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Abstract Advances in cancer therapy have underscored the critical need for multifunctional platforms

that enable precise targeting, controlled drug release, and immunