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Current cancer treatment still relies largely on stage-specific diagnosis and relatively fixed
therapeutic regimens, with diagnostic information, therapeutic intervention, and efficacy
feedback often separated into different time windows, making it increasingly difficult to
meet the demands of precision and individualized therapy. Theranostic platforms can
organically integrate disease diagnosis with therapeutic decision-making. They can
simultaneously provide feedback on or predict therapeutic efficacy during treatment,
thereby enabling continuous evaluation throughout the entire treatment course. Hydrogels,
as a class of soft materials with tissue-like three-dimensional networks, can stably load
imaging probes and therapeutic agents by virtue of their unique biological characteristics,
while also enabling controlled release, signal activation, and therapeutic monitoring at
lesion sites, thus providing an ideal material basis for the construction of integrated cancer
theranostic platforms. This review systematically summarizes hydrogel construction
strategies for different diagnostic and therapeutic scenarios, with particular emphasis on the
practical impact of distinct matrix compositions, crosslinking modes, and emerging
materials on hydrogel-based theranostic platforms. We further highlight recent advances
over the past three years in precision oncology and, on this basis, discuss in depth the key
applications of hydrogels in tumor biomarker recognition and enrichment, visual imaging,
therapeutic payload delivery, and multifunctional integration. Finally, we analyze the
challenges facing practical implementation in this field and outline future directions
involving organoids, spatial omics, artificial intelligence, and bioelectronic interfaces, with
the aim of providing a systematic reference for the design of next-generation hydrogel-
based cancer theranostic platforms that are personalized, monitorable, and clinically

translatable.
Keywords: Hydrogels, cancer, diagnosis, therapy, theranostic platforms

INTRODUCTION

Cancer has become one of the leading causes of death and disease burden worldwide.
According to estimates from the World Health Organization/International Agency for
Research on Cancer (WHO/IARC), there were approximately 21.3 million new cancer

cases and 10.4 million cancer-related deaths globally in 2025 alonel!l. As the global cancer
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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 timel?l. 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 changel®’). 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
healthcarel®l. 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 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)!'3l. 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
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tissue compatibility by regulating material composition, crosslinking mode, and network
structurel'*], 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(!4], thereby integrating diagnostic and
therapeutic functions within a single material system. Their responsiveness to signals in the
tumor microenvironment, such as pH, reactive oxygen species (ROS), enzymes,
temperature, and light!'®), further permits spatiotemporally controlled signal activation and
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, the use of hydrogels in tumor diagnosis and therapeutic intervention has
expanded rapidly, moving toward integrated soft-material platforms that combine
biomarker recognition, intelligent release of therapeutic components, imaging-based
tracking, and efficacy feedback. However, existing studies remain fragmented, and a
systematic review of hydrogel-driven integrated cancer theranostic platforms is still lacking.
Accordingly, this review focuses on the development and application of multifunctional
hydrogels for cancer theranostics. We first systematically summarize the material matrices
and crosslinking strategies used in hydrogels for tumor theranostics and clarify how
structural design influences diagnostic signal generation, therapeutic payload delivery, and
intelligent responsiveness. We then discuss and summarize advances since 2024 in
hydrogel-based tumor molecular diagnosis, molecular therapy, and closed-loop diagnosis—
treatment platforms. Finally, we examine the potential challenges and limitations of using
hydrogels to construct integrated tumor theranostic platforms and highlight the prospective
roles of emerging technologies, including artificial intelligence and bioelectronic interfaces,

in next-generation, individualized hydrogel theranostic systems.
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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.(Figure was generated by BioRender,

https://www.biorender.com/).

MATERIAL MATRICES AND FUNCTIONAL COMPONENTS OF HYDROGELS

The key to using hydrogels in integrated cancer theranostic platforms lies in their highly
hydrated three-dimensional networks, which can simultaneously support biomarker
enrichment, signal transduction, drug release, and efficacy monitoring!!’26l. 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 modules can respond on demand in vivo in a controllable temporal and

spatial sequencel?%-24-26],

Hydrogel material types and structural classification
The advantages of natural polymer hydrogels stem primarily from their ECM-mimetic

21,2730l Figure 2].

properties, mild gelation conditions, and degradable chemical structures!
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
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sequences, alginate typically requires modification through Arg-Gly-Asp (RGD) grafting,
oxidative functionalization, or combination with natural ECM materials to enhance cell
interactions!?’-?°l, 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®*!l. 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 captureB2*3.  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
three-dimensional (3D) tumor models, postoperative local fillers, and delivery systems

compatible with tissue repairl*+37],

Synthetic polymer hydrogels emphasize programmable structures and batch-to-batch
consistency, with polyethylene glycol (PEG), polyvinyl alcohol (PVA), polyacrylamide
(PAAm), and degradable block copolymers being the most common representatives*%31,
PEG networks can regulate pore size, mechanical strength, and the release rate of
encapsulated components through terminal functionalization, arm number, and crosslink
density®*#!l. However, their bioinert nature necessitates the introduction of adhesive
peptides, enzyme-sensitive linkers, or natural polymer segments to enable recognition by

tl42431 PVA forms stable networks through freeze—

cells and the tumor microenvironmen
thaw cycling or chemical crosslinking and is suitable for patches, microneedles, and local
covering-type delivery systems!*-47l, 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 releasel**-,
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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!-3%],
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
molecular recognition, local responsiveness, and reversible assembly®!-*¥l, 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 vivol3?3],
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Figure 2. Schematic diagram illustrating the classification of hydrogel material

components and the characteristics of hydrogels with varying matrix compositions.(Figure

was generated by BioRender, https://www.biorender.com/).

Hydrogel crosslinking strategies
https://www.scierxiv.com/
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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!®6-7],
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 releasel>®1. 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!®%-61,

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!®*54. 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!3-6¢],

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!®l. In practice, optimizing crosslink density, bond-exchange kinetics,

and local delivery conditions is often necessary to balance responsiveness and durability!®8,
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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®7%, 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!”!72), 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[%-7%],

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 PVA ensure stable local retention and act as diffusion
barriers through the regulation of terminal reactions, crosslinking density, and pore
sizel?7:28.38-40] ‘Integrating distinct matrices into composite networks via diverse crosslinking
mechanisms allows hydrogels to maintain structural stability while generating controllable
responses to the tumor microenvironment or exogenous stimuli, thereby rendering both

gelation and cargo release tunablel36-38:67-68],
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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 characteristic of
nanocarriers’#7], 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!’’l. Their network structures respond to the tumor
microenvironment or external stimuli, translating material-level structural changes into
signal enhancement or payload releasel’>"°1. 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 releasel76-7°1.

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!'83. 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 tumor
microenvironment can also be achieved®. Metal-drug coordination networks, two-
dimensional 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®3-87],

APPLICATIONS OF HYDROGELS IN TUMOR DIAGNOSIS

Biosensing and molecular biomarker recognition
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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

88901 Owing to their

background components, and, for some molecules, poor stability!
highly hydrated three-dimensional networks and tissue-like softness, hydrogels can provide
a gentler microenvironment for the capture of cells, vesicles, and nucleic acids®'l. 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®23],
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 and colleagues®® 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.

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®®-1%%, 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-
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based analysis. In the context of heterogeneous biomarker recognition, one study developed
a CXCL12-loaded HA hydrogel (CLG) to capture metastasis-prone CTCs!!°!l, 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 cells!'%%],
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 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!!%-1%4, 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
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away from the conventional workflow of hydrogel capture, washing/sorting, and
subsequent polymerase chain reaction (PCR) or instrument-based amplification readout [1%],
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 ESRI, 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 and colleagues
constructed a thermosensitive hydrogel-enhanced one-pot recombinase polymerase
amplification (RPA)-CRISPR/Casl2a system!'%l, 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
Casl2a 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.

Current quantitative techniques for multiple miRNAs typically require RNA extraction
from body fluids as a preprocessing stepl!®’l. 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!!®!12] 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 extraction and to be selectively retained.

RCA amplification was then completed within the beads, and parallel quantification of the
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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[!!%l. 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!!!'¥l. Existing single-cell EVP microfluidic systems generally
struggle to simultaneously achieve source purity and long-term culturel''4!5] 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 gapl''®l,

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.
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Figure 3. Schematic diagram illustrating capture methods for different liquid biopsy
biomarkers. (A) Current CTC capture methods are no longer limited by the heterogeneity
caused by EpCAM downregulation; (B) Recognition of target ctDNA, structural changes of
the material, and signal output have been achieved within a hydrogel platform; (C) Using a
size-encoded PEG hydrogel microbead system, extraction-free multiplex miRNA liquid
biopsy analysis can be performed in authentic serum samples; (D) By integrating oil-sealed
isolation with hydrogel microwells, single cells and their secreted EVPs can be
independently isolated and confined during extended culture periods.(Figure was generated

by BioRender, https://www.biorender.com/)

Visual imaging and image guidance

Because of their hydrated three-dimensional 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!!!!"?l. 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!'?%!211. Consequently, hydrogels have evolved from passive contrast
agent carriers into programmable materials for lesion localization, intelligent response, and

therapeutic monitoring and prediction [Figure 4].
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Fluorescence imaging remains one of the most accessible diagnostic modalities due to its
high sensitivity, operational simplicity, and compatibility with intraoperative
visualization!??l, However, the diagnostic utility of conventional fluorescent probes is often
limited by rapid diffusion, photobleaching, aggregation-caused quenching, and insufficient
retention at lesion sites!'?>!24, Hydrogel encapsulation partially addresses these limitations
by providing a hydrated microenvironment that stabilizes organic fluorescent dyes,
aggregation-induced emission nanoparticles, and other luminophores!!?>12¢, In 2013,
Jungmin Park and colleagues 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 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 and colleagues further constructed a tumor
microenvironment-responsive DNA hybrid hydrogel, termed AHB Gel'?®l. By coupling a
PAAm hydrogel network with an ATP-responsive aptamer, this system can directly sense
abnormally elevated extracellular ATP levels in the tumor microenvironment 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 sifu can establish a transiently stable imaging interface
within the surgical cavity for intraoperative navigation and residual-disease detection.
Walker and colleagues 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
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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 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 tumor microenvironment 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. The team of
Seon(!3!l 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 sifu 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
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detected at depth!'*2], and is therefore better suited for coupling with tumor-
microenvironment parameters such as pH, temperature, or metabolic state [133:134]
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 and
colleagues!'*3! 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, Jeff and colleagues!!*! 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 tumor
microenvironment. 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.
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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 tumor microenvironment to confer smart responsive properties,
enabling tumor visualization and the reflection or prediction of therapeutic

outcomes.(Figure was generated by BioRender, https://www.biorender.com/).

APPLICATIONS FOR 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

1361401 Leveraging their highly hydrated three-

post-treatment microenvironment!
dimensional networks, injectable in sifu gelation, tunable 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[!37:13%:140]

Hydrogels are therefore now widely used throughout the course of cancer therapy [Figure

5.
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Figure 5. Schematic summary of current application strategies of hydrogels in tumor

therapy.(Figure was generated by BioRender, https://www.biorender.com/).

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!"*!l. 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 tumor
microenvironment (TME)-responsive release by exploiting differences in pH, enzyme

activity, redox status, or temperaturel!36.137.142-144]

Exhibit well-established broad-spectrum antitumor activity, but their clinical utility is
limited by cardiotoxicity, myelosuppression, and the risk of resistancel'*!l. One study
developed an injectable pH-responsive polypeptide hydrogel, FOK, for the local sustained

release of DOXI'#2), This system maintains a stable gel structure at physiological pH but
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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 and colleagues!'**! further reported an
HA-based injectable DOX-loaded hydrogel, DOX-MCHAgel, for locoregional breast
cancer therapy and metastasis inhibition. In a 4T1 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 and colleagues developed a composite system, ZC-DOX@GEL,
in which a GeIMA hydrogel was loaded with DOX@zeolitic imidazolate framework-8
(ZIF-8)/cerium dioxide (CeOz) nanoparticles for postoperative tumor treatment and wound
repair!'*4, 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(!43],

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!'#%147l, These channels
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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 and colleagues!'*! constructed a
bifunctional HA-based HMN system in which the needle tips were loaded with
CCa@TF/chlorin e6 (Ce6) nanocomposites and rapidly dissolved after insertion into
tumors to release therapeutic components. The hydrogel base, HB-PVA, formed via
boronate ester bonds between 3-aminophenylboronic acid-grafted HA and PVA, remained
locally to support subsequent skin repair. During treatment, CCa@TF/Ce6 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 M2 to the M1 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 timel!'*). 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 and colleagues proposed an
adhesion-to-penetration-transformable nanomotors-in-hydrogel system for intravesical
therapy!'>%, combining the intracavitary retention of conventional hydrogels 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 sifu gelation at body temperature and adhered

to the urothelial surface, thereby prolonging GEM retention in the bladder lumen and
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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].
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Figure 6. Schematic diagram illustrating the combination of hydrogels and nanomotors for
mitigating intravesical drug clearance during intravesical administration. () Conventional

intravesical drug delivery is susceptible to urine flushing, leading to poor therapeutic

efficacy; @ Drug-loaded hydrogels enable favorable intravesical retention of therapeutic
components; (3) Nanomotors embedded within the hydrogel can actively migrate, achieving

better penetration capability.(Figure was generated by BioRender,

https://www.biorender.com/).

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!!*!152], 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
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cells. Inadequate antigen processing by antigen-presenting cells restricts the generation of
antigen-specific T-cell responses!!>?). In addition, the immunosuppressive tumor
microenvironment 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!!>>158, 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 only minimally invasive injection near the tumor

site, but also spatiotemporally controlled release of vaccine formulations!!3>156],

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 and colleagues reported a rapidly hemostatic in situ hydrogel
tumor vaccine for chemotherapy-immunotherapy in colorectal cancer!>!. 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. /n vivo experiments showed that it not only suppressed the growth of
orthotopic colorectal cancer but also inhibited distant untreated tumors. The modular
hydrogel vaccine proposed by Ji and colleagues further illustrates the logic of
spatiotemporally ordered release desig!'®”. In this system, chemokine (C-C motif) ligand
2la (CCL2l1a) and tumor-cell-derived exosomes loaded with granulocyte-macrophage
colony-stimulating factor (GM-CSF) messenger RNA and Ce6 were co-assembled into a
nanoclay/GeIMA 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
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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.
Hepatocellular carcinoma itself elicits relatively weak immune responses, and ICB alone is
often insufficient to fully activate antitumor T cells. Zhao and colleagues used
transcriptomic analysis to identify kinesin family member 20A (KIF20A) as an
overexpressed antigen in hepatocellular carcinoma and then constructed a KIF20A
protein/resiquimod (R848) liposome-loaded thermosensitive PLGA-PEG-PLGA hydrogel
vaccine, K/RLip@Gell'®!l, 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 and
colleagues, 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!'%2l, 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 three-dimensional 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 two-dimensional (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!!63-164],
Although PDX models are closer to clinical reality, they are time-consuming and costly and
cannot readily satisfy high-throughput screening demands!'®3. Compared with traditional
animal-derived matrices such as Matrigel, recent research has increasingly emphasized

hydrogel systems with chemically defined composition, tunable mechanical properties, and
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intrinsic bioactivity!!%¢-1%° Hydrogels modulate ECM signals through diverse material
matrices and simulate tissue- or stage-specific stiffness by adjusting crosslinking
density!!7%171] " Stiffness modulation is particularly critical for tumors such as pancreatic
cancer, where extensive fibrosis and matrix stiffness significantly influence therapeutic
responsel!”?, One study developed a 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 colorectal

cancer, thereby supporting subsequent individualized screening!!"+173],

Hydrogel-based 3D models encapsulate patient-derived tumor cells within a controllable
tumor microenvironment, 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 typest!7¢177] Regarding co-culture with stromal components, Luo and colleagues
previously developed an HA-gelatin hydrogel-based co-culture model of colorectal cancer
(CRC) PDOs and cancer-associated fibroblasts (CAFs)[!78], 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 and colleagues
developed HADR, a chemically defined, mechanically tunable, and bioactive HA/alginate
double-network hydrogel for hepatocellular carcinoma organoid construction!!”, This
system comprises methacrylated HA, sodium alginate, methacrylamide dopamine, and
c(RGDFC); its stiffness can be regulated to approximate physiological liver tissue while
supporting the formation of hepatocellular carcinoma organoids in a 3D environment.

Compared with 2D culture, HepG2 organoids grown in HADR exhibited a higher half-
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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 and colleagues combined engineered ECM-mimetic hydrogels with high-
throughput 3D bioprinting to construct 3D models of patient-derived neuroblastoma and
sarcomal'®], 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 and colleagues
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.

CONSTRUCTION OF HYDROGEL-BASED INTEGRATED THERANOSTIC
PLATFORMS

Theranostic integration is a key concept in modern precision medicine and is as important
as cancer therapy itself. Its essence does not lie in simply co-loading diagnostic probes and
therapeutic drugs into a single material system, but in integrating tumor recognition, drug
delivery, and efficacy monitoring into one system through visual localization,
microenvironment responsiveness, and local controlled releasel'32-13%), Hydrogels can form
sustained therapeutic depots at tumor sites and can further incorporate diagnostic modules,
thereby providing a material basis for the construction of integrated theranostic platforms.
Recent studies indicate that multifunctional hydrogels are evolving from simple drug-
delivery carriers into smart composite systems capable of combining diagnostic imaging

with multiple therapeutic modalities [Figure 7].
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Figure 7. Schematic diagram of a hydrogel-mediated integrated tumor theranostic platform.
The hydrogel simultaneously encapsulates imaging and therapeutic agents, enabling
targeted or stimuli-responsive release through the design of the material matrix and gel
network, thereby facilitating tumor recognition, treatment, and therapeutic feedback.(Figure

was generated by BioRender, https://www.biorender.com/).

Fluorescence imaging-guided hydrogel theranostic platforms

Among hydrogel-based tumor theranostic platforms, fluorescence imaging-guided systems
emerged earliest, are the most widely used, and are most readily coupled with therapeutic
functions. Multiple clinical and translational studies have demonstrated that fluorescence
imaging provides real-time spatial information for tumor identification and resection,
facilitating tumor localization and lesion boundary visualization during surgery!!34186],
Unlike traditional paradigms in which efficacy is evaluated post-administration via changes
in tumor volume, fluorescent hydrogels provide direct spatial information and dynamic
feedback during treatment. They intuitively indicate whether the hydrogel has successfully
reached the tumor region, remains locally retained, and whether the loaded drugs or

functional nanocomponents have been released or activated!'®’-1%°, Notably, when the

DOI: 10.20517/scierxiv202606.0432.v1 28 https://www.scierxiv.com/



https://www.scierxiv.com/

Vi

fluorescent component also possesses photothermal conversion, photodynamic effects,
targeted recognition, or stimulus-responsive capabilities, the fluorescence signal transcends
its role as a passive tracing tool. Instead, it becomes a functional interface linking tumor
recognition, local delivery, treatment activation, and process monitoring!!°*°1l. At present,
fluorescence imaging-guided hydrogel theranostic platforms are evolving from simple
fluorescence tracing systems into integrated platforms combining imaging, targeting,

controlled release, and multimodal therapy.

Fluorescent hydrogels represent the most extensively investigated format. By introducing
fluorophores into hydrogels, local delivery can be visualized through fluorescence signals,
thereby enabling real-time tracking of the therapeutic process!!°207[Table 1]. Many
fluorescent materials themselves also possess photothermal conversion capability, allowing
them to visualize tumors while simultaneously mediating therapy. For example, a
fluorescent polydopamine nanoparticle composite hydrogel (FPNP-hydrogel) has been
developed for fluorescence imaging-guided photothermal cancer therapy!?°®l. This FPNP-
hydrogel was prepared by compositing fluorescent polydopamine nanoparticles (FPNPs)
with PVA. The unique optical properties of FPNPs endowed the FPNP-hydrogel with
excellent biocompatibility, strong fluorescence, and high photostability, enabling
fluorescence imaging of tumor regions in vivo. At the same time, FPNPs also possess
photothermal conversion capability and can generate marked temperature elevation under
near-infrared laser irradiation, thereby killing tumor cells. These findings indicate that
multifunctional hydrogels with excellent fluorescence performance and high photothermal
conversion efficiency hold promise for the design of new cancer treatment strategies.
Beyond incorporating fluorescent materials with photothermal properties, imaging,
targeting, and therapeutic modules can also be integrated into a single gel system, enabling
the platform to achieve precise molecular targeting and drug delivery while visualizing
tumor localization. Ranjbar and colleagues!?®! developed a mucin 1 (MUCI1) aptamer-
modified InP/ZnS quantum dot-nanohydrogel composite nanosystem co-loaded with
paclitaxel and the lactate dehydrogenase inhibitor sodium oxamate. Through aptamer-
mediated targeting of MCF-7 breast cancer cells, this system acquired fluorescence imaging

capability from the quantum dots, enabling visualized recognition of tumor cells.
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Meanwhile, the synergistic action of the loaded chemotherapeutic drug and glycolysis
intervention enhanced tumor-cell inhibition and induced mitochondria-mediated apoptosis,
supporting targeted recognition, imaging, and treatment of breast cancer and other solid
tumors. Wang and colleagues further proposed a near-infrared-activated and ATP-
responsive trifunctional upconversion nano-jelly system!?'%. This gel used NaYF4 as the
core matrix and was doped with Yb** and Er*', after which a silica shell loaded with
methylene blue (MB) was constructed around it. A mesoporous silica layer was then
introduced as a drug reservoir for DOX loading, and an anti-ATP aptamer sequence was
assembled at the outermost layer to confer ATP responsiveness. Under near-infrared
excitation, the gel core generated green emission at 540 nm for tumor imaging, while its red
emission at 660 nm activated MB to produce singlet oxygen and induce a PDT effect.
Meanwhile, the relatively high ATP level in tumor cells specifically binds to the outer
aptamer, triggering disassembly of the DNA hydrogel network and thereby promoting
DOX release, ultimately achieving synergistic integration of imaging, PDT, and
chemotherapy. This also indicates that hydrogel theranostic platforms are advancing toward
intelligent systems that are tumor-microenvironment responsive and exhibit multimodal

therapeutic synergy.

