultaneously performing both diagnostic
and therapeutic functions. Existing reviews of hydrogel-based theranostics, however, have largely focused on
a particular cancer type, signal, or technological modality [Table 1]"7**). A systematic review that breaks
through these limitations and highlights the transition of hydrogels from cancer diagnosis and treatment
toward practical applications as integrated theranostic platforms is still lacking. To address this gap, we begin
with the structural design of hydrogels and examine how matrix materials and crosslinking strategies
influence diagnostic signal generation, therapeutic payload delivery, and stimulus-responsive behavior. We
then discuss advances reported since 2024 in hydrogel-enabled molecular cancer diagnosis, molecular
therapeutics, and theranostic platforms operating through different feedback modes. To our knowledge, this
is the first review to classify a broad range of hydrogel-based theranostic platforms according to their
feedback modes after systematically comparing their underlying mechanisms. This framework highlights the
distinct design principles and potential applications associated with each mode. Finally, we examine the
challenges and limitations that may hinder the practical implementation of integrated hydrogel-based cancer
theranostics and consider how emerging technologies, including artificial intelligence and bioelectronic
interfaces, may contribute to the next generation of personalized hydrogel theranostic systems.
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Table 1. Comparison between recent representative reviews and this review

Main scope and organizational

Review logic Key comparison with the present review
This review summarizes methods for . ) . . .
) Starting from the needs of cancer diagnosis,  The present review places greater emphasis
fluorescent labeling of hydrogels and . ; . . . o
. . Lo functional imaging, drug delivery, and on the practical applications of hydrogel-
Masaeli et discusses recent applications of : . . . ) .
. . biosensing, this review places greater based theranostic platforms in cancer
al.vn fluorescent hydrogels in cancer A - . . .
. . B emphasis on the fabrication procedures of diagnosis, treatment, and the construction of
therapy, biosensing, and visual . !
. . fluorescent hydrogels integrated theranostic systems
imaging
. This review emphasizes the functional The present review is not restricted to a single
A breast cancer-focused review of ] ) I A
. - . properties of magnetic hydrogels and uses cancer type or a specific technological
magnetic hydrogels, covering their . . . .
Sampath o ) . breast cancer treatment examples to modality. Instead, it synthesizes practical
composition, functional properties, . . A .
et al.t® . . . examine how the integration of magnetic advances reported over the past three years
and therapeutic applications in . . . } .
nanoparticles can improve therapeutic and places greater emphasis on their current
breast cancer A ) . ) o
precision and multifunctionality applications
This review primarily focuses on design ) . -
) . ) . A Starting from practical applications, the
A pan-cancer review of strategies that integrate multifunctional . - .
. . . . S . present review systematically synthesizes
multifunctional hydrogel systems, hydrogels with advanced diagnostic imaging - -
) L . L - frontier studies from the past three years and
covering the applications of technologies, followed by a brief discussion . ;
Lee et al.t™ places greater emphasis on analyzing the

of their applications across different cancer
treatment modalities. However, it provides

relatively few detailed examples of practical
applications

multifunctional hydrogels integrated
with diagnostic modalities in cancer
theranostics

feedback-regulation mechanisms of different
theranostic platforms through representative
examples

HYDROGEL MATRICES AND DELIVERY STRATEGIES

Hydrogel matrix materials

The key to using hydrogels in integrated cancer theranostic platforms lies in their highly hydrated 3D
networks, which can simultaneously support biomarker enrichment, signal transduction, drug release, and
efficacy monitoring”*. Matrix composition determines biocompatibility and payload compatibility;
crosslinking strategy governs gelation behavior and release kinetics; loaded functional components dictate
recognition, imaging, and therapeutic outputs; and hydrogel network design determines whether these

[20,24-26]

modules can respond on demand in vivo in a controllable temporal and spatial sequence

Hydrogel material types and structural classification

The advantages of natural polymer hydrogels stem primarily from their ECM-mimetic properties, mild
gelation conditions, and degradable chemical structures'”*”*" [Figure 2]. Alginate forms “egg-box” physical
networks via divalent cations, making it suitable for encapsulating protein drugs, living cells, or nanoscale
components under mild conditions. However, because it lacks mammalian enzymatically degradable sites
and cell-adhesion sequences, alginate typically requires modification through Arg-Gly-Asp (RGD) grafting,
oxidative functionalization, or combination with natural ECM materials to enhance cell interactions™ >\,
Chitosan possesses a cationic backbone, mucoadhesive properties, and amino-reactive sites, enabling
electrostatic complexation with negatively charged nucleic acids, exosomal membrane components, or
anionic polymers. Nevertheless, its solubility, mechanical stability, and pH-dependent degradation require
further regulation through polyelectrolyte complexation or dynamic covalent crosslinking***". Hyaluronic
acid (HA), a representative glycosaminoglycan, combines high hydration, hyaluronidase-mediated
degradability, and cluster of differentiation 44 (CD44)-mediated recognition, making it particularly valuable
for tumor-targeted delivery and cell capture® ). Collagen, gelatin/gelatin methacryloyl (GelMA), and silk
fibroin more closely resemble proteinaceous ECM; they provide integrin recognition, matrix
metalloproteinase-sensitive degradation, and tunable mechanical support, making them well-suited for
constructing 3D tumor models, postoperative local fillers, and delivery systems compatible with tissue
repair®7,

Synthetic polymer hydrogels emphasize programmable structures and batch-to-batch consistency, with
poly(ethylene glycol) (PEG), polyvinyl alcohol (PVA), polyacrylamide (PAAm), and degradable block
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Figure 2. Schematic diagram illustrating the classification of hydrogel material components and the characteristics of hydrogels with
varying matrix compositions [Created in BioRender. Mao, X. (2026) https://BioRender.com/6hifl6t]. ECM: Extracellular matrix; PLGA:

poly(lactic-co-glycolic acid); PAAm: polyacrylamide; PVA: polyvinyl alcohol; PEG: poly(ethylene glycol).

copolymers being the most common representatives”**.. PEG networks can regulate pore size, mechanical
strength, and the release rate of encapsulated components through terminal functionalization, arm number,
and crosslink density'*). However, their bioinert nature necessitates the introduction of adhesive peptides,
enzyme-sensitive linkers, or natural polymer segments to enable recognition by cells and the TME!">*. PVA
forms stable networks through freeze-thaw cycling or chemical crosslinking and is suitable for patches,
microneedles, and local covering-type delivery systems!***”. PAAm is commonly used in mechanically
tunable in vitro models™**, while thermosensitive copolymers such as poly(lactic-co-glycolic acid) (PLGA)-

PEG-PLGA undergo in situ gelation at body temperature, enabling long-acting local release!*>®..

Short or long peptides and oligonucleotides can translate their sequence information into hydrogel

functionality by forming reversible networks through hydrogen bonding, n-n stacking, hydrophobic
interactions, host-guest interactions, or base complementarity"”**". Compared with conventional polymers,

these building blocks can incorporate targeting sequences, enzyme-cleavable segments, immunomodulatory
motifs, or nucleic acid-recognition structures at the molecular level. Consequently, they are better suited for
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molecular recognition, local responsiveness, and reversible assembly'® %, Their primary limitation is that
noncovalent networks are relatively sensitive to concentration and ionic strength; thus, they usually require
combination with natural or synthetic polymers, or the introduction of secondary crosslinking, to improve
structural stability in vivo™ .

Hydrogel crosslinking strategies

The crosslinking strategy dictates the transformation of a hydrogel from an injectable solution into a local
network and governs the in vivo release profile of payloads®**”. Physical crosslinking relies on reversible
interactions, such as ionic bonds, hydrogen bonds, and metal coordination*. This approach generally offers
shear-thinning behavior, self-healing capability, and minimally invasive injectability, making it suitable for
applications requiring rapid spreading, local adhesion, or short- to medium-term release'”**). However, the
gel network is highly sensitive to ionic conditions and interstitial fluid exchange. Consequently, when
delivering high loads of chemotherapeutics, photosensitizers, or immune adjuvants, burst release often must
be mitigated through the incorporation of nanocarriers or secondary crosslinking'**'..

Chemical crosslinking forms relatively stable covalent networks via free-radical polymerization,
photocrosslinking, click reactions, and related methods, thereby enabling precise control over gel strength,
degradation rate, and payload diffusion'®. These robust networks minimize the risks of premature material
disintegration and excessively rapid drug release. Therefore, they are widely employed in postoperative cavity
administration, implantable sustained-release systems, and local treatments requiring high shape fidelity'>**..
Nevertheless, conventional small-molecule crosslinkers or initiation systems may leave toxic residues in vivo.
Furthermore, crosslinking processes involving free radicals or other highly reactive agents may compromise
the bioactivity of loaded therapeutics!*>*.

Dynamic covalent crosslinking combines chemical stability with reversible responsiveness, allowing bond
exchange or cleavage under stimuli such as pH, redox conditions, or glucose. This makes it suitable for
constructing adaptive release systems, tissue-adhesive materials, and degradable networks!*”. However,
because dynamic covalent bonds are intrinsically reversible, hydrogel networks in body fluids may be
influenced by pH, redox state, and reaction conditions, leading to fluctuations in gelation efficiency, network
strength, and drug-release behavior®. In practice, optimizing crosslink density, bond-exchange kinetics, and
local delivery conditions is often necessary to balance responsiveness and durability'*®.

Biological crosslinking primarily involves constructing hydrogel networks under mild, physiologically
compatible conditions by harnessing catalytic or recognition mechanisms derived from biological systems.
Compared with traditional chemical crosslinking, these strategies can usually be conducted at physiological
pH and temperature without ultraviolet irradiation or highly reactive crosslinkers, and are therefore more
conducive to preserving the functional integrity of active components, such as cells, proteins, and nucleic
acids, during gelation'*”.. Beyond classical enzyme-mediated crosslinking, biomolecular recognition systems
based on DNA base pairing or aptamer-target recognition are often regarded as functional extensions of
biological crosslinking!”"7?). A defining feature of such systems is that the crosslinking units not only
participate in network formation but also mediate molecular recognition, signal response, and payload
regulation, thereby facilitating integration with tumor diagnostic applications”*). However, the gelation
efficiency and final network properties of these hydrogels often depend on enzyme activity, substrate
structure, and the local microenvironment. Consequently, gelation speed, crosslink density, and mechanical
performance may fluctuate across material batches or in complex body-fluid environments'*”.
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Multifunctional hydrogels with composite architectures

In hydrogel-mediated cancer theranostic design, the matrix composition and crosslinking strategy together
determine the hydrogel’s recognition of tumor-associated signals, responsiveness, and therapeutic outputs.
Natural polysaccharide or protein matrices mimic the ECM, offering tissue adhesion and enzymatic
degradability, which facilitates the immobilization of cells, vesicles, nucleic acid probes, or protein factors.
Conversely, synthetic networks such as PEG and PV A ensure stable local retention and act as diffusion
barriers through the regulation of terminal reactions, crosslinking density, and pore size!”*****, Integrating
distinct matrices into composite networks via diverse crosslinking mechanisms allows hydrogels to maintain
structural stability while generating controllable responses to the TME or exogenous stimuli, thereby
rendering both gelation and cargo release tunable®*>*%,

Nanogels are hydrogel structures with crosslinked networks reduced to the nanoscale. They retain the high
water content and swelling properties of bulk hydrogels while exhibiting the favorable diffusibility, ease of
modification, and responsive controllability characteristics of nanocarriers”*”*). Compared with bulk
hydrogels, nanogels diffuse more readily through blood or the tumor interstitium and can be engineered to
recognize biomarkers via antibodies, aptamers, or peptide ligands”. Their network structures respond to the
TME or external stimuli, translating material-level structural changes into signal enhancement or payload
release”>”77. In diagnostics, nanogels serve as microreactors or signal-enrichment units to increase the local
concentration of low-abundance biomarkers. In therapy, they function as drug reservoirs embedded within
bulk hydrogels; the bulk gel ensures lesion retention, while the nanogels mediate tissue penetration, cellular
uptake, and microenvironment-triggered release”" .

Liposome-hydrogel composite systems combine the drug-loading capacity of liposomes with the local
retention and sustained-release properties of hydrogels'™!. Lipid bilayers encapsulate drugs or functional
molecules, improving payload stability and delivery compatibility, whereas hydrogel networks restrict
diffusion at injection or implantation sites, reduce premature leakage, and prolong local exposure!®*!. By
tuning pore size, crosslink density, and degradable linkages, liposome release, drug extravasation, and gel
degradation can be coordinated across different timescales!*?; with the further introduction of stimulus-
responsive modules, synergistic triggering by exogenous stimuli and the TME can also be achieved'®*.
Metal-drug coordination networks, two-dimensional (2D) nanomaterials, and carbon-based nanostructures
can also be embedded within hydrogels to provide metal-ion imaging, catalytic therapy, photothermal
conversion, or electrical/acoustic responsiveness. However, risks related to metal accumulation, long-term
degradation, nanomaterial migration, and local inflammation must be evaluated concurrently™® 7.

Delivery strategies for hydrogels with different form factors

Beyond matrix composition and crosslinking chemistry, the physical dimensions and structural format of a
hydrogel also shape its role in cancer diagnosis and treatment. Based on the organization of their final
networks, hydrogels can be broadly divided into bulk and particulate systems**. Bulk hydrogels contain a
continuous polymer network that extends throughout the material, allowing them to serve as stable local
drug depots!®. Particulate systems, by contrast, consist of discrete gel particles at the micro- or nanoscale.
These particles can also be assembled through various strategies to form granular hydrogels™. Each format
has its own advantages and limitations, depending on the location of the tumor and the specific therapeutic
requirements.

Delivery of bulk hydrogels to tumor surfaces and postsurgical residual disease

Bulk hydrogels are formed from continuous 3D crosslinked networks. They may take the form of preformed
gel blocks, films, patches, implantable scaffolds, or monolithic gels generated in situ after injection". For
tumor surfaces that can be directly exposed during surgery, as well as postsurgical resection cavities, in situ
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-crosslinked bulk hydrogels can remain in close contact with the margins of the lesion*. Their continuous
networks allow multiple therapeutic and diagnostic components to be encapsulated within a single depot!*”.
Therapeutic payloads can then be delivered locally through mechanisms such as stimulus-responsive release
or diffusion along concentration gradients”*.

This approach is particularly suited to preventing local recurrence after the resection of gliomas, breast
tumors, liver tumors, and intraperitoneal malignancies"”*?\. For cutaneous and other superficial tumors,
hydrogel patches or films can be placed directly over the treatment area and loaded with photothermal
agents, photosensitizers, chemotherapeutic drugs, or related components”. External light can pass through
the thin hydrogel layer and activate these agents, producing photothermal or photodynamic effects at the
tumor surface and within shallow tissues®***. Thus, when bulk hydrogels are applied to tumor surfaces, they
do not actively penetrate the intact tumor mass. Instead, they form a relatively stable therapeutic depot at the
lesion interface, from which the incorporated payloads subsequently diffuse into the tumor tissue through
different release pathways.

In situ intratumoral delivery of injectable bulk hydrogels

For solid tumors that cannot be directly exposed or are located deep within tissues, bulk hydrogels can be
introduced into the tumor as precursor solutions under endoscopic or image guidance. They subsequently
form continuous networks through temperature-triggered gelation, dynamic covalent reactions, or light-
induced crosslinking'””**. Before injection, these systems remain sufficiently fluid to pass through a fine-
gauge needle. Once gelation occurs, however, they become localized depots that resist rapid leakage from the
injection site, thereby prolonging the intratumoral retention of therapeutic components®. Compared with
the direct intratumoral injection of free drugs, in situ gelation can reduce the risk of rapid drug clearance.
Stimuli-responsive structures can also be incorporated to regulate the timing and amount of drug
releasel""],

Delivery of discrete hydrogel particles into tumors

Particulate hydrogel systems can be divided by particle size into nanogels and microgels"®. Each particle
consists of a crosslinked polymer network with finite dimensions and can independently carry therapeutic
agents or diagnostic probes. Compared with continuous bulk hydrogels, particulate systems offer a larger
specific surface area and a shorter intraparticle diffusion distance. Their circulation profiles and cellular
uptake can also be tuned through various design strategies. Nanogels can be administered intravenously,
intra-arterially, or by local injection. Passive accumulation or ligand-mediated recognition may further
enhance their selective localization within tumors"”*. Once they enter the tumor interstitium, their small
size can facilitate uptake by tumor cells. The payload can then be released in response to relevant cues within
the TME.

Microgels and hydrogel microspheres are better suited to intratumoral, peritumoral, or postoperative local
injection"*”l. Rather than forming a single continuous depot, a large number of dispersed microgels can
establish multiple independent drug microdepots throughout the lesion. This arrangement increases the
interfacial area between the payload and tissue fluid while shortening the distance that drugs must travel
from the hydrogel interior to the surrounding tumor tissue"*****. Different microgel populations can also be
loaded with distinct drugs and mixed at predefined ratios, allowing combination therapy and differential
release profiles to be achieved.

APPLICATIONS OF HYDROGELS IN TUMOR DIAGNOSIS

Early, rapid, and noninvasive cancer detection is essential for effective treatment and has become a major
focus of precision medicine. As hydrogel research has advanced, the distinctive roles of these materials in
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biosensing and diagnostic imaging have opened new avenues for detecting cancer with high sensitivity,
strong selectivity, and rapid readout. Meanwhile, diagnostic hydrogels capable of sensing disease biomarkers
and changes in the local microenvironment are continuing to emerge. These advances also lay an important
foundation for the future development of hydrogel-based theranostic systems.

Biosensing and molecular biomarker recognition

In recent years, the role of hydrogels in tumor diagnosis has evolved from passive carriers to diagnostic
platforms that integrate sample enrichment, activity preservation, controlled release, and signal
amplification. This evolution is particularly evident in liquid biopsy, where biomarkers such as circulating
tumor cells (CTCs), circulating tumor DNA (ctDNA), microRNAs (miRNAs), and exosomes/extracellular
vesicles (EVs) are typically dispersed in complex matrices such as blood, urine, saliva, or tissue fluid, and are
generally characterized by low abundance, strong heterogeneity, susceptibility to interference from
background components, and, for some molecules, poor stability"”**!. Owing to their highly hydrated 3D
networks and tissue-like softness, hydrogels can provide a gentler microenvironment for the capture of cells,
vesicles, and nucleic acids"”"'?. At the same time, recognition modules such as antibodies, aptamers, and
nucleic acid probes can be introduced into the network to enable selective enrichment of target
biomarkers"""?l. More importantly, the pore architecture, swelling/shrinking behavior, and degradability or
stimulus responsiveness of hydrogels can also support biomarker release and signal amplification when
needed"'* "' [Figure 3]. Lu et al. proposed stimulus-responsive signal-amplifying hydrogel microparticles
termed Novabeads!"'”. In this system, poly(ethylene glycol) diacrylate (PEGDA) served as the network
matrix, and pH-responsive acrylic acid motifs were incorporated, resulting in approximately 5-fold
volumetric contraction under pH regulation. Coupled with high-density bioreceptor loading, this
contraction effect markedly enhanced fluorescence signals and enabled enzyme-free detection of the cancer-
associated miR-16. Compared with conventional hydrogel microparticles, this platform achieved more than
a 30-fold signal enhancement and a substantially lower limit of detection, demonstrating that the hydrogel
itself can function directly as a signal-amplifying element in the diagnostic process.
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CTCs are important liquid-biopsy biomarkers for monitoring metastasis and recurrence, yet they are
extremely rare in peripheral blood, and distinct CTC subpopulations exhibit pronounced heterogeneity in
epithelial-mesenchymal plasticity (EMP) and stemness-related phenotypes/marker expression!'®'"*).
Accordingly, the frontier of hydrogel-based CTC capture platforms has shifted from simply increasing
capture numbers to emphasizing heterogeneous biomarker recognition, cell viability preservation, and
subsequent release-based analysis. In the context of heterogeneous biomarker recognition, one study
developed a CXCL12-loaded HA hydrogel (CLG) to capture metastasis-prone CTCs!"*. This system exploits
the chemokine (C-X-C motif) ligand 12/C-X-C chemokine receptor type 4 (CXCL12/CXCR4) axis to attract
invasive CXCR4-positive cells into the hydrogel network. Compared with conventional hydrogel platforms
that rely on epithelial cell adhesion molecule (EpCAM), this strategy is less constrained by EpCAM
downregulation during epithelial-mesenchymal transition (EMT)!"*. It preferentially enriches CTC
subpopulations with hybrid epithelial-mesenchymal phenotypes, stem cell-related features, and invasive
metastatic potential, thereby providing a basis for metastasis risk assessment and downstream phenotypic
analysis. With respect to preserving cell viability for downstream analysis, another representative advance is a
bis-histidine-mediated cell-imprinted hydrogel for the precise capture and dynamic release of circulating
hepatocellular carcinoma (HCC) cells"*'l. This system improves recognition of target tumor cells through the
combined use of sialylated glycans (SGs) and cell-imprinted morphology. Specifically, L-histidine-L-histidine
(HH) was integrated into a low-swelling poly(ethylene glycol) dimethacrylate (PEGDMA) cell-imprinted
hydrogel to generate imprinted sites on the material surface that closely match the size and contour of the

121

target cells, thereby coupling molecular-scale affinity recognition with cell-scale spatial matching"*". Because
the interaction between HH and SGs is tunable, intact release of captured CTCs can be achieved under the
mildly alkaline conditions of trypsin-ethylenediaminetetraacetic acid (trypsin-EDTA), while preserving

membrane integrity, proliferative capacity, and subsequent passaging potential to the greatest extent possible.

Compared with CTCs, ctDNA is better suited to reflecting mutational spectra, minimal residual disease, and
the evolution of therapeutic resistance, but its short fragment length and low abundance, together with
dilution by large amounts of normal cell-free DNA (cfDNA), pose major analytical challenges***l. Current
hydrogel platforms are therefore evolving not only toward higher-efficiency ctDNA enrichment but also
toward programmable structures and integrated signal transduction. A notable example has already
demonstrated, in breast cancer, the coupling of target ctDNA recognition, material structural
transformation, and signal output within a single homogeneous reaction, breaking away from the
conventional workflow of hydrogel capture, washing/sorting, and subsequent polymerase chain reaction
(PCR) or instrument-based amplification readout"**. In that study, a rolling circle amplification (RCA)-
derived DNA hydrogel was integrated with DNA@Cu®* nanospheres to simultaneously analyze two hotspot
mutations in breast cancer, PIK3CA and ESR1, within a single system!"**). Upon ctDNA recognition, the
DNA hydrogel actively disassembles to expose a G-quadruplex structure that generates a thioflavin T (ThT)
turn-on signal; simultaneously, the nanomaterial releases Cu’*, causing a quantum-dot turn-off. Target
recognition is thus converted into dual orthogonal signal outputs through hydrogel disassembly and
nanosphere decomposition, reducing sample loss and improving the detection efficiency of low-abundance
ctDNA. DNA methylation analysis represents another frontier in ctDNA-based liquid biopsy. Hou et al.
constructed a thermosensitive hydrogel-enhanced one-pot recombinase polymerase amplification (RPA)-
CRISPR/Cas12a system'*”, combined with methylation-sensitive restriction endonucleases, for the
ultrasensitive detection of specific methylation sites in breast cancer ctDNA. By employing a thermosensitive
hydrogel, this method achieved spatial separation while maintaining reaction connectivity within a single
tube for the first time, thereby alleviating target depletion and reduced sensitivity caused by premature
Cas12a cleavage. Thus, hydrogels no longer function merely as reaction vessels but as integrated reaction
systems capable of regulating amplification, nuclease digestion, and signal readout through spatial
organization.
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Current quantitative techniques for multiple miRNAs typically require RNA extraction from body fluids as a
preprocessing step!**. This process is labor-intensive and may compromise analytical accuracy due to target
miRNA loss and degradation"?”.. There is therefore a pressing need for reaction systems that can directly
process body fluids without preprocessing. Recently reported size-coded PEG hydrogel bead systems have
advanced hydrogel platforms toward extraction-free, multiplex miRNA liquid biopsy analysis in real serum
samples"* "', In one study, capture probes for miR-21, miR-205, and miR-375 were immobilized in beads of
different diameters, allowing target miRNAs to diffuse directly from serum into the beads without RNA
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extraction and to be selectively retained"*). RCA amplification was then completed within the beads, and
parallel quantification of the three miRNAs was achieved by size-based grouping via flow cytometry; when
combined with machine-learning analysis, this strategy enabled lung cancer diagnosis and subtype
classification"*!. This also reflects the broader shift of liquid biopsy toward automation, multiparametric

measurement, and algorithm-assisted diagnosis.

Resolving the heterogeneity of extracellular vesicles and particles (EVPs) derived from single cells is of major

importance for elucidating mechanisms of tumor metastasis and advancing cancer medicine!"*?. Existing
single-cell EVP microfluidic systems generally struggle to simultaneously achieve source purity and long-
term culture”>**, and technologies capable of independently isolating and sealing single cells along with
their secreted EVPs over extended culture periods remain lacking. The emergence of a microwell array
composed of oil-sealed, RGD-modified alginate hydrogel has helped address this gap"*!. By integrating oil-
sealed isolation with RGD-modified alginate hydrogel microwells, this study established a gel system capable
of simultaneously achieving independent single-cell confinement and in situ retention of secreted EVPs
during long-term culture. The oil layer isolates each microwell from the others, preventing inter-well mixing
of EVPs; the size-selective permeability of the alginate hydrogel mesh allows nutrients and soluble factors to
pass while blocking EVP escape; and the RGD motif provides adhesion sites for adherent cells, with culture
medium continuously replenished through a polydimethylsiloxane (PDMS) spacer layer at the base. This
platform provides a foundation for future liquid biopsy studies in which single-cell-derived EVs can be

traced to their source.

Visual imaging and image guidance

Because of their hydrated 3D network structure, hydrogels can locally confine imaging probes, reduce
premature probe leakage, and protect signal-generating components from rapid inactivation or nonspecific
diffusion, making them highly important imaging matrices in tumor diagnosis"***. Compared with freely
diffusing small-molecule probes or nanoparticles, hydrogel-based systems generally exhibit longer retention
at tumor sites or in postoperative cavities and more readily couple signal generation to endogenous cues,
such as adenosine triphosphate (ATP), pH, and enzymes, or to externally applied optical stimulation*>"*l.
Consequently, hydrogels have evolved from passive contrast agent carriers into programmable materials for
lesion localization, intelligent response, and therapeutic monitoring and prediction [Figure 4].

Fluorescence imaging remains one of the most accessible diagnostic modalities due to its high sensitivity,
operational simplicity, and compatibility with intraoperative visualization"*". However, the diagnostic utility
of conventional fluorescent probes is often limited by rapid diffusion, photobleaching, aggregation-caused
quenching, and insufficient retention at lesion sites!**'**). Hydrogel encapsulation partially addresses these
limitations by providing a hydrated microenvironment that stabilizes organic fluorescent dyes, aggregation-
induced emission nanoparticles, and other luminophores**'**|. In 2013, Park et al. developed a near-
infrared-sensitive molecular imaging probe based on a hydrogel composite!*. In this system, HA served as
the matrix, conferring CD44-targeting capability, while a near-infrared-sensitive organic dye was
encapsulated. Upon near-infrared excitation, the hydrogel emitted fluorescence, enabling the imaging of
gastric cancer cells expressing CD44. From the standpoint of current frontier research, the development of
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Figure 4. Schematic diagram of hydrogel-based tumor visualization imaging and image-guided modalities. The hydrogel network confines
the retention of imaging components and can integrate with the TME to confer smart responsive properties, enabling tumor visualization
and the reflection or prediction of therapeutic outcomes [Created in BioRender. Mao, X. (2026) https://BioRender.com/4kts57u]. TME:
Tumor microenvironment; ATP: adenosine triphosphate; NIR: near-infrared.

fluorescence-optical imaging hydrogels has shifted from early systems that relied on single-cell surface
receptor recognition to highly sensitive, stimulus-responsive tumor molecular imaging platforms. Yang et al.
further constructed a TME-responsive DNA hybrid hydrogel, termed AHB Gel"*”. By coupling a PAAm
hydrogel network with an ATP-responsive aptamer, this system can directly sense abnormally elevated
extracellular ATP levels in the TME while maintaining close tissue contact without tissue invasion. It rapidly
activates fluorescence under high-ATP conditions but produces almost no obvious fluorescence against the
low-ATP background of normal tissues. As a result, this hydrogel not only enables highly selective
recognition of tumor tissue but also creates a clear boundary between tumor and normal tissue, thereby
improving the accuracy of lesion localization and margin delineation.

On this basis, further integrating responsive fluorescent probes into hydrogel systems that can be locally
coated or formed in situ can establish a transiently stable imaging interface within the surgical cavity for
intraoperative navigation and residual-disease detection. Walker et al. developed a locally spreadable
thermosensitive imaging gel in which AKRO-QC-ICG was loaded into a Pluronic F-127 matrix for the rapid
identification of residual breast cancer tissue within surgical cavities"*l. After local tissue contact, this gel
generated sufficient fluorescence contrast within 10 min to distinguish the tumor from the surrounding
normal tissue, and high signal-to-noise ratios were retained even after washing. In both murine orthotopic
models and patient-derived xenograft (PDX) models, it demonstrated high sensitivity and specificity for


https://BioRender.com/4kts57u
https://BioRender.com/4kts57u
https://BioRender.com/4kts57u
https://BioRender.com/4kts57u
https://BioRender.com/4kts57u
https://BioRender.com/4kts57u
https://BioRender.com/4kts57u
https://BioRender.com/4kts57u
https://BioRender.com/4kts57u
https://BioRender.com/4kts57u
https://BioRender.com/4kts57u
https://BioRender.com/4kts57u
https://BioRender.com/4kts57u
https://BioRender.com/4kts57u
https://BioRender.com/4kts57u
https://BioRender.com/4kts57u
https://BioRender.com/4kts57u
https://BioRender.com/4kts57u
https://BioRender.com/4kts57u
https://BioRender.com/4kts57u
https://BioRender.com/4kts57u
https://BioRender.com/4kts57u
https://BioRender.com/4kts57u
https://BioRender.com/4kts57u
https://BioRender.com/4kts57u
https://BioRender.com/4kts57u
https://BioRender.com/4kts57u
https://BioRender.com/4kts57u
https://BioRender.com/4kts57u
https://BioRender.com/4kts57u
https://BioRender.com/4kts57u
https://BioRender.com/4kts57u
https://BioRender.com/4kts57u
https://BioRender.com/4kts57u
https://BioRender.com/4kts57u
https://BioRender.com/4kts57u
https://BioRender.com/4kts57u
https://BioRender.com/4kts57u
https://BioRender.com/4kts57u
https://BioRender.com/4kts57u
https://BioRender.com/4kts57u
https://BioRender.com/4kts57u
https://BioRender.com/4kts57u
https://BioRender.com/4kts57u
https://BioRender.com/4kts57u
https://BioRender.com/4kts57u
https://BioRender.com/4kts57u
https://BioRender.com/4kts57u
https://BioRender.com/4kts57u
https://BioRender.com/4kts57u
https://BioRender.com/4kts57u
https://BioRender.com/4kts57u
https://BioRender.com/4kts57u
https://BioRender.com/4kts57u
https://BioRender.com/4kts57u
https://BioRender.com/4kts57u
https://BioRender.com/4kts57u
https://BioRender.com/4kts57u

Mao et al. Soft Sci. 2026, 6, 88 Page 13 of 47

lesion detection. For cancers with highly heterogeneous molecular markers, the recent emergence of
fluorescent gels targeting tumor-microenvironment components offers a new solution"*’. Their design no
longer relies primarily on highly heterogeneous tumor-cell surface molecules but instead shifts toward using
relatively stable collagen components in the TME as anchoring sites. This study showed that collagen-
adhesive probes can improve the sensitivity and stability of intraoperative fluorescence imaging for bladder
cancer, thereby providing a new imaging strategy for lesions such as non-muscle-invasive bladder cancer
(NMIBC), in which accurate boundary delineation is particularly critical.

Beyond intraoperative residual disease detection, hydrogel fluorescence imaging platforms are increasingly
applied to the localization of deep lesions during endoscope-assisted or minimally invasive procedures.
Near-infrared fluorescence imaging offers deeper tissue penetration, lower autofluorescence, and greater
suitability for solid tumors located in complex or relatively deep anatomical regions. Accurate localization of
deep lesions remains a major challenge in endoscope-assisted minimally invasive surgery. Lee et al.
developed a thermosensitive hydrogel loaded with near-infrared dyes that can safely, durably, and visibly
localize deep lesions in real time during endoscopic surgery*’. In this system, indocyanine green (ICG) or
ICG-human serum albumin (HSA) was incorporated into a thermosensitive hydrogel. Because the material
remains fluid at low temperatures but undergoes a sol-gel transition at physiological temperatures after in
vivo administration, it can gel in situ after local injection into a lesion, thereby confining the dye locally and
reducing its diffusion into surrounding tissues. This provides a more stable preoperative-to-intraoperative
imaging reference for sustained localization of deep lesions and fluorescence-guided minimally invasive
surgery.

Unlike near-infrared fluorescence imaging, which is mainly used for spatial localization, second near-
infrared window (NIR-II) photoacoustic imaging emphasizes converting differences in optical absorption
within tumor tissues into acoustic signals that can be detected at depth"*"), and is therefore better suited for
coupling with tumor-microenvironment parameters such as pH, temperature, or metabolic state!'s>'*\.
Conventional always-on photoacoustic probes, however, continuously emit signals in normal tissues, making
them susceptible to interference from endogenous chromophores such as hemoglobin and thereby limiting
lesion specificity. To address this, Sun et al. constructed a low-pH-triggered, thermal-responsive volume
phase-transition nanogel, gold nanorod@poly(N-isopropylacrylamide)-vinyl acetic acid (AuNR@PNIPAM-
VAA)"*?. Gold nanorods (AuNRs) provide photothermal conversion and generate photoacoustic signals,
whereas the PNIPAM-VAA shell acquires low-pH-dependent thermoresponsive volume-phase transition
behavior through the introduction of vinyl acetic acid"**. Following laser irradiation, AuNRs convert light
into heat and raise the local temperature; because tumor regions generally exhibit lower pH than normal
tissues, the shell undergoes a swelling-to-collapse phase transition specifically within the tumor!**?. During
this process, the local refractive index around the AuNRs increases, the longitudinal plasmon resonance red-
shifts, and the NIR-II photoacoustic signal is substantially amplified. Furthermore, Folz et al. constructed
tumor-targeted PAAm hydrogel nanoparticles in combination with photoacoustic chemical imaging to
predict the chemotherapeutic response of breast cancer by monitoring pH changes in the TME"**. Their
group embedded the pH-sensitive dye seminaphthorhodafluor-5/6F (SNARF-5/6F) into the hydrogel and
generated quantitative pH maps using multiwavelength ratiometric photoacoustic chemical imaging, thereby
monitoring tumor-microenvironment pH in patient-derived breast cancer xenografts during alkalinization
therapy and chemotherapy to achieve efficacy monitoring and prediction.

APPLICATIONS OF HYDROGELS IN TUMOR THERAPY

In therapeutic settings, hydrogels place greater emphasis on actively regulating local tumor
pharmacokinetics, the spatiotemporal distribution of different treatment modalities, and the post-treatment
microenvironment"*'*\. Leveraging their highly hydrated 3D networks, injectable in situ gelation, tunable
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Figure 5. Schematic summary of current application strategies of hydrogels in tumor therapy [Created in BioRender. Mao, X. (2026) https:
//BioRender.com/qze9yuz]. TACE: Transarterial chemoembolization; ROS: reactive oxygen species.

crosslink densities, and stimulus responsiveness, hydrogels can not only serve as sustained-release depots
that prolong the retention of therapeutic agents within tumors or postoperative cavities'"*”, but can also
integrate chemotherapy, immunomodulation, and photo-, sono-, and magnetically mediated therapies to
reduce systemic exposure and enhance local treatment intensity!*>**'**l, Hydrogels are therefore now widely
used throughout the course of cancer therapy [Figure 5].

Chemotherapeutic drug delivery

Chemotherapy remains an essential component of treatment for many solid tumors, but small-molecule
chemotherapeutics often face problems such as nonspecific distribution, fluctuations in plasma
concentration, insufficient intratumoral retention, and dose-limiting toxicity"*". The core value of hydrogel-
based delivery systems lies in changing the mode of drug exposure: through local injection, postoperative
cavity filling, mucoadhesion, or transdermal delivery, hydrogels can transform transient systemic peak
concentrations into sustained and relatively stable drug release at the tumor site, and can further achieve
TME-responsive release by exploiting differences in pH, enzyme activity, redox status, or
temperaturel'*>15o1e1163],

Doxorubicin (DOX) exhibits well-established broad-spectrum antitumor activity, but its clinical utility is
limited by cardiotoxicity, myelosuppression, and the risk of resistance*”. One study developed an injectable
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pH-responsive polypeptide hydrogel, FOK, for the local sustained release of DOX"'. This system maintains
a stable gel structure at physiological pH but degrades gradually in the acidic tumor environment, thereby
promoting DOX release and prolonging its therapeutic effect at the tumor site. Compared with free DOX,
the DOX/FOK hydrogel better maintains effective local cytotoxic concentrations by reducing premature
drug diffusion and systemic exposure!"®"). Shi et al. further reported an HA-based injectable DOX-loaded
hydrogel, DOX-MCHAGgel, for locoregional breast cancer therapy and metastasis inhibition"*?). In a 4T,
breast cancer model, this hydrogel achieved sustained DOX release for more than 10 d and significantly
suppressed primary tumor growth as well as liver and lung metastases, without evident systemic toxicity.
These findings indicate that the therapeutic value of hydrogels lies not only in the local sustained release of
chemotherapeutic drugs, but also in confining drug exposure to tumors and adjacent high-risk areas, thereby
reducing distal organ toxicity and diminishing opportunities for metastatic dissemination. For solid tumors
with a high risk of postoperative recurrence, hydrogels can also function as local therapeutic depots within
postoperative cavities to eliminate residual tumor cells and improve the tissue-repair microenvironment.
Zhang et al. developed a composite system, ZC-DOX@GEL, in which a GelMA hydrogel was loaded with
DOX@zeolitic imidazolate framework-8 (ZIF-8)/cerium dioxide (CeQO,) nanoparticles for postoperative
tumor treatment and wound repair®’. In this platform, ZIF-8 serves as a DOX nanocarrier to improve drug
loading and acid-responsive release, whereas CeO, nanoparticles alleviate postoperative local oxidative stress
and promote wound healing; the GelMA network further immobilizes the nanoparticles within the
postoperative cavity, endowing the system with residual tumor eradication, controlled drug release, and
tissue-repair functions.

In superficial lesions, such as skin tumors, hydrogel microneedles (HMNs) offer a new structural platform
for the local delivery of chemotherapeutic agents or combination therapeutics. HMNs can penetrate the
stratum corneum and form continuous hydrogel microchannels, thereby overcoming the skin-barrier
limitation of conventional transdermal delivery while being better suited than standard injections for
localized, repeatable, and minimally invasive administration"*!. As part of transdermal drug delivery systems
(TDDS), microneedles perforate the epidermis and create microchannels; because of their hydrophilicity,
they swell to form continuous hydrogel conduits"**'*.. These channels facilitate drug diffusion and ensure
stable and sustained therapeutic effects. HMNs have now evolved into integrated drug-delivery systems
capable of loading multiple drugs or immune adjuvants for combination cancer therapy. Zhang et al.
constructed a bifunctional HA-based HMN system in which the needle tips were loaded with
CCa@TF/chlorin es (Ces) nanocomposites and rapidly dissolved after insertion into tumors to release
therapeutic components'*”. The hydrogel base, HB-PV A, formed via boronate ester bonds between 3-
aminophenylboronic acid-grafted HA and PVA, remained locally to support subsequent skin repair!**”..
During treatment, CCa@TF/Ceé6 mediated photothermal therapy (PTT) and photodynamic therapy (PDT),
respectively, under dual-laser irradiation. More importantly, ROS and thermal stimulation also induced
immunogenic cell death (ICD), promoted dendritic cell (DC) maturation, and drove macrophage
polarization from the M, to the M, phenotype, thereby converting local physical/oxidative injury into

antitumor immune activation.

In urologic malignancies, hydrogel delivery systems can also address the problem of intracavitary drug
clearance caused by continuous urine dilution, periodic bladder emptying, and insufficient mucosal
retention. After surgery for NMIBC, intravesical instillation is often limited by urine dilution, voiding, and
poor mucosal retention, resulting in insufficient effective drug-contact time""*®’. Mucoadhesive or reverse
thermosensitive hydrogels can be instilled as liquids at low temperature and form local drug depots after
entering the bladder at body temperature, thereby prolonging the contact of chemotherapeutic agents with
urothelial tumor tissue. Zheng et al. proposed an adhesion-to-penetration-transformable nanomotors-in-
hydrogel system for intravesical therapy"®), combining the intracavitary retention of conventional hydrogels
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Figure 6. Schematic diagram illustrating the combination of hydrogels and nanomotors for mitigating intravesical drug clearance during
intravesical administration. [J Conventional intravesical drug delivery is susceptible to urine flushing, leading to poor therapeutic efficacy.
[J Drug-loaded hydrogels enable favorable intravesical retention of therapeutic components. [1 Nanomotors embedded within the
hydrogel can actively migrate, achieving better penetration capability [Created in BioRender. Mao, X. (2026) https://BioRender.com/bdbj
9ux]. NMIBC: Non-muscle-invasive bladder cancer; UMN: urease-powered membrane nanomotors; PLGA: poly(lactic-co-glycolic acid);
PLX: poloxamer 407; HA: hyaluronic acid.

with the active penetration capability of nanomotors. This platform used poloxamer 407 (PLX), HA, and
sodium bicarbonate to construct a self-disintegrating composite hydrogel. PLGA nanoparticles loaded with
gemcitabine (GEM) were coated with bladder cancer cell membranes and conjugated with urease to form
urease-powered membrane nanomotors (UMN), which were then encapsulated within the hydrogel
network. After intravesical instillation, the PLX hydrogel underwent in situ gelation at body temperature and
adhered to the urothelial surface, thereby prolonging GEM retention in the bladder lumen and enriching
UMN at the mucosal surface. Subsequently, urea in urine diffused into the hydrogel, creating a concentration
gradient. The UMN acquired motility by catalyzing urea, allowing them to migrate directionally along the
gradient and actively traverse the urinary mucus layer and the dense urothelial barrier, thereby delivering
GEM into deeper bladder tissues [Figure 6].

Cancer vaccine carriers

With the continued evolution of vaccine technologies, cancer vaccines can now be designed for patients with
established malignancies to induce tumor-specific immune activation and thereby promote targeted
recognition and clearance of tumor cells"”*'"", Nevertheless, the development of effective cancer vaccines still
faces many challenges. For example, insufficient release of tumor antigens by tumor cells can limit antigen
uptake by immune cells. Inadequate antigen processing by antigen-presenting cells restricts the generation of
antigen-specific T-cell responses'”?. In addition, the immunosuppressive TME can lead to effector-cell
exhaustion and death""”. Rationally designed delivery technologies, including lipid nanoparticles, hydrogels,
scaffolds, and polymeric nanoparticles, can target therapeutic agents to tumor cells, immune cells, or the
ECM and thereby effectively overcome these challenges”*'””. In cancer therapy, hydrogels hold particular
promise for maximizing the efficacy of cancer vaccines. On the one hand, the highly porous network
structure of hydrogels can protect vaccines from in vivo degradation; on the other hand, hydrogels enable not
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only minimally invasive injection near the tumor site, but also spatiotemporally controlled release of vaccine
formulations"”*'7%.

In situ tumor vaccines represent one of the most characteristic directions in hydrogel vaccine systems. Their
basic concept is that individualized antigens released after local tumor-cell death are recognized by the
immune system in situ. Because postoperative tumor-injury regions are often accompanied by bleeding and
tissue-fluid exudation, conventional in situ vaccines are readily diluted, displaced, or lost, leading to
insufficient local drug exposure. Qiu et al. reported a rapidly hemostatic in situ hydrogel tumor vaccine for
chemotherapy-immunotherapy in colorectal cancer (CRC)""®. This system can rapidly achieve hemostasis
and local retention at tumor-resection or injury sites while continuously releasing oxaliplatin to induce ICD
in tumor cells and stimulate the release of individualized antigens, thereby locally amplifying the antigen
source and activating antitumor immunity. In vivo experiments showed that it not only suppressed the
growth of orthotopic CRC but also inhibited distant untreated tumors. The modular hydrogel vaccine
proposed by Ji et al. further illustrates the logic of spatiotemporally ordered release design'””. In this system,
chemokine (C-C motif) ligand 21a (CCL21a) and tumor-cell-derived exosomes loaded with granulocyte-
macrophage colony-stimulating factor (GM-CSF) messenger RNA and Ce6 were co-assembled into a
nanoclay/GelMA hydrogel. CCL21a was released earlier to guide metastatic cells from tumor-draining lymph
nodes into the hydrogel, whereas subsequently produced GM-CSF continuously recruited and activated DCs;
after sonodynamic therapy killed trapped tumor cells, the dead cells within the gel themselves became an
antigen source, ultimately forming a closed-loop immune process.

With the development of antigen screening and immune checkpoint blockade (ICB) therapy, hydrogel
vaccines are also moving toward defined antigens and combination ICB strategies. HCC itself elicits
relatively weak immune responses, and ICB alone is often insufficient to fully activate antitumor T cells.
Zhao et al. used transcriptomic analysis to identify kinesin family member 20A (KIF20A) as an
overexpressed antigen in HCC and then constructed a KIF20A protein/resiquimod (R848) liposome-loaded
thermosensitive PLGA-PEG-PLGA hydrogel vaccine, K/RLip@Gel"*". This hydrogel forms a sustained local
depot for antigen and adjuvant release, enhances DC maturation and T-cell infiltration, and improves the
therapeutic efficacy of anti-programmed death-ligand 1 (anti-PD-L1) treatment in subcutaneous, orthotopic,
and immune-humanized PDX models of liver cancer. Wang et al., by contrast, developed an injectable
thermosensitive oncolytic hydrogel, LC-Gel, for the co-delivery of the oncolytic peptide LTX-315 and the
chemokine CCL21 to tumor sites'*'.. LTX-315 induces tumor-cell ICD and exposes antigens, whereas the
sustained release of CCL21 recruits DCs to capture these antigens and thereby promotes T-cell activation. In
an orthotopic breast cancer model, this system inhibited tumor growth while inducing long-term immune
memory and distant antitumor effects"*'\.

Hydrogel-based 3D tumor models and drug screening

The role of hydrogels in cancer therapy is not limited to in vivo drug-delivery systems but also extends to the
in vitro construction of 3D tumor models for the discovery, screening, and optimization of therapeutic
strategies. Conventional 2D culture cannot recapitulate tumor 3D architecture, cell-ECM interactions, or
oxygen/nutrient gradients, and its drug-response profiles therefore often deviate from in vivo efficacy"***..
Although PDX models are closer to clinical reality, they are time-consuming and costly and cannot readily
satisfy high-throughput screening demands"**. Compared with traditional animal-derived matrices such as
Matrigel, recent research has increasingly emphasized hydrogel systems with chemically defined
composition, tunable mechanical properties, and intrinsic bioactivity****. Hydrogels modulate ECM signals
through diverse material matrices and simulate tissue- or stage-specific stiffness by adjusting crosslinking
density!"®"*!. Stiffness modulation is particularly critical for tumors such as pancreatic cancer, where
extensive fibrosis and matrix stiffness significantly influence therapeutic response*’. One study developed a
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synthetic hydrogel based on sodium alginate (NaA) and HA for pancreatic cancer organoid culture and drug
testing"*?. By tuning hydrogel stiffness, this model mimicked the pancreatic cancer stromal environment,
demonstrating that biomimetic stiffness enhanced resistance to conventional chemotherapeutics while
increasing the sensitivity of epidermal growth factor receptor (EGFR)-mutant organoids to erlotinib.
Furthermore, hydrogel-based 3D tumor models have been employed to reconstruct invasive phenotypes in
breast cancer and evaluate drug responses in CRC, thereby supporting subsequent individualized

193,194]

screening!*>"*,

Hydrogel-based 3D models encapsulate patient-derived tumor cells within a controllable TME, enabling the
construction of patient-derived organoid (PDO) systems. By tuning the mechanical strength, chemical
composition, and bioactive ligands of hydrogels, researchers can more closely recapitulate ECM states across
different tissues or tumor types"*>'*". Regarding co-culture with stromal components, Luo et al. previously
developed an HA-gelatin hydrogel-based co-culture model of CRC PDOs and cancer-associated fibroblasts
(CAFs)!"”. In this system, CRC PDOs were embedded in an HA-gelatin hydrogel and co-cultured with
patient-derived CAFs, thereby better preserving the molecular features of primary tumors and tumor-stroma
interactions for the evaluation of standard chemotherapeutic drugs. More recently, Zhao et al. developed
HADR, a chemically defined, mechanically tunable, and bioactive HA/alginate double-network hydrogel for
HCC organoid construction*®. This system comprises methacrylated HA, NaA, methacrylamide dopamine,
and c(RGDfC); its stiffness can be regulated to approximate physiological liver tissue while supporting the
formation of HCC organoids in a 3D environment. Compared with 2D culture, HepGz2 organoids grown in
HADR exhibited a higher half-maximal inhibitory concentration for DOX, indicating that a 3D ECM-like
environment more faithfully reflects in vivo drug tolerance.

Hydrogel-based 3D models also facilitate high-throughput drug screening, promoting individualized drug
selection and accelerating precision medicine across diverse tumor types. Jung et al. combined engineered
ECM-mimetic hydrogels with high-throughput 3D bioprinting to construct 3D models of patient-derived
neuroblastoma and sarcoma'*”. This platform rapidly generates multiwell-format 3D tumor models from
limited patient samples while preserving the genetic and phenotypic features of primary tumors, thereby
enabling individualized drug-sensitivity analysis. Miebach et al. proposed an in vitro 3D hydrogel-based
tumor-resection model in which pancreatic cancer cells were used to create standardized resection cavities
within hydrogels, thereby simulating narrow surgical margins and evaluating the responses of residual cells
after resection to different treatments”). This further indicates that hydrogel-based drug models are no
longer confined to drug screening alone, but are also being extended to clinical evaluation of postoperative
recurrence risk and margin-directed therapeutic strategies.

Imaging-assisted hydrogel therapeutic platforms

X-ray fluoroscopy provides direct procedural guidance in interventional oncology, particularly by enabling
real-time visualization during transarterial catheter delivery and embolization™". Incorporating hydrophilic
X-ray contrast agents into injectable hydrogels can therefore render the gels radiopaque during intravascular
delivery. This makes it possible to combine image guidance, local embolization, and multimodal therapy
within a single interventional platform [Figure 7].

Lee et al. developed an iopamidol (IPD)-doped radiopaque hydrogel for X-ray fluoroscopy-guided
transarterial chemo/starvation/chemodynamic embolization (TACSCE) of HCC™?!, The gel consisted of a
hyaluronic acid-dopamine (HD) network crosslinked by Mn ions and incorporated glucose oxidase (GOx),
DOX, and IPD. IPD provided X-ray visibility, whereas catechol-Mn*" coordination between HD and MnO,
drove the sol-to-gel transition required for local vascular embolization. On the therapeutic side, DOX
provided sustained local chemotherapy. GOx depleted glucose in tumor cells while generating hydrogen
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Figure 7. Schematic diagram of radiopaque hydrogel applied to tumor embolization. [1 Injectable radiopaque hydrogel enables localization
under imaging modalities such as X-ray. [1 After injection, the hydrogel occludes the blood vessel. [1 Concurrently, therapeutic
components are released for tumor eradication [Created in BioRender. Mao, X. (2026) https://BioRender.com/jwpprzc]. CT: Computed
tomography; ROS: reactive oxygen species.

peroxide (H,O,). MnO, further contributed to a cascade tumor-killing effect through glutathione (GSH)
depletion, O, generation, and the production of hydroxyl radicals (-:OH) via Mn**-mediated Fenton-like
reactions. This study showed that radiopaque hydrogels can integrate image guidance, vascular embolization,
local chemotherapy, and TME-responsive cascade catalysis into a transarterial theranostic platform for HCC.

By 2019, imaging agents and therapeutic drugs had already been co-encapsulated within liposomes for
cancer diagnosis and treatment™?. Conventional liposomal systems, however, remain susceptible to cargo
leakage, particle instability, and burst release. The incorporation of hydrogels offers a possible way around
these limitations. By constructing a hydrogel core within liposomes and co-loading an iodinated contrast
agent and a chemotherapeutic drug, such platforms can simultaneously improve contrast-agent retention,
controlled drug release, and passive tumor accumulation, thereby creating a CT-visible theranostic
nanoplatform.

Lee et al. developed a radiopaque hydrogel-in-liposome (RHL) nanoplatform in which IPD and DOX were
co-encapsulated within a liposome-PEG hydrogel composite structure as the micro-computed tomography
(uCT) contrast agent and chemotherapeutic drug, respectively™*. Its particle size of approximately 160 nm
favored passive tumor accumulation through the enhanced permeability and retention (EPR) effect.
Meanwhile, the PEG hydrogel core inside the liposomes reduced premature DOX burst release and IPD
leakage, improving particle stability and in vivo delivery efficiency. In vivo experiments showed that RHLs
enhanced uCT contrast at tumor sites in SCCVII tumor-bearing mice and produced greater antitumor effects
than conventional radiopaque liposomes and free DOX.
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CONSTRUCTION OF HYDROGEL-BASED INTEGRATED THERANOSTIC PLATFORMS

As precision medicine continues to advance, the conventional model in which diagnosis and treatment are
handled as separate processes is becoming increasingly inadequate for patients with rapidly progressing
tumors*>*°. In recent years, as research on hydrogels in the field of tumor diagnosis and therapy has
continued to deepen, they have evolved into integrated platforms capable of combining complete diagnostic
and therapeutic functions. By incorporating therapeutic agents together with imaging or tracing components
into the hydrogel network, such systems can couple targeted and sustained treatment with diagnostic
imaging"*”*°*). This strategy, which brings diagnostic or monitoring functions together with therapeutic
intervention, is generally referred to as theranostics”*'°.. Importantly, a hydrogel-based theranostic system
should do more than simply contain both diagnostic and therapeutic components. The information obtained
through detection or imaging must contribute to the localization and implementation of tumor treatment.
This distinguishes hydrogel-based theranostic platforms from the imaging-assisted hydrogel therapeutic
platforms described above. The latter mainly use imaging to visualize or guide hydrogel delivery, whereas
true theranostic platforms place greater emphasis on how diagnostic information informs subsequent
treatment. In practical terms, tumor detection, diagnostic imaging, and anticancer therapy are integrated
within the same hydrogel system. The resulting information can then support lesion identification, treatment
localization, and the tracking of drug delivery, while also informing subsequent assessment of therapeutic
efficacy or adjustment of the treatment regimen. Based on whether these later therapeutic adjustments
require human intervention, we classify hydrogel-based theranostic platforms into two categories: feedback-
informed platforms and closed-loop adaptive platforms.

Feedback-informed hydrogel-based theranostic platforms

Feedback-informed hydrogel platforms emphasize the feedback of therapeutic monitoring information to
inform further treatment decisions. However, subsequent adjustments still require a physician or an
externally operated controller to adjust the timing of treatment or later dosing regimens based on this
information. At present, feedback-informed theranostic platforms are mainly used in two settings. First,
imaging techniques can be used to monitor the treatment process in real time. Changes in relevant imaging
parameters may indicate the therapeutic response or help predict treatment outcomes, providing a basis for
the subsequent personalization of treatment strategies. Second, the sensing functions of hydrogels can be
used to monitor treated tumor sites for signs of recurrence. Once the detected signal reaches a predefined
threshold, the hydrogel sensor generates feedback or an alert, prompting further evaluation and subsequent
treatment.

Imaging-guided hydrogel-based theranostic platforms

The defining feature of imaging-guided hydrogel-based theranostic platforms is that they do more than
visualize drug delivery in real time. The imaging readouts can also be used to assess or predict therapeutic
response, providing individualized information for refining subsequent treatment strategies®'"*. Among
the imaging modalities most commonly integrated into these platforms, three broad categories predominate:
[214-221] [

fluorescence imaging
3].

Table 2], magnetic resonance imaging (MRI), and X-ray/CT imaging*>*” [Table

Fluorescence-enabled drug-delivery hydrogels offer a powerful means of combining cancer treatment with
real-time imaging. These systems can often respond to exogenous or endogenous cues, including light,
temperature, pH, and specific molecular targets, making them well suited to targeted and stimuli-responsive
cancer therapy. Another important feature is that fluorescence signals can visualize the local delivery and
distribution of therapeutic agents. This allows the treatment process to be tracked in real time and
therapeutic responses to be monitored noninvasively. Such dual functionality not only improves treatment
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Table 2. Summary of image-guided hydrogel theranostic platforms reported in the past five years
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DOX: Doxorubicin; NIR: near-infrared; Cy3-1gG: cyanine 3-labeled immunoglobulin G; Cy5-1gG: cyanine 5-labeled immunoglobulin G; PD-L1:
programmed death-ligand 1; MMP: matrix metalloproteinase; TME: tumor microenvironment; anti-PD-L1: anti-programmed death-ligand 1 antibody;
PEG: poly(ethylene glycol); PDT: photodynamic therapy; FLI: fluorescence imaging; PTI: photothermal imaging; AIE: aggregation-induced emission;
PTT: photothermal therapy; ICG: indocyanine green; PTX: paclitaxel; BSA-Ce6: bovine serum albumin—chlorin e6; PFC: perfluorocarbon; HbO,:
oxyhemoglobin.

precision but also provides timely feedback while therapy is under way. Ranjbar-Navazi et al. developed a
theranostic platform based on an InP/ZnS quantum dot-nanohydrogel composite'”**. Aptamer
functionalization enabled selective targeting of cancer cells, whereas the quantum dots provided fluorescence
imaging capability for monitoring cellular drug uptake. The system was co-loaded with paclitaxel and
sodium oxamate, combining conventional chemotherapy with metabolic intervention. Together, these
treatments induced mitochondria-mediated apoptosis in MCEF-7 cells. Notably, many fluorescent materials
themselves also possess photothermal conversion or photodynamic capabilities, enabling them to mediate
therapy while simultaneously visualizing the tumor. Wang et al. further developed a near-infrared-activated
and ATP-responsive injectable upconversion nano-jelly theranostic system”). Upon NIR excitation, its
upconversion core emitted green light at 540 nm for tumor imaging. This fluorescence signal enabled real-
time tracking of therapeutic payload distribution, helped delineate the region for subsequent PDT, and
indicated an appropriate treatment window. Under fluorescence guidance, the concomitant 660 nm red
emission generated by NIR excitation was absorbed by methylene blue, leading to the production of singlet
oxygen. The resulting photodynamic effect acted synergistically with ATP-responsive chemotherapy. Serial
imaging over 48 h also provided information on the clearance of the nanogel system and could help
determine whether additional dosing was required.

MRI is a widely used, noninvasive clinical imaging modality with high spatial resolution and excellent soft-
tissue contrast. Integrating MRI capability into multifunctional hydrogel systems can couple real-time
imaging with localized therapeutic delivery, thereby facilitating the development of theranostic platforms.
Paramagnetic ions can enhance contrast on T1-weighted MRI. When incorporated into hydrogels, they
enable real-time MRI monitoring of the material after administration. Meanwhile, polar water molecules
retained within the gel undergo dipolar rotation under a microwave field and generate heat through
dielectric loss, thereby enhancing microwave ablation (MWA)®*". Building on this concept, researchers
developed a minimalist manganese—alginate (ALG-Mn) hydrogel. After intratumoral injection, the ALG
network locally retained both water and Mn**, producing marked signal enhancement on T1-weighted MRI.
This allowed the spatial distribution and retention of the hydrogel within the tumor to be visualized over
time. The Mn** ions and water molecules within the gel also enhanced microwave heating, enabling rapid
ablation of the bulk tumor. Subsequently, the sustained release of Mn** catalyzed endogenous H,O, to
generate ROS, thereby inducing chemodynamic therapy (CDT). The MRI readouts could indicate whether
the hydrogel adequately covered the tumor, helping to define the region for MWA and evaluate the
therapeutic window for post-ablation CDT.

Beyond conventional T1-weighted imaging, chemical exchange saturation transfer (CEST) MRI generates
contrast through the exchange of selectively saturated protons between molecules and bulk water. Hydrogels
containing exchangeable functional groups, such as hydroxyl or amine groups, can therefore produce
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Table 3. Summary of image-guided hydrogel theranostic platforms

Study/platform

Specific theranostic
mechanism:
diagnostic
information —
therapy

Advantages

Limitations

Innovation

Research stage

Peng et al.??2

Liu et al.©22

Peng et al.?24

Dong et al.??!

Delgado et gl

Meglumine diatrizoate
renders the hydrogel
radiopaque, allowing
confirmation of the
intratumoral injection site
and material retention;
PVP-Ilocally releases
jodine in a sustained
manner and induces
tumor-cell apoptosis

lohexol enables CT
tracking of the liquid
embolic agent; DSA
assesses whether
embolization is complete,
whereas CECT, CTA, and
ultrasonography monitor
perfusion and
recanalization during
follow-up. DOXis
continuously released
while embolization is
maintained

Ta nanoparticles render
the embolic material
visible under X-ray/CT
and simultaneously
provide radiosensitization;
imaging is used to confirm
TACE deposition and
retention

AuNPs provide CT
contrast; FLASH-
generated ROS cleave the
selenocystamine
crosslinks and release
IMQ/AuNPs. CT is used
for localization before
radiotherapy and for
monitoring hydrogel
volume and degradation
after treatment

lodixanol makes the gel
visible under
fluoroscopy/CBCT. The
initial iodine distribution
corresponds to the DOX
fluorescence distribution,
enabling quantitative
assessment of the 3D
coverage produced by
different needle types,
injection volumes, and
flow rates

Gel formation and
sustained release
reduce the risk of
rapid diffusion of
free iodine, while X-
ray visibility
decreases the
uncertainty
associated with
blind injection

Its liquid state,
shear-thinning
behavior, and low
injection force make
it compatible with
microcatheters.
High drug loading
and prolonged
release address the
rapid drug release
associated with
lipiodol emulsions

The carrier-free
design increases
the proportion of
therapeutically
active constituents
and reduces the
amount of inert
excipients

AuNPs support CT
imaging and
potential radiation
interactions, while
enabling
longitudinal
observation of
material volume.
The design is well
aligned with the
radiotherapy
workflow

The use of clinical
fluoroscopy and
CBCT, rather than
specialized
experimental
imaging, facilitates
integration into
interventional
workflows

The hydrogel has
insufficient mechanical
strength to
simultaneously
provide structural
support for bone
defects

Immune changes after
TACE were not
systematically
investigated, and the
optimal balance
between material
degradation rate and
embolization durability
has not been
established

The rabbit
experiments did not
complete an
integrated in vivo
evaluation of TACE
plus radiotherapy in an
orthotopic liver cancer
model, limiting
translation to the
interventional scale

Only one
subcutaneous
melanoma model in
female mice was used
in vivo, and FLASH was
not directly compared
with a conventional
dose rate in vivo

Ex vivo normal bovine
liver lacks blood flow,
perfusion, tissue
pressure, and tumor
heterogeneity;
therefore, the findings
cannot be
extrapolated to gel
leakage,
pharmacokinetics,
safety, or antitumor
efficacy

The system integrates
PVP-1 as a local antitumor
component, silk fibroin as
the sustained-release
matrix, and meglumine
diatrizoate as a
procedural visualization
component, while linking
material release to
biological effects through
the Fas/FasL death-
receptor pathway

This study was the first to
use a drug-loaded liquid
coacervate for tumor
chemoembolization,
combining distal
embolization,
visualization, and
prolonged drug release

Two small-molecule
drugs are directly
assembled to construct
the fibrous hydrogel
scaffold

The principal innovation is

the extension of FLASH
from a stand-alone
radiotherapy modality to
a trigger for hydrogel-
mediated drug release,
with subsequent material

changes observable by CT

The study combines an
imageable
thermosensitive drug gel
with a quantitative 3D
"“delivery engineering”
assessment of needle
selection and injection
parameters

Small-animal
preclinical model

Small-animal
preclinical model

Small-animal
preclinical study
(mice/rats/rabbits)

Small-animal
preclinical study
(mice)

In vitro/ex vivo study
(including ex vivo
bovine liver)



Page 24 of 47 Mao et al. Soft Sci. 2026, 6, 838

|PD makes the IMQ-

loaded thermosensitive A single injection Lirrgciz:::;zls A CT-visible, single-dose
hydrogel visible on CT, replaces repeated Er oablation immunotherapeutic depot
allowing confirmation of ~ dosing and may 14 spatially and temporally Small-animal
. . workflows, long-term . .
Som et al.t27 intratumoral drug-depot  improve the L2 integrates cryoablation- preclinical study

delivery; cryoablation practical feasibility polymer and iodine induced antigen release (mice)

! . burden, and systemic . B '
releases tumor antigens of the treatment . TLR7 stimulation, and

. . . . immune safety were -

and is combined with regimen systemic ICB
immunotherapy not evaluated

PVP-I: Povidone-iodine; Fas: Fas cell-surface death receptor; FasL: Fas ligand; CT: computed tomography; DSA: digital subtraction angiography;
CECT: contrast-enhanced computed tomography; CTA: computed tomography angiography; DOX: doxorubicin; Ta: tantalum; TACE: transarterial
chemoembolization; AuNPs: gold nanoparticles; FLASH: ultra-high dose-rate radiotherapy; ROS: reactive oxygen species; IMQ: imiquimod; CBCT:
cone-beam computed tomography; 3D: three-dimensional; IPD: iopamidol; TLR7: Toll-like receptor 7; ICB: immune checkpoint blockade.

endogenous CEST contrast without the need for exogenous contrast agents®*>***!. Under physiological
conditions, these CEST-active hydrogels enable sensitive monitoring of hydrogel degradation, spatial
localization, and drug-release behavior®*. Park et al. developed a CEST MRI-detectable liposomal alginate
hydrogel loaded with methotrexate and gemcitabine®. After the hydrogel was injected adjacent to the
tumor, three distinct CEST contrasts enabled longitudinal monitoring of drug release and tumor response at
a clinical field strength of 3 T. These signals also provided spatial information on regional differences in
treatment efficacy. Analysis of the CEST signals within the treated tumor showed that changes in amide
proton transfer (APT) could reveal a local therapeutic response earlier than changes in tumor volume,
allowing treatment outcomes to be assessed and predicted at an earlier stage. Combining drug-associated
CEST signals with APT readouts enables early identification and localization of inadequately treated regions,
thereby providing a basis for subsequent guidance on additional hydrogel administration, adjustment of the
implantation site, or combination with other therapeutic modalities.

X-rays are high-frequency electromagnetic waves, and CT can generate clear, detailed cross-sectional images.
X-ray-based techniques therefore play a central role in clinical diagnosis and treatment®**’. Radiopaque
hydrogels further extend material visualization to X-ray-guided interventions and CT-assisted imaging,
allowing their distribution to be monitored in vivo®”.

Intrahepatic tumors often show limited contrast against the surrounding normal liver on conventional
unenhanced CT. Local delivery of a radiopaque hydrogel can improve lesion conspicuity, which is
particularly important for accurate radiotherapy of liver tumors. In one study, intrinsically radiopaque LC
Bead LUMI hydrogel microspheres were used to construct a theranostic platform”**’. The microspheres
could be loaded with DOX and delivered into tumor-feeding arteries, where they produced vascular
embolization while sustaining local drug release.

Following transarterial chemoembolization (TACE), the resulting high-density microsphere deposits
improved lesion visibility and served as internal fiducial markers for subsequent stereotactic body
radiotherapy (SBRT). CBCT acquired after embolization visualized the regions reached by the embolic
material and therapeutic payload. Because the microspheres remained visible within the tumor, they also
provided internal localization landmarks before each subsequent SBRT fraction. This information assisted
target delineation and patient positioning, effectively carrying the spatial information obtained during the
initial interventional procedure forward into subsequent precision radiotherapy.

The radiopacity of hydrogel microspheres does more than enhance contrast under X-ray imaging. It has also
been explored as a means of estimating local drug delivery and treatment coverage from the distribution of
bead-associated components'***). After transarterial administration, the microspheres blocked the tumor
blood supply and continuously released DOX. At the same time, iodine permanently incorporated into the
microsphere structure allowed their intratumoral deposition to be visualized on CBCT.
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In this study, prototype image-segmentation software was used to quantify the amount of bead-associated
iodine. A correlation model was then established between the iodine signal and the concentration of DOX
measured in tumor tissue. This transformed the CBCT readout from a simple map of material localization
into an estimate of local drug dose and spatial coverage. The system could therefore identify tumor regions
receiving insufficient drug delivery and provide evidence for intraprocedural catheter repositioning or the
administration of additional drug-loaded microspheres.

Theranostic platforms for monitoring tumor recurrence

Postoperative tumor recurrence remains a major cause of cancer treatment failure®. In current clinical
practice, recurrence is mainly monitored through imaging examinations and tumor biomarker testing**'/.
Imaging, however, may not detect recurrence at its earliest stage and can produce false-positive findings
because of postoperative inflammation and other nonmalignant changes”*>***!. Blood-based biomarker tests
also have limited sensitivity when only a small number of recurrent tumor cells are present and tumor-
specific biomarkers remain at very low concentrations™*. Consequently, metastasis may already have
occurred in many patients before recurrence can be confirmed®>***. Postoperative consolidation therapy is
just as important as recurrence surveillance. Radiotherapy and systemic chemotherapy remain widely used
after tumor resection. Yet patients often have limited tolerance immediately after surgery, and these
treatments are usually delayed. This delay may allow the optimal window for eliminating residual tumor cells
to pass”®”***l There is therefore a pressing need for theranostic systems that can enrich tumor cells in situ,
generate an early local warning signal, and capture and eliminate residual or recurrent cells at the same site.

As discussed above, hydrogels can support both biosensing and the local delivery of therapeutic payloads.
Their tissue compatibility, injectability, and ability to form gels in situ make them particularly attractive for
postoperative implantation. On this basis, Wang et al. developed an implantable DNA hydrogel for early
warning of tumor recurrence and combined photodynamic-immune therapy [Figure 8A-C]"**!. The
hydrogel contained PD-L1 aptamers that captured and enriched residual or recurrent tumor cells at the
surgical site [Figure 8D]. As these cells accumulated, the local ATP concentration increased. ATP binding
then induced dehybridization of a Cy5/BHQ2-labeled bicyclic ATP sensor anchored within the hydrogel
network, restoring Cys fluorescence and generating an early warning signal [Figure 8E]. Once this signal was
detected, an external 660 nm laser was applied to activate Ceé within the hydrogel, initiating PDT and
producing ROS [Figure 8F]. The generated ROS not only damaged the captured tumor cells but also cleaved
the DNA hydrogel backbone. This photoinduced self-disassembly released CpG and PD-L1 aptamers,
thereby combining local PDT with immune stimulation and immune-checkpoint blockade. Similarly,
another study utilized the capture of carcinoembryonic antigen (CEA) within the TME to monitor
recurrence®!. In this study, a molecular-beacon hydrogel sensor was constructed using mesoporous
polydopamine (MPDA)-based nanoprobes. When sufficient CEA accumulated around the sensor, molecular
recognition restored Cy5 fluorescence, converting the local biomarker signal into an optical indication of
residual tumor tissue. After this diagnostic information was obtained, the MPDA component within the
same platform generated heat under 808 nm laser irradiation. The resulting photothermal effect ablated
tumor cells remaining in the resection cavity, including those locally enriched near the hydrogel, thereby
linking postoperative tumor detection with image-guided treatment.

Closed-loop adaptive hydrogel-based theranostic platforms

Unlike feedback-informed theranostic platforms, closed-loop adaptive systems place greater emphasis on the
autonomous use of therapeutic-response feedback, without requiring direct human intervention. By
continuously sensing key signals associated with treatment response, these platforms are expected to adjust
therapy dynamically at the relevant site. Such adjustments may include changing the rate or spatial location
of drug release or regulating the temperature used for local ablation®'). Monitoring continues after each
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Figure 8. Hydrogel-based theranostic platform for monitoring postoperative tumor recurrence. (A) Cryo-scanning electron microscopy
image showing the microstructure of CPDH; (B) 3D stacked fluorescence image showing Ce6-cDNA; (C) Schematic illustration of tumor-
cell capture by CPDH-Ce6@cAS, followed by PDT-mediated tumor-cell killing; (D) Confocal fluorescence image of B16F10 cells captured
within CPDH-Ce6; (E) Ex vivo fluorescence images of tumors and major organs harvested 48 h after implantation of the indicated hydrogel
formulations; (F) Representative bioluminescence images showing the response of B16F10 tumors to local CPDH-Ce6 treatment. (A-F)
Adapted with permission from Ref.[41. In accordance with the Creative Commons Attribution 4.0 International License (CC BY 4.0). ©
The Author(s) 2023. The original panels were selected, relabeled, and rearranged. CPDH: CpG- and PD-L1 aptamer-containing DNA
hydrogel (CpG: unmethylated cytosine-phosphate-guanine motifs; PD-L1: programmed death-ligand 1; DNA: deoxyribonucleic acid); 3D:
three-dimensional; Ce6: chlorin e6; cDNA: complementary DNA; cAS: circular ATP sensor; PDT: photodynamic therapy; ATP: adenosine
triphosphate.

therapeutic intervention, allowing new feedback to be generated and treatment output to be modified until
the desired therapeutic endpoint is reached. The central requirement is therefore a self-correcting loop in
which dynamic diagnostic and treatment-response information continuously drives autonomous local
therapy. In its ideal form, this process follows a recurring “sense-treat-feedback-adjust” cycle.

Fully closed-loop adaptive hydrogel-based theranostic platforms remain at an early stage of development.
More substantial progress has so far been made in areas such as glucose regulation, coagulation control, and
wound healing®>?*. Yang et al., for example, incorporated glucose-responsive phenylboronic acid groups,
negatively charged insulin, and a positively charged glucagon analog into the same hydrogel network””. As
blood glucose fluctuated, reversible binding between glucose and the phenylboronic acid groups dynamically
altered the release of insulin and the glucagon analog, thereby helping maintain glucose within a controlled
range. The resulting changes in blood glucose were then sensed again by the glucose-responsive units in the
material. In this way, glucose sensing, signal transduction, therapeutic output, and therapeutic effect
feedback occurred continuously within the same material network, enabling multiple rounds of reversible
regulation as glucose levels changed.

Tumors, however, are not single-variable, rapidly reversible therapeutic targets in the way that blood glucose
is. Most sensing signals currently used in hydrogel-based cancer theranostic systems reflect features of the
TME, yet the mechanisms underlying changes in this environment are highly complex*". Acidosis, oxidative
stress, and hypoxia within a tumor may indicate disease progression, but they may also arise transiently after
PDT, PTT, or chemotherapy”*®. A controller may therefore be unable to determine the next therapeutic
action reliably from a single microenvironmental measurement acquired at one time point. In most existing
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systems, treatment-related information is instead returned to the physician in one form or another. The
physician then integrates this information with other clinical findings before making the next decision. These
systems are more appropriately classified as feedback-informed theranostic platforms, which are currently
much more mature than autonomous closed-loop systems! >/,

Solid tumors also display pronounced spatial heterogeneity and continue to evolve over time. Blood flow,
oxygenation, metabolic activity, and drug sensitivity may differ substantially across regions of the same
lesion”*****), Moreover, a measurable treatment response may take hours, days, or even weeks to emerge. This
delay makes tumors far more difficult to regulate in real time than rapidly changing, comparatively low-
dimensional variables such as blood glucose or abnormal neuronal electrical activity**>**l,

A further limitation lies in the way therapeutic payloads are released from most current hydrogel systems.
Drug delivery commonly depends on network degradation or passive diffusion"**”***. Once a drug has left
the hydrogel, it cannot be withdrawn. Similarly, release driven by irreversible gel degradation is difficult to

268

pause, restart, or repeatedly modulate®*. Consequently, even when diagnostic information can be collected
continuously, the platform may still lack an actuator capable of translating that feedback into precise,

repeated adjustments of subsequent treatment.

The integration of hydrogels with flexible bioelectronics offers several possible routes around these
limitations™**”"". In a complex TME, multiple independent sensing units could be positioned within or on
the surface of a hydrogel, allowing several types of information to be acquired simultaneously”*’. These
signals could include measures of tumor burden, such as tumor volume and metabolic activity; indicators of
treatment response, such as local drug concentration and cell death; and safety-related parameters, including
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the temperature of surrounding normal tissue during PTT and cumulative therapeutic output! .

However, its value does not simply lie in increasing the number of sensors; rather, it lies in identifying the
temporal sequence of signal changes through continuous time-series measurements, thereby enabling more
accurate assessment of treatment efficacy”". For example, if ROS increase shortly after PDT begins and are
followed by sustained reductions in tumor volume and metabolic activity, the increase in ROS is more likely
to represent an effective treatment response. By contrast, if ROS levels rise while the tumor continues to
enlarge, the same signal may indicate inadequate treatment or ongoing disease progression rather than
successful therapy”**”.. The flexible autonomous sensor measuring tumor volume regression, or FAST, has
already demonstrated that changes in tumor burden can be converted into continuous electronic feedback.
In subcutaneous tumor models, the flexible sensor monitored tumor regression on a minute-scale basis and
distinguished treated tumors from controls approximately 5 h after therapy was initiated”*. In addition,
other flexible hydrogel sensors utilize changes in mechanical properties, fluorescence, and impedance
induced by ROS or H,O, in the TME for wireless monitoring, providing a material basis for local sensing at

the molecular level?”.

A major limitation of current hydrogel-based theranostic platforms is the difficulty of achieving multiple
rounds of adjustable therapeutic output. The integration of flexible electronics offers a potential solution by
enabling the release of therapeutic payloads to be controlled via electrical signals, thereby translating
dynamically acquired diagnostic information into electronically guided autonomous regulation of drug
delivery*?727l Recently, an ionic diode-based drug delivery system achieved potential-controlled release of
drugs at the nanogram-to-microgram scale in tumor-bearing mice, with the drug being continuously
delivered to the lesion through a hydrogel reservoir. Using DOX as a model drug, this system demonstrated
superior antitumor efficacy and reduced off-target immunotoxicity compared with intratumoral injection of
the free drug®™.
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One of the most representative examples of a hydrogel-based autonomous therapeutic loop is the hydroElex
antiseizure system developed by Qu et al.””. HydroElex was fabricated from an interpenetrating-network
conductive hydrogel and patterned into a flexible microneedle array. Each microneedle was connected
through an independent circuit, allowing the array to conform to curved brain tissue, penetrate the cortex,
and record local field potentials continuously at multiple sites. This enabled real-time recognition and spatial
localization of seizure-like pathological activity. The recorded neural signals were transmitted to a signal-
acquisition and processing unit. Once a predefined abnormality threshold was exceeded, the program
automatically generated a therapeutic command. Only the drug-delivery channel closest to the origin of the
abnormal electrical activity was activated, while the remaining electrodes continued to record neural signals.
The amount of drug released could also be adjusted according to the intensity of the pathological signal.
Importantly, hydroElex did not stop operating after the initial drug release. It continued to record local field
potentials. If abnormal activity persisted or reappeared, the system initiated another round of drug delivery.
Once neural activity returned to a predefined safe range, treatment was stopped automatically. This system
provides a useful architectural blueprint for future hydrogel-mediated cancer theranostics. A comparable
cancer system could use a microneedle or flexible sensor array to monitor several tumor-associated
parameters at different spatial locations. The collected signals could then be converted into electrical outputs
and evaluated against predefined response thresholds. These electronic commands could selectively activate
drug release in regions showing inadequate response, while post-treatment sensing would determine whether
treatment should be intensified, repeated, or stopped.

CHALLENGES AND PERSPECTIVES

Current challenges

Safety challenges

Hydrogel-based cancer theranostic platforms must first address the balance between local retention and
long-term safety. Prolonged local residence is essential for sustained drug release and longitudinal imaging
follow-up. However, safety risks may arise when the residence time of the material does not match the
intended therapeutic window. Excessively rapid release can produce high local drug concentrations while
shortening the duration of therapeutic activity. By contrast, overly slow degradation may provoke foreign-
body reactions, chronic inflammation, and related complications”*>"7.,

Importantly, hydrogel degradation does not necessarily mean that the material has been safely cleared from
the body. Hydrogel networks can break down through several pathways into soluble polymer chains and
low-molecular-weight products. These products may subsequently enter the blood or lymphatic circulation
and be eliminated through renal or hepatobiliary routes. Larger, poorly degradable, or protein-adsorbing
fragments, however, may be taken up by macrophages or accumulate over extended periods within the
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mononuclear phagocyte system of the liver and splee I, This distinction is particularly important for
theranostic hydrogels containing metallic components, because disappearance of the hydrogel matrix does
not demonstrate that the incorporated metals have also been degraded or excreted””***. Likewise, once
fluorescent dyes or imaging contrast components dissociate from the gel, their biodistribution and clearance
may no longer parallel those of the hydrogel itself. This may increase exposure in off-target organs and, at

the same time, make the imaging signal an unreliable indicator of the amount of hydrogel that remains in the

body™.

The stimulus-dependent activation of drugs, nanoparticles, or imaging probes may introduce another layer
of risk. Theranostic hydrogels commonly rely on endogenous cues within the TME. Yet the intensity and
distribution of these cues vary among patients, across different regions of the same tumor, and over the
course of treatment. Consequently, unintended activation may occur in normal tissues, insufficient drug
release may happen in poorly responsive tumor regions, and abrupt disruption of the local network may
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trigger burst release!?”>?’°). For payloads with narrow therapeutic windows, including certain
chemotherapeutic agents and immune agonists, rapid release of a large dose may cause local tissue necrosis
or excessive immune activation. Insufficient triggering presents a different problem: residual drugs may
remain trapped in the gel and undergo delayed release as the material subsequently degrades!?”>*7°),
Biocompatibility is also influenced by chemical modification of the hydrogel matrix, crosslinking density,
and the nature of the resulting degradation products®*'***). Implanted materials can promote protein
adsorption, inflammatory-cell recruitment, and macrophage fusion. Excessive crosslinking may further
intensify proinflammatory and profibrotic responses!***?/. Studies of GelMA hydrogels have shown that
highly crosslinked formulations can induce stronger inflammation and greater profibrotic cellular activity
than less densely crosslinked materials. Softer, lightly crosslinked gels, in contrast, are generally more
permissive to cellular infiltration and phagocytic clearance). This also illustrates that improving hydrogel
stability may conflict with its long-term biocompatibility.

The long-term safety of a hydrogel-based cancer theranostic platform can therefore be considered adequately
supported only when several conditions are met. The therapeutic payload must be activated at the intended
dose; the hydrogel and all incorporated components must be traceable throughout their residence and
eventual clearance; and the entire platform must avoid irreversible local or systemic toxicity over its full
period of use.

FDA regulatory status and approval prospects for hydrogels in cancer diagnosis and treatment

Hydrogel-based products currently cleared by the FDA for cancer-related diagnostic applications mainly
serve as tissue markers, biopsy-site localization aids, and image-guidance tools***!. For example, the
TracelT Tissue Marker received 510(k) clearance. It consists primarily of an injectable PEG hydrogel that
remains visible on MRI, CT, and ultrasound after implantation and is intended for radiographic marking of
soft tissue during surgery or before a subsequent procedure*. The HydroMARK Breast Biopsy Site Marker
was likewise cleared through the 510(k) pathway. It comprises a resorbable hydrogel and a permanent
metallic marker and can be used to mark biopsy sites in breast tissue and axillary lymph nodes”*’!. By
contrast, diagnostic platforms that use hydrogels to enrich tumor-associated molecular biomarkers remain
largely confined to laboratory research. Recent systematic reviews indicate that hydrogel-based platforms for
early cancer detection and molecular classification have focused mainly on the capture and detection of
CTCs and protein biomarkers. Commonly used materials include polyacrylamide, PEG, DNA, and
alginate”***¥). Most studies, however, remain at the proof-of-concept stage or have been evaluated only in
small sets of biological samples*”.

Hydrogel-based therapeutics with explicit anticancer indications have also received FDA approval®*>*2/,
JELMYTO was approved through a new drug application in 2020 for adults with low-grade upper tract
urothelial cancer”). In 2025, the FDA further approved ZUSDURI for adults with recurrent low-grade
intermediate-risk NMIBC”*). Both products use reverse-thermal hydrogel formulations to deliver a
chemotherapeutic agent locally. Beyond drug-delivery systems, the FDA has authorized several hydrogel
medical devices that support interventional oncology and radiotherapy'*°***\. The Embrace Hydrogel
Embolic System received premarket approval in 2025 for the embolization of hypervascular tumors in
peripheral arteries®°. In 2015, the SpaceOAR System was granted De Novo classification as a Class II
absorbable perirectal hydrogel spacer. By temporarily separating the prostate from the rectum, it reduces the
radiation dose delivered to the anterior rectal wall during prostate cancer radiotherapy™'!. Barrigel
subsequently received 510(k) clearance and performs a similar tissue-protection function during
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radiotherapy””. In addition to these FDA-authorized products, several hydrogel delivery systems are
undergoing clinical evaluation and have shown potential therapeutic activity in NMIBC, basal cell

carcinoma, and hypervascular tumors®>**.
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Although hydrogel-mediated platforms have already produced successful examples of FDA authorization in
cancer diagnosis and treatment, their progression into clinical practice and eventual regulatory approval
remains difficult. Nevertheless, their favorable biocompatibility and tunable physicochemical properties give
them distinctive advantages in precision cancer diagnosis and therapy®***.. To date, searches of publicly
available FDA records and recent clinical studies have not identified an approved or cleared product that
uses a single hydrogel system to complete tumor-signal detection, diagnostic-information output,
therapeutic release, and treatment-response feedback. Most integrated hydrogel theranostic platforms
remain at the preclinical stage. Although these systems have considerable translational and commercial
potential, several barriers still need to be addressed”’. Quality control during scale-up is one of the major
obstacles. Critical quality attributes, including dose uniformity and product stability, must be tightly
controlled throughout the large-scale manufacture of hydrogel delivery systems”*”*”. Most platforms,
however, are prepared only in small batches during preclinical studies. Quality-control methods established
at this stage may not transfer directly to industrial-scale production, potentially creating new safety risks.
Theranostic hydrogels are also commonly stimulus-responsive and sensitive to specific environmental or
external triggers. Unintended exposure to these stimuli may disrupt the hydrogel matrix prematurely.
Manufacturing and storage protocols specifically suited to smart hydrogels must therefore be established
before clinical translation. The regulatory complexity of theranostic platforms also exceeds that of products
designed solely for diagnosis or therapy™®. A single platform may incorporate a hydrogel device, an imaging
or detection probe, a therapeutic drug, a biological product, a sensor, and control software. The FDA
classifies products composed of drug, device, and/or biological-product components as combination
products. The lead review center and the principal marketing application pathway are determined according
to the primary mode of action - the constituent function expected to make the greatest contribution to the
overall therapeutic effect'””. The resulting cross-center review and additional evidentiary requirements may
extend development timelines, reduce commercial feasibility, and increase the cost of clinical translation for
hydrogel delivery systems.