DOI: 10.20517/scierxiv202606.0432.v1 30 https://www.scierxiv.com/



https://www.scierxiv.com/

Table 1. Summary of fluorescence-guided hydrogel theranostic platforms reported in the past three years.

Representative

Fluorescent component Therapeutic component

platform

Theranostic  integration Application

strategy

Ref.

Injectable hyaluronic

acid/carboxymethyl
. ymemy AF647
chitosan XCSgel
platform
Injectable )
Coumarin
multifunctional

AF647-labeled immune
mediators enable in vitro
and in vivo fluorescence
tracking to quantify

intratumoral cytokine

IL-12 and other cytokine- delivery, diffusion, and

based
immunotherapy

components

Doxorubicin (DOX)

local retention; XCSgel acts as a

local drug depot that

prolongs exposure to 1L-12

and other
immunomodulators and
enhances antitumor
immunotherapeutic
efficacy.

The coumarin motif confers

gel visualization capability

Breast cancer

Solid tumor

Mantooth S.M. et
al.[192]

VuT.T. et al.[193]
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Representative Theranostic  integration Application
Fluorescent component Therapeutic component Ref.

platform strategy setting

poly(N-acryloyl and serves as an NIR-

glycinamide)/alginate- responsive cleavage site;

derivative  hydrogel after NIR irradiation, gel

platform decrosslinking rapidly

releases DOX, thereby
coupling imaging
surveillance ~ with  on-
demand chemotherapeutic

delivery.

Cy5/Cy3-labeled

. antibody/protein
MMP-responsive )
) ) therapeutics enable
poly(glutamic  acid)- o S
] Oxaliplatin (OXA) + anti- visualization of release and ‘
based polypeptide Cy5/Cy3-labeled IgG Melanoma Liang S. et al.[194]
PD-L1 antibody intratumoral retention; the
hydrogel local drug- _
MMP-cleavable  peptide-
depot platform .
crosslinked network

degrades in the tumor
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Representative

Fluorescent component Therapeutic component

platform

Theranostic  integration Application

strategy

Ref.

Pluronic F127 in situ
thermosensitive Rhodamine B (Rho B)

hydrogel platform

Atorvastatin = (ATO) +
cyclophosphamide (CTX)

MMP milieu to release
OXA and anti-PD-L1,
integrating release
monitoring with
chemotherapy-induced

immunogenic cell death

and immune-checkpoint

blockade.

Rho B serves as a small-
molecule tracer to validate
local tumor retention and

sustained release from the

F127 thermosensitive gel; Colon cancer

the gel co-delivers ATO to
downregulate PD-L1 and
CTX to induce

immunogenic

Liu Z. et al.[195]
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Representative

platform

Fluorescent component Therapeutic component

Theranostic  integration Application Ref
ef.

strategy setting

Four-arm
crosslinked
injectable

platform

PEG-

chitosan PS2/porphine-derivative

hydrogel fluorescence

PS2
mediated PDT

photosensitizer-

chemotherapy, forming a
locally visualized chemo-
immunotherapeutic

regimen.

PS2 simultaneously serves

as a fluorescent

tracer/photosensitive
component and participates

in  chitosan  hydrogel

Vivo
~ Colon cancer Gierlich
imaging
. and melanoma al.[196]
intratumoral

construction; in
fluorescence
confirms

distribution and retention,
whereas  photoirradiation
induces PS2-mediated ROS
generation for PDT and

antitumor immune

P.

et
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Representative Theranostic  integration Application
Fluorescent component Therapeutic component Ref.
platform strategy setting
activation.
After intratumoral injection
of the ACG hydrogel,
genipin reacts with tumor
‘ ‘ proteins to form products
Sodium alginate- ‘
‘ o . ~In situ-generated with both fluorescent and
calcium-genipin in Genipin-tumor  protein ) Wang Y. et
. . photothermal  agent/808 photothermal  properties; Breast cancer
situ reactive hydrogel reaction products . . al.[197]
nm photothermal therapy fluorescence imaging
platform _
defines the optimal
reaction/therapeutic
window before NIR
photothermal ablation.
AlIE luminogen- MXene-mediated mild AIEgen-coated MXene
modified MXene photothermal therapy + nanosheets are embedded in ‘
o PEG-MeoTTPy AIE ‘ ___ Choroidal
nanosheet/stimuli- ] AIE photodynamic an Agar/PSBMA stimuli- XuY.etal[198]
‘ luminogen ‘ ‘ melanoma
responsive  hydrogel therapy/pyroptosis responsive hydrogel; PEG-
platform induction MeoTTPy provides NIR
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Representative

Fluorescent component Therapeutic component

platform

Theranostic  integration Application Ref
ef.

strategy

Nd/Mn co-doped Thermosensitive
whitlockite-sodium  fluorescence of Nd/Mn
alginate composite co-doped whitlockite

hydrogel platform nanoparticles

osteogenic/bone-repair

material components

fluorescence and PDT
capability, while MXene
affords photothermal
effects. NIR
fluorescence/photothermal

dual-modal imaging guides
hydrogel-responsive release

and synergistic mPTT/PDT.

After incorporation of
Nd/Mn co-doped

whitlockite  nanoparticles

Photothermal therapy +into  sodium  alginate

hydrogel, temperature- Osteosarcoma Heng C. et al.[199]

dependent fluorescence
intensity provides real-time
thermal feedback; under

irradiation, controllable
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Representative

Fluorescent component Therapeutic component

platform

Theranostic  integration

strategy

Application

setting

Ref.

In  situ injectable
PEG-albumin ICG/Ceb6
hydrogel platform

PTX chemotherapy + Ce6
PDT + ICG PTT + PFC

oxygen supply

photothermal ablation is
achieved, while the
whitlockite/sodium alginate
matrix supports bone tissue
repair.

The PEG-albumin hydrogel
encapsulates PTX-albumin
nanoparticles and
ICG/Ce6/PFC
nanoemulsions; ICG/Ce6
provides
fluorescent/photoresponsive
therapeutic signals, whereas
PFC alleviates hypoxia.
Laser irradiation
simultaneously triggers

heat generation, singlet-

Breast cancer

Lee W.T. et
al.[200]
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Representative

Fluorescent component Therapeutic component

platform

Theranostic  integration Application

strategy

Ref.

pH-responsive

nanocomposite

HA-ADH-RBITC
hydrogel platform

_ fluorescent probe
based on dynamic

boronate ester bonds

Pt-TiO, sonosensitizer -+

imiquimod
immunotherapeutic

component

(IMQ)

oxygen production, and
chemotherapy release,
enabling imaging-assisted
chemo/PDT/PTT

combination therapy for

hypoxic tumors.

PLGA-BA and PVA form
an acidic TME-responsive
gel  through  dynamic
boronate ester crosslinking;

HA-ADH-RBITC enables

tumor localization and Breast cancer

fluorescence ~ monitoring
during treatment.
Ultrasound-activated ~ Pt-
TiO, generates ROS, and
IMQ  activates  T-cell

Qian Z. et al.[201]
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Representative

platform

Fluorescent component Therapeutic component

Theranostic  integration Application Ref
ef.

strategy setting

MMP-responsive
iridium(IIT)-based
luminescent hydrogel

platform

Lysosome-targeting o
Iridium(IIT)
iridium(I1I) complex _
mediated PDT

emission

complex-

immunity, enabling
imaging-guided
sonodynamic-

immunotherapy.

The MMP-sensitive gel

releases a  lysosome-
targeting iridium complex
in cancer cells with high
MMP

activity, enabling

cancer-cell-specific MMP-

Yip AM.H.

imaging; overexpressing
al.[202]

luminescence
upon photoirradiation, the cancer cells
iridium complex induces
lysosomal phototoxicity

and suppresses cell

migration,  yielding an

integrated imaging-targeted

et
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Representative Theranostic  integration Application
Fluorescent component Therapeutic component Ref.
platform strategy setting
PDT platform.

The PD-L1 aptamer confers
residual-tumor  targeting,
while the lactate-responsive

DNA network generates a

detection signal and
FX11-SPNT-mediated triggers therapeutic cargo Postoperative
PD-L1 aptamer- ) ) ) ) )
. Lactate-responsive DNA lactate metabolic release in the high-lactate residual tumor
modified, lactate- . . . . ‘ . ‘
_ fluorescent reporter intervention/mitochondria- postoperative detection and Liu Y. et al.[203]
responsive DNA ] )
module targeted ultrasound microenvironment; recurrence
hydrogel platform _ . ‘
therapy ultrasound-activated Mito- suppression
US  therapy eliminates
residual tumor cells and
establishes a postoperative
detection-eradication
feedback loop.
Immunostimulatory in Intrinsic DOX DOX chemotherapy + DOX@MPDA/MINV s Glioblastoma Zhang R.
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Representative Theranostic  integration Application
Fluorescent component Therapeutic component Ref.
platform strategy setting
situ fibrin gel fluorescence/fluorescently MPDA photothermal loaded into an in situ fibrin et al.[204]
platform labeled MPDA-MINYV therapy + M1 gel for postoperative local
nanovesicles macrophage-derived retention, and fluorescence
nanovesicle-mediated imaging monitors

immune reprogramming  gel/nanodrug  distribution
within the resection cavity;
NIR irradiation triggers
MPDA -mediated
photothermal effects
synergistic ~ with  DOX
chemotherapy, while
MINV remodels tumor-
associated macrophages to
enhance postoperative
photo-chemo-

immunotherapy.

Postoperative CEA-responsive Polydopamine-based The implantable hydrogel Residual Geng S. et al.[205]
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Representative Theranostic  integration Application
Fluorescent component Therapeutic component Ref.

platform strategy setting

implantable = eMB/F molecular  beacon/eMB photothermal nanoprobe integrates molecular beacon triple-negative

hydrogel sensor fluorescent nanoprobe nanoprobes with fibroblasts breast cancer

platform and a gel scaffold, enabling

P407 thermosensitive

hydrogel loaded with

engineered

Engineered Lactococcus
NIR fluorescence-labeled

) lactis  secreting  FIt3L-
FOLactis

OX40L fusion protein

ultrasensitive optical

detection  of  residual
microtumors through CEA-
triggered signaling and Exo
I cycle amplification; after
visual localization,

polydopamine nanoprobes

mediate photothermal
ablation to prevent
postoperative  recurrence

and metastasis.

NIR fluorescence imaging Peritoneal

verifies sustained release metastatic Chen A. et al.[206]

and local retention of tumor
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Representative Theranostic  integration Application
Fluorescent component Therapeutic component Ref.
platform strategy setting
Lactococcus lactis FOLactis from the P407
FOLactis gel, after  peritumoral
injection, the

thermosensitive gel forms
an "artificial lymph island"
that continuously releases
engineered bacteria and
activates dendritic cells and
effector memory T cells,

thereby enhancing bacterial

immunotherapy.
P407 thermosensitive DiR-labeled Ms-IL15
hydrogel loaded with Recombinant enables in vivo NIR
‘ ‘ ‘ S ‘ Peritoneal
recombinant DiR NIR fluorescence- Mycobacterium imaging of engineered- .
] ] ] ) metastatic
Mycobacterium labeled Ms-IL15 (IVIS)  smegmatis expressing bacterium  release  and
tumor
smegmatis expressing exogenous IL-15 retention within the P407
IL-15 gel; intraperitoneal P407

Wang Q.
et al.[207]
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Representative Theranostic  integration Application
Fluorescent component Therapeutic component Ref.
platform strategy setting

injection forms a local
sustained-release depot that
continuously releases IL-
15-expressing  engineered
bacteria to promote DC
maturation and memory T-
cell differentiation while
reducing M2 macrophage

polarization.

AF647: Alexa Fluor 647; IL-12: interleukin-12; XCSgel: cross-linked chitosan gel; Cy5: cyanine 5; Cy3: cyanine 3; IgG: immunoglobulin G; PD-L1: programmed death-
ligand 1; F127: Pluronic F127/poloxamer 407; PEG: polyethylene glycol; PS2: photosensitizer 2; PDT: photodynamic therapy; ACG: sodium alginate-calcium-genipin; AIE:
aggregation-induced emission; MXene: two-dimensional transition-metal carbide, nitride, or carbonitride; PEG-MeoTTPy: polyethylene glycol-modified MeoTTPy
aggregation-induced-emission luminogen; article-specific compound code; PSBMA: poly(sulfobetaine methacrylate); mPTT: mild photothermal therapy; ICG: indocyanine
green; Ce6: chlorin e6; PFC: perfluorocarbon;, HA-ADH-RBITC: hyaluronic acid-adipic acid dihydrazide-rhodamine B isothiocyanate copolymer; ADH: adipic acid
dihydrazide; RBITC: rhodamine B isothiocyanate; Pt: platinum; TiO2: titanium dioxide; Pt-TiO2: platinum-modified titanium dioxide; PLGA-BA: boronic acid-modified
poly(L-glutamic acid); PVA: polyvinyl alcohol; FXI11: lactate dehydrogenase A inhibitor FX11; SPNT: mitochondria-targeted semiconducting polymer

nanoparticle/nanotransducer; article-specific platform code; FX11-SPNT: FX11-loaded mitochondria-targeted semiconducting polymer nanoparticle/nanotransducer; Mito-US:
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mitochondria-targeted ultrasound therapy; MPDA: mesoporous polydopamine; MINV: M1 macrophage-derived nanovesicle; CEA: carcinoembryonic antigen; eMB:
exonuclease [-assisted molecular beacon; eMB/F: exonuclease I-assisted molecular beacon/fibroblast hydrogel sensor; Exo I: exonuclease I; P407: poloxamer 407; FIt3L:
FMS-like tyrosine kinase 3 ligand; OX40L: OX40 ligand; FIt3L-OX40L: FMS-like tyrosine kinase 3 ligand-OX40 ligand fusion protein; FOLactis: FIt3L-OX40L-expressing
Lactococcus lactis; DC: dendritic cell; DiR: 1,1'-dioctadecyl-3,3,3",3"-tetramethylindotricarbocyanine iodide; IL-15: interleukin-15; Ms-IL15: interleukin-15-expressing

Mycobacterium smegmatis; [VIS: in vivo imaging system.