From a regulatory perspective, hydrogel-based theranostic platforms are more likely to follow a phased
translational pathway!®*>?°>>**l_ The first stage could build on an already cleared localization hydrogel by
incorporating a therapeutic payload. Imaging would be used to confirm the position, spatial coverage, and
degradation of the gel, while treatment decisions would remain under physician control. In the second stage,
imaging or sensing signals could be used to reflect drug release and therapeutic response, creating a
feedback-informed platform in which diagnostic information supports clinical decision-making. Only after
these functions have been adequately validated would it be reasonable to advance toward a closed-loop
system capable of autonomously adjusting therapeutic output in response to local signals.

Compared with hydrogel platforms, recent biotherapeutics, including antibody- and cell-based therapies,
have established more mature clinical-development and regulatory pathways****?) Numerous monoclonal
antibodies have been approved for solid tumors and hematological malignancies. Immune-checkpoint
antibodies targeting PD-1, PD-L1, and CTLA-4 now have indications spanning breast, lung, bladder,
colorectal, liver, and kidney cancers, as well as melanoma and other malignancies®***. Antibody products
can generally be manufactured at scale as standardized formulations and incorporated into existing oncology
workflows through intravenous or subcutaneous administration.

Cell therapy has followed another clearly defined, although highly specialized, translational pathway. The
FDA has authorized multiple cellular therapies, including chimeric antigen receptor T-cell products, tumor-
infiltrating lymphocyte therapies, and engineered T-cell receptor products. Among these, CAR-T therapy has
become an important treatment option for selected patients with relapsed or refractory hematological
malignancies"” ",
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Challenges to practical implementation

There is an inherent contradiction between hydrogel network stability and mass transport®**. Network
stability is regulated by factors such as the polymer backbone, the nature of the crosslinking bonds, and the
crosslinking density. These same parameters also determine the permeability of the gel network™**>°7),
Consequently, increasing the polymer concentration or crosslinking density to improve the overall stability
of a hydrogel may simultaneously hinder the capture of target molecules and the release of therapeutic
payloads®®). On the one hand, high polymer concentrations and dense crosslinking can restrict the
premature diffusion of drugs and functional nanocomponents, which is a key advantage of hydrogel-based
delivery over the administration of free drugs. On the other hand, the same network may impede the entry of
low-abundance biomarkers, the diffusion of therapeutic agents toward tumor margins, immune-cell
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infiltration, and metabolite exchange | In diagnostic settings, inappropriate design of mesh size and
surface recognition sites may reduce the capture efficiency of CTCs, EVs, or nucleic acid biomarkers. In
therapeutic settings, excessively strong local immobilization may lead to uneven drug distribution, causing
overexposure in tissues adjacent to the gel while leaving distal tumor regions underdosed. For integrated
theranostic systems, mass-transfer limitations may also create discrepancies between imaging signals and

actual drug exposure, thereby compromising the accuracy of efficacy evaluation.

The mismatch between stimulus-responsive mechanisms and the actual TME remains a major limitation in
the design of smart hydrogels. Many hydrogel systems rely on predefined thresholds of tumor-
microenvironment cues to trigger payload release. Tumors, however, do not behave as single-variable
systems. Their microenvironment varies markedly across cancer types, among patients, and even between
different regions of the same tumor. These conditions also continue to evolve following chemotherapy, PTT,
or immunotherapy™"*'?.. If the response threshold is set too low, the hydrogel may be activated prematurely
outside the lesion. If it is set too high, the material may respond insufficiently within the tumor. More
importantly, in an integrated theranostic platform, the same stimulus-responsive process may
simultaneously govern drug release, signal activation, and the assessment of therapeutic efficacy. A single
response mode is therefore unlikely to accommodate the continuously changing microenvironment
throughout treatment.

Hydrogel-guided integrated theranostic platforms may also exhibit performance interference among
diagnostic, therapeutic, and feedback modules. The value of hydrogel-based theranostics lies not in
integrating all functional components into one material, but in functionally coupling localization, release,
treatment, and monitoring. Enhancing imaging signals may require the introduction of inorganic or metallic
components, yet such additions may increase residual risk or alter hydrogel mechanics. Increasing drug
loading benefits local therapy but may compromise the stability of fluorescence, magnetic resonance, or
photoacoustic signals. Similarly, incorporating photothermal, photodynamic, or immunomodulatory
modules may enhance therapeutic efficacy, but the resulting increase in system complexity raises additional
concerns regarding the stability and potency of incorporated biomolecules and the viability and phenotypic
stability of loaded cellg?#***01>4,

Future perspectives

Material stability and functional lifetime control

Material stability and functional lifetime are key determinants of whether hydrogel platforms can perform
their intended diagnostic, therapeutic, or theranostic functions”>*'>*'*), To establish a robust safety profile
and facilitate regulatory approval, future materials should be designed with an in vivo residence time that
matches the specific clinical task. At the same time, the contradiction between network stability and mass
transport must be minimized as much as possible. One rational strategy is to securely retain therapeutic
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payloads within the hydrogel through chemical conjugation or surface tethering®®*>*'”*'*!. The underlying
network structure can then be adjusted according to the size and physicochemical properties of the target
biomarkers. This would preserve sufficient biomarker permeability without allowing the diagnostic
components to leak from the gel. Theranostic platforms must also address the coupling between diagnostic
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signals and therapeutic functions”". Simply co-encapsulating a contrast agent and a drug within the same
hydrogel does not ensure that they will share the same in vivo retention and release profiles”®*°’. In
multicomponent systems, different payloads could instead be assigned to separate layers, distinct
nanocarriers, or structural domains with different bond-cleavage rates. Such compartmentalization would
enable delayed, sequential, or stage-specific release. Future platforms should also be designed so that the
diagnostic signal directly reports the amount of therapeutic cargo remaining in the hydrogel or reflects the
actual treatment response, rather than merely indicating the location of the material. This could be achieved
by coupling the diagnostic and therapeutic components through a shared cleavable linkage or by allowing
drug release to activate a fluorescence or MRI signal. Closed-loop systems intended for repeated sensing and
treatment cycles will require additional properties, including reversible responsiveness, self-healing capacity,
and resistance to fatigue. Basal leakage before the first stimulus and progressive loss of responsiveness over

repeated cycles must also be carefully controlled.

For biodegradable hydrogels, lifetime control should follow a simple principle: the material must remain
stable until its intended function has been completed and should then break down into nontoxic products
that can be metabolized or excreted™'). However, in actual clinical practice, the TME exhibits significant
inter-individual and inter-stage variability, making it difficult to directly predict the true in vivo lifetime from
degradation profiles obtained in vitro®***?!. Particularly for enzyme-responsive or oxidation-responsive
hydrogels, their degradation rates may fluctuate markedly with the patient’s metabolic status"*****/. Future
hydrogel networks should therefore not rely entirely on a single microenvironmental signal for degradation
control. A more reliable approach would be to establish a multifactor-responsive control system. Double-
network and interpenetrating-network designs are particularly well suited to this purpose. A slowly
degrading network could maintain mechanical stability, while a faster, stimulus-responsive network would
cleave first in response to signals at the lesion and initiate payload release. This division of functions could
reduce the risk of complete network collapse and abrupt drug release when local endogenous stimuli become
excessively strong.

Spatially and temporally graded response design for heterogeneous lesions

As discussed above, the pronounced heterogeneity of tumors remains a major barrier to translating
hydrogel-based cancer theranostic platforms from in vitro studies to in vivo applications. In the future,
efforts should be focused on establishing a hierarchically organized response system for these platforms in
both space and time. Specifically, at the spatial level, the crosslinking density, pore size, or distribution of
therapeutic payloads can be adjusted across different regions of the hydrogel, thereby enabling differential
degradation and release behaviors in distinct regions. Studies have shown that the composition, structure,
mechanical properties, and functional molecules of hydrogel materials can be varied either continuously
along a predefined direction or in discrete zones, providing a material basis for mimicking the complex
spatial heterogeneity within tissues””>****"". Temporally, both the TME and its therapeutic requirements often
change in stages as treatment proceeds. Different drugs can be loaded into separate hydrogel layers or into
nanocarriers embedded within the gel. Linkages with different cleavage rates can then be used to control the
release time of each component. In this way, multiple drugs delivered in a single administration could act
sequentially according to a predefined schedule.

Huang et al. reported a Janus-inspired core-shell hydrogel scaffold*!. Through differential drug loading and
graded degradation of the core and shell, the material released melatonin at a higher concentration during
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the early postoperative stage to eliminate residual tumor cells. This was followed by sustained release at a
lower concentration to support subsequent bone repair. Multiresponsive systems should also account for the
logical relationships among different tumor-associated signals, rather than treating every stimulus as an
independent switch. AND, OR, and other logic-gate operations have already been introduced into
multistimuli-responsive hydrogel designs to improve the conditional selectivity of drug release®>**, A
relatively permissive OR response could be assigned to the outer hydrogel layer to recognize and cover
infiltrative tumor margins, whereas the inner layer or a reservoir containing highly toxic drugs could adopt a
more stringent AND response, ensuring that the therapeutic components are released only when multiple
tumor features are present simultaneously.

Dynamic covalent bonds, hydrogen bonds, host-guest interactions, and other reversible interactions enable
the hydrogel network to undergo continuous dissociation, reorganization, and mechanical adaptation in
response to environmental changes, providing a basis for accommodating the constantly evolving TME
during treatment”**°. The further integration of imaging probes, biosensors, or flexible electronic devices
could enable the system to convert the acquired information into regulatory commands that initiate or adjust
therapy, thereby advancing multiresponsive hydrogels from passive material responses toward feedback-
informed treatment and, ultimately, autonomous closed-loop regulation. Finally, the rational design of
gradient and hierarchical structures depends on a quantitative understanding of the response signals within
each patient’s lesion. Before material fabrication, future studies should map the spatial distribution of
relevant stimuli within the tumor using multiregion biopsies, spatial omics, or other analytical methods.
Release profiles across different tumor regions and treatment stages should then be evaluated using PDOs
and models that more closely reproduce the human immune microenvironment.

Emerging technologies and their future applications

In response to these challenges, future hydrogel theranostic platforms will advance not merely by increasing
material complexity, but by prioritizing individualization, clinical adaptability, and dynamic feedback. Unlike
earlier validation strategies that relied primarily on standardized cell lines and animal models, next-
generation hydrogel platforms must more accurately reflect patient-specific tumor heterogeneity, treatment-
stage evolution, and actual delivery environments. A key foundation for this shift is the use of PDOs.
Organoids partially preserve the tissue architecture, molecular characteristics, and drug-response patterns of
primary tumors in vitro**?.. Consequently, they hold promise for pre-evaluating the compatibility between
hydrogel theranostic platforms with diverse matrices and crosslinking strategies and specific patients, thereby
reducing reliance on experience-driven material screening.

At the same time, advances in spatial omics provide higher-dimensional tissue information for the precise
deployment of hydrogel platforms. By resolving intratumoral matrix density, immune-cell distribution,
hypoxic regions, and boundaries at high risk of recurrence, spatial omics can help define the delivery range,
response threshold, and release sequence of hydrogels, thereby shifting material design from a focus on
single lesion characteristics to fine adaptation to tumor spatial heterogeneity. On this basis, artificial
intelligence will become an important tool linking patient information with material parameters. By
integrating material parameters, organoid drug-sensitivity data, spatial microenvironment information, and
imaging/sensing data, artificial intelligence may predict how different design schemes will affect release
behavior, imaging readouts, and therapeutic responses, thereby improving the predictability and
personalization of hydrogel-platform development.

Finally, bioelectronic interfaces may endow hydrogel platforms with the capacity for continuous monitoring
and feedback regulation. By combining conductive or injectable hydrogels with flexible electronic
components, it may become possible to continuously record temperature, pH, electrochemical, and
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inflammation-related signals after implantation or local administration. This assists in assessing material
degradation, drug release, and therapeutic changes. Furthermore, biosafety must remain a core design
constraint for next-generation hydrogel theranostic platforms. Developing hydrogel systems with clearly
defined degradation pathways, low-toxicity degradation products, and efficient in vivo clearance is essential
to avoid long-term residual risks caused by local retention and to promote the translation of hydrogels into
clinically viable platforms that combine therapeutic efficacy with safety.

In summary, the future of hydrogel-driven integrated cancer theranostic platforms depends not only on the
continued optimization of material composition, crosslinking architecture, and functional components, but
also on achieving a deeper understanding of the complex interplay among hydrogel networks, the TME, and
clinical delivery pathways. As technologies such as PDOs, spatial omics, artificial intelligence, and
bioelectronic interfaces are progressively integrated into material design and efficacy evaluation, hydrogel
platforms are expected to evolve into patient-information-driven, monitorable, and dynamically adjustable
individualized theranostic systems, ultimately becoming core soft-material platforms that connect tumor
recognition, local intervention, and therapeutic feedback.
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