Radiological imaging-guided hydrogel theranostic platforms

Compared with fluorescent hydrogels, which primarily focus on optical tracing at the cellular or superficial tissue levels, image-guided hydrogels
are more closely aligned with actual clinical treatment pathways and offer irreplaceable advantages in deep-tumor localization, interventional
therapy, and three-dimensional anatomical assessment[?!1:2!2, Their frontier value lies in the possibility not only of integrating diagnosis and
treatment within a single system, but also of rendering the therapeutic process itself more controllable by linking in vivo hydrogel retention,
release behavior, and efficacy changes to clinical imaging readouts. This offers a more translational technical strategy for precise local treatment

of deep tumors and the construction of integrated theranostic platforms(?!3-2231 [Table 2]

Table 2. Summary of image-guided hydrogel theranostic platforms reported in the past three years.

Imaging/contra Imaging Tumor
Theranostic content Treatment/intervention Ref.
st component modality model/type
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Imaging/contra Imaging Tumor
Theranostic content Treatment/intervention Ref.
st component modality model/type
Silk fibroin hydrogel
incorporating meglumine
diatrizoate is X-ray visible
and injectable in situ; local Meglumine Focal therapy/drug Peng Z.
_ o X-ray Osteosarcoma
hydrogel-mediated  release diatrizoate (MD) release et al.[213]

enhances osteosarcoma

lesion  control,  enabling

image-assisted focal therapy.

QCS/GA complex

coacervates  loaded  with

iohexol and DOX show Iohexol (the “T”

shear-thinning behavior and in ' Liu M.
X-ray opacity; they embolize QCS/GA/I/DOX ey TACE Hiver tumor et al.[214]
VX2 tumor-feeding arteries )

and locally release DOX as a

TACE-like platform.

Drug molecules self- Tantalum TACE + RT-enhanced Peng Y.

‘ ‘ X-ray ‘ ‘ Liver tumor
assemble into fibrous nanoparticles immunity et al.[215]

DOI: 10.20517/scierxiv202606.0432.v1 46 https://www.scierxiv.com/



https://www.scierxiv.com/

Imaging/contra Imaging Tumor
Theranostic content Treatment/intervention Ref.

st component modality model/type
hydrogels for X-ray-guided (Ta NPs)

TACE; the platform

combines embolization,
sustained chemotherapeutic
release, and radiotherapy-
potentiated immunity for
locoregional HCC treatment.
A radiopaque, radiation-
responsive imiquimod-loaded
hydrogel allows CT
monitoring  of  delivery; Gold

. . ‘ FLASH RT + Dong YC.

combined with FLASH nanoparticles CT/X-ray ) Melanoma

_ . immunotherapy et al.[216]
radiotherapy, it enhances (AuNPs)
local irradiation and immune
activation in B16-F10
melanoma.
Iodinated poloxamer X- Local anticancer drug Delgado JF.

. Todixanol ‘ Solid tumor

thermosensitive hydrogel ray/CT/CBCT delivery etal.[217]
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>

Imaging/contra Imaging Tumor
Theranostic content Treatment/intervention Ref.
st component modality model/type

gels at body temperature and

can carry anticancer drugs;

X-ray, CT, or CBCT

visualizes the needle tract

and gel distribution for

image-guided local antitumor

delivery.

A CT-visible PLGA-PEG-

PLGA thermosensitive

immunoadjuvant  gel is

administered intratumorally _ Cryoablation + . Som A.
and combined with fopamidol t adjuvant/ICB Solid tumor et al [218]
cryoablation; sustained

imiquimod release augments

the abscopal effect.

Magnetosomes incorporated Bacterial
Huang G.

into silk fibroin hydrogel magnetosomes ~ MRI Magnetothermal therapy ~ Breast cancer 1[219]
et al.

form a magnetic hydrogel (FesO4
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>

Theranostic content

Imaging/contra Imaging

st component modality

Tumor
Treatment/intervention Ref.

model/type

combining MRI localization
with magnetothermal
heating; it improves
magnetothermal-agent

the

image-

and

of

retention
controllability
guided tumor therapy.

A thermosensitive hydrogel
delivers MRI-visible
theranostic nanoprobes,
combining chemotherapy and
PTT to overcome MDR
HCC; local gelation prolongs
retention, and MRI monitors
delivery and response.
Fe;0s@Au

nanocomposites

core-shell
are

encapsulated in  alginate

magnetite
nanocrystals/iro
n oxide

magnetic core)

Manganese
oxide/manganes

e component in MRI
Au-MnO

nanoparticles

Fe3Os magnetic

core in MRI

Fe;O4@Au

Huang S.
et al.[220]

Chemotherapy + PTT Liver tumor

DOX Khani T.

et al.[221]

chemotherapy + Colorectal

PTT/magnetic targeting  cancer
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Imaging/contra Imaging Tumor
Theranostic content Treatment/intervention Ref.
st component modality model/type
hydrogel and loaded with core-shell
DOX; Fe3O4 enables MRI nanocomposites
and magnetic targeting,
whereas Au mediates
photothermal conversion,
enabling MRI-guided chemo-
photothermal therapy.
The Gd complex endows the
hydrogel/scaffold with MRI
capability for monitoring o
‘ ‘ Gadolinium-
location and degradation,
. _ tetracarboxyphe . .
while MoS; provides . PTT +  antibacterial
nylporphyrin o Huang Y.
photothermal effects; MRI activity + bone Osteosarcoma
‘ ‘ ~ complex  (Gd- . et al.[222]
antibacterial and bone-repair reconstruction
‘ TCPP/Gd-
functions support
. complex)
postoperative recurrence
prevention and defect
reconstruction in
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Theranostic content

Imaging/contra Imaging

st component modality

Tumor
Treatment/intervention
model/type

Ref.

osteosarcoma.
CEST-detectable

gemcitabine liposomes and
methotrexate are

incorporated into alginate

hydrogel; CEST/APT signals
track drug distribution and
supporting

early response,

local  chemotherapy  for

glioblastoma.
Fe;04/gelatin magnetic
colloidal hydrogel can be
injected into HCC lesions
under ultrasound guidance,

followed alternating

by
magnetic field-triggered
magnetothermal ablation; this
and

reduces leakage

Exchangeable
amine protons of
gemcitabine
(GEM) and CEST MRI
methotrexate

(MTX) (CEST

2.0-2.4 ppm)

Fe304-gelatin

nanoparticle-

based magnetic Ultrasound
colloidal guidance
hydrogel matrix

(MCH/MCH4)

Local
o Glioblastoma
chemotherapy/monitoring

Magnetothermal ablation  Liver tumor

Park SW.
et al.[223]

Wu WS.
et al.[224]
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Imaging/contra Imaging Tumor
Theranostic content Treatment/intervention Ref.
st component modality model/type
improves localized thermal
killing.
F127 hydrogel integrates
ultrasound markers and the
STING agonist MSA-2, Pluronic F127
‘ ‘ Liver tumor
enabling US-localized hydrogel RFA + STING Shen Y.
L ‘ ‘ ‘ Ultrasound ‘ and colorectal
injection; combined with microbubbles modulation et al.[225]
cancer
RFA for liver tumor ablation, (F127-MB)

it enhances local therapy and

antitumor immunity.

QCS: quaternized chitosan; GA: gum arabic; RT: radiotherapy; FLASH RT: ultra-high dose-rate radiotherapy; CBCT: cone-beam computed tomography; PLGA-PEG-PLGA:
poly(lactic-co-glycolic acid)-polyethylene glycol-poly(lactic-co-glycolic acid); ICB: immune checkpoint blockade; PTT: photothermal therapy; MDR: multidrug resistance;

APT: amide proton transfer; STING: stimulator of interferon genes; MSA-2: 4-(5,6-dimethoxybenzo[b]thiophen-2-yl)-4-oxobutanoic acid; RFA: radiofrequency ablation.
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Paramagnetic ions enhance TI-weighted magnetic resonance imaging (MRI).
Embedding such ions into hydrogels, therefore, enables real-time MRI monitoring and
may also augment microwave ablation (MWA) by allowing polar water molecules
within the gel to oscillate and generate frictional heat under a microwave field. On this
basis, a minimalist manganese alginate (ALG-Mn) hydrogel was developed for MRI-
guided synergistic antitumor therapy combining MWA and chemodynamic therapy(?%6].
In this system, Mn?* not only crosslinks alginate to form an injectable hydrogel but also
confers T1-weighted MRI visibility through its paramagnetism. At the same time, the
abundance of Mn?* and water molecules within the hydrogel enhances the local thermal
effect under microwave irradiation, thereby improving the clearance efficiency of
MWA against the primary tumor. After treatment, the ALG-Mn hydrogel continuously
releases Mn?*, which catalyzes intracellular ROS generation in the tumor
microenvironment and further eradicates residual tumor cells that may survive MWA.
Another breakthrough class of materials is magnetic nanoparticles (MNPs), which have
increasingly become a research hotspot for reshaping cancer diagnosis and therapy.
These materials enable real-time MRI monitoring and targeted tumor ablation via
magnetic hyperthermia therapy (MHT), thereby reducing damage to surrounding

[227], Huang and colleagues constructed a magnetosome-incorporated silk

healthy tissues
fibroin magnetic hydrogel (MSMH)?!”l, In this study, Fe;Os magnetosomes were
integrated with glycidyl methacrylate-modified silk fibroin, forming an in sifu gel at the
tumor site after intratumoral injection and subsequent ultraviolet irradiation, thereby
immobilizing the magnetosomes locally. This hydrogel generated negative contrast
enhancement on T2-weighted MRI to visualize local material distribution at the tumor
site; subsequently, under an alternating magnetic field, the retained magnetosomes
converted magnetic energy into heat, rapidly raising the local tumor temperature above

the ablation threshold and thereby inducing tumor-cell apoptosis and necrosis to achieve

MRI-assisted precision magnetic hyperthermia.
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In contrast to conventional T1-/T2-weighted MRI, chemical exchange saturation
transfer magnetic resonance imaging (CEST-MRI) generates signals through the
exchange between exchangeable protons in molecules and water protons. CEST can
therefore reveal molecular changes that are difficult to visualize directly by T1/T2
MRI?28, When the hydrogel itself contains proton groups detectable by CEST, these
groups can not only participate in therapy or delivery but also serve as trackable MRI
signal sources. In one study, gemcitabine, detectable by CEST, was encapsulated in
liposomes, whereas methotrexate was incorporated into an alginate hydrogel to endow
the system with both sustained drug release and brain-tissue-compatible mechanical
properties. Different parts-per-million (ppm) signals were utilized to track drug-related
proton changes and amide proton transfer (APT) signals, thereby supporting local
glioblastoma therapy and efficacy monitoring®>}l. In vivo results demonstrated that
changes in the APT signal preceded differences in tumor volume, indicating that CEST-
MRI can capture molecular tumor responses before morphological changes become
evident. Further regional analysis showed that areas adjacent to the hydrogel exhibited
stronger therapeutic responses than areas farther away. These findings suggest that
hydrogel platforms guided by multifrequency CEST signals can be used to monitor drug
release, evaluate early therapeutic efficacy, and observe regional tumor responses,
thereby providing a new design concept for image-guided theranostic platforms for

brain tumors.

Beyond MRI and CEST-MRI, which monitor hydrogel treatment from the perspectives
of tissue structure and molecular exchange, radiopaque hydrogels further extend
material visualization to X-ray interventional guidance and computed tomography (CT)-
assisted imaging!?*). X-ray fluoroscopy offers more direct procedural guidance in
interventional oncology, especially for real-time visualization during transarterial
catheter delivery and embolization!>*’l. Accordingly, introducing hydrophilic X-ray
contrast agents into injectable hydrogels can render the gels radiopaque during

intravascular delivery, thereby integrating image guidance, local embolization, and
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multimodal therapy within a single interventional platform(Figure 8). Lee and
colleagues?*!l developed an iopamidol-doped radiopaque hydrogel for an X-ray
fluoroscopy-guided hepatocellular carcinoma (HCCO) transarterial
chemo/starvation/chemodynamic embolization therapy (TACSCE) platform. The gel
consisted of an HD network crosslinked by Mn ions and simultaneously incorporated
glucose oxidase (GOx), DOX, and iopamidol. Iopamidol endowed the hydrogel with X-
ray visibility, whereas catechol-Mn** coordination between HD and MnO, enabled the
sol-to-gel transition required for local vascular embolization. Therapeutically, DOX
provided sustained local chemotherapy; GOx consumed glucose in tumor cells while
producing hydrogen peroxide (H20z); and MnO- further induced a cascade killing effect
through glutathione (GSH) depletion, O, generation, and Mn,"-mediated Fenton-like
production of hydroxyl radicals (-OH). This study demonstrates that radiopaque
hydrogels can integrate image guidance, vascular embolization, local chemotherapy,
and tumor-microenvironment-responsive cascade catalysis into a transarterial
theranostic platform for HCC. As early as 2019, imaging molecules and therapeutic
drugs were co-encapsulated in liposomes for tumor diagnosis and therapy(?*l.
Traditional liposomal systems, however, are limited by payload leakage, particle
instability, and burst release, and the widespread use of hydrogels has provided a new
solution. By constructing a hydrogel core inside liposomes and co-loading iodinated
contrast agents and chemotherapeutic drugs, hydrogel platforms can simultaneously
improve contrast-agent retention, controlled drug release, and passive tumor
accumulation, thereby creating CT-visualizable theranostic nanoplatforms. Sang and
colleagues?*’l developed a radiopaque hydrogel-in-liposome (RHL) nanoplatform in
which iopamidol (IPD) and DOX were co-encapsulated as a micro-CT (uCT) contrast
agent and chemotherapeutic drug, respectively, within a liposome-PEG hydrogel
composite structure. The particle size of approximately 160 nm favors passive
accumulation in tumors through the enhanced permeability and retention (EPR) effect,
whereas the PEG hydrogel core inside the liposome reduces early DOX burst release

and IPD leakage, thereby improving particle stability and in vivo delivery efficiency. In
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vivo experiments showed that RHLs enhanced pCT contrast in tumor regions of
SCCVII tumor-bearing mice and exhibited superior antitumor efficacy compared with

conventional radiopaque liposomes and free DOX.

@ Image guided delivery @ Embolization @ Theranostic action

X-ray/ CT guidance Hydrogel forms an intravascular cast

Blocks blood supply

Radiopaque
hydrogel

Release

therapeutics agents Tumor cell
@ Therapeutic agents s

e ;1 /~ Radiopaque hydrogel @ Chemotherapeutic drugs
e u:[* 4 L (intravascular cast) @ Combination therapy components
- ° o N
. = > 202
Incorporating ® e LI A Adjuvant
radiopaque Embolization _ 09 9 omotherapy <7 killing effect
components ). ® g0 @ . Ros 4
Vd =N

Figure 8. Schematic diagram of radiopaque hydrogel applied to tumor embolization. )
Injectable radiopaque hydrogel enables localization under imaging modalities such as
X-ray; @ After injection, the hydrogel occludes the blood vessel; 3) Concurrently,
therapeutic components are released for tumor eradication. (Figure was generated by

BioRender, https://www.biorender.com/).

Hydrogel theranostic platforms integrating multimodal imaging and combination
therapy

The direct significance of multimodal imaging integration lies in compensating for the
limitations of any single imaging modality. Optical imaging offers high sensitivity, but
its tissue penetration and clinical standardization remain limited!?**; MRI provides high
soft-tissue resolution, but real-time interventional operation is less convenient than X-
ray fluoroscopy?®); CT and X-ray modalities are well suited for interventional

navigation, but they provide limited information on molecular responses®*®l; and
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ultrasound (US) offers real-time, radiation-free, bedside applicability, but places higher
demands on the acoustic properties of materials®*”). Accordingly, designing hydrogels
that can be recognized simultaneously by two or more clinical imaging modalities helps
to realize continuous monitoring from injection guidance and spatial distribution
confirmation to post-treatment follow-up. Delgado and colleagues!>*®! reported in 2024 a
thermosensitive poloxamer hydrogel that can be identified simultaneously by US, X-ray,
and CT for localized hepatic therapy delivery. In this system, perfluorobutane-filled
microbubbles enabled real-time visualization of the needle tip, needle tract, and gel-
deposition region under B-mode US, whereas the incorporation of the iodinated contrast
agent iodixanol rendered the hydrogel radiopaque under CT, cone-beam computed
tomography (CBCT), and X-ray fluoroscopy, thereby enabling further confirmation of
the spatial relationship between the gel and the target region through US/CT fusion and
3D reconstruction. Therapeutically, this poloxamer gel could load DOX and deliver it in
a sustained manner. These findings suggest that dual-visible US/X-ray hydrogels may
advance local drug delivery from blind injection toward image-guided theranostic
platforms that are navigable, confirmable, and amenable to early follow-up. Building on
multimodal imaging, the drug-loading capability and intelligent responsiveness of
hydrogels also create opportunities to complement different therapies in time and space,
ultimately yielding tumor theranostic systems that combine multimodal imaging, local
controlled release, microenvironment responsiveness, and multiple treatment strategies.
Hou and colleagues®®! constructed a folate-modified thermosensitive PCF-FAMXP
composite hydrogel for targeted immunotherapy guided by dual-modality
MRI/fluorescence imaging (FI). The core material, Fe;O4@Au, was coupled with Mn-
or Zn-4-carboxyphenyl porphyrin (TCPP) and encapsulated within a polydopamine
(PDA) membrane. In this system, Fe3Os/Mn-related components endowed the platform
with Tl-weighted MRI visibility, whereas the Mn-TCPP structure recovered
fluorescence in tumor cells under the action of GSH and was used to track drug release
and cellular uptake. Folate modification enabled tumor-cell recognition via folate

receptors, and near-infrared irradiation induced thermoresponsive hydrogel dissolution,
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promoting in situ release of FAMXP. After entering tumor cells, FAMXP released
active components under acidic conditions and induced ICD through chemodynamic
therapy (CDT), PDT, and PTT; when further combined with anti-PD-L1 immune
checkpoint blockade, it enhanced CD*/CD?®" T-cell infiltration and antitumor immune

responsces.

CHALLENGES AND PERSPECTIVES

Current challenges

Hydrogel tumor theranostic platforms must first address the balance between local
retention and long-term safety. Local retention is the basis for sustained drug release
and imaging follow-up, but if the retention time does not overlap with the therapeutic
window, safety risks may arise. Excessively rapid release can cause high local exposure
and shorten the efficacy window, whereas overly slow degradation may induce foreign-
body reactions, chronic inflammation, or accumulation of degradation products[240-242],
For composite hydrogels carrying metal ions, photothermal nanomaterials, imaging
components, or immune adjuvants, long-term safety also involves the migration of
nanocomponents and the intensity of local immune activation. Accordingly, evaluation
of hydrogel platforms should not rely solely on short-term cytocompatibility, changes in
tumor volume, or single release curves, but should also incorporate systematic

validation of degradation-product toxicity, material residue, and late inflammatory

résponsces.

Hydrogel networks exert dual effects on local retention and material exchange. On the
one hand, their three-dimensional architecture can restrict the premature diffusion of
drugs and functional nanocomponents, which is a key feature distinguishing hydrogels
from free-drug administration; on the other hand, the same network may hinder the
entry of low-abundance biomarkers, drug diffusion toward the tumor margin, immune-

243-245]

cell infiltration, and metabolite exchangel In diagnostic settings, inappropriate

design of mesh size and surface recognition sites may reduce the capture efficiency of
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circulating tumor cells, extracellular vesicles, 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. Therefore, future material design
should emphasize the quantitative relationships among network structure, diffusion
pathways, and release kinetics, rather than simply pursuing higher crosslink densities or

longer retention times.

A mismatch between stimulus-responsive mechanisms and the true tumor
microenvironment remains a major limitation in current smart-hydrogel design. Many
hydrogels rely on preset acidity, enzyme activity, redox state, or exogenous stimulation
as release triggers; however, tumor tissue is not a single-variable system. Distinct cancer
types, individual patients, and even different regions within the same tumor exhibit
pronounced differences in vascular permeability, matrix density, hypoxia, and immune
infiltration. Furthermore, these states continue to evolve following chemotherapy,
photothermal therapy, or immunotherapy?6-247], If the response threshold is set too low,
the hydrogel may activate prematurely outside lesion sites; if set too high, the material
may respond insufficiently within the tumor. More importantly, in integrated theranostic
platforms, the response process simultaneously affects drug release, signal activation,
and efficacy assessment, making it difficult for any single response mode to adapt to the
continuously changing microenvironment during therapy. Thus, the essence of multi-
responsive design lies not in simply stacking more trigger types, but in ensuring that
material-response behavior matches the patient’s tumor state and its dynamic evolution

during treatment.

Hydrogel-guided integrated theranostic platforms may also exhibit performance

interference among diagnostic, therapeutic, and feedback modules. The value of
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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 intensify treatment
but may also damage loaded proteins, nucleic acids, or living cells!?*823%, Therefore,
multifunctional hydrogels should avoid the over-integration of functional modules.
Instead, they should be designed minimally around specific clinical goals, employing
strategies such as spatial partitioning or sequential release to reduce inter-module

interference.

Finally, manufacturing consistency and clinical implementation remain practical
barriers to the translation of hydrogel platforms. Complex composite hydrogels
typically contain polymer matrices, crosslinking systems, nanocomponents, drugs, or
bioactive payloads, and variation in any single parameter may influence

performance®'l,

Sterilization, lyophilization, reconstitution, transport, and long-term
storage may further alter network structures, reduce the activity of proteins or cells, or
trigger nanocomponent aggregation. Excessively expensive raw materials, preparation
processes dependent on specialized equipment, and operational procedures that are
difficult to standardize can all weaken feasibility across different medical settings.
Moreover, animal models often fail to capture the anatomical complexity and treatment
histories of patient tumors: a material that performs well in healthy subcutaneous tissue
in animals does not necessarily remain stable in damaged surgical cavities, necrotic
tumor margins, or post-radiotherapy tissues. Without models that replicate real delivery

pathways, the evaluation of material performance is likely to remain confined to

idealized settings.
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Future perspectives

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 patient-derived organoids. Organoids partially preserve the tissue architecture,
molecular characteristics, and drug-response patterns of primary tumors in vitrol?>2-233,
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
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record temperature, pH, electrochemical, and 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 tumor microenvironment, and
clinical delivery pathways. As technologies such as patient-derived organoids, 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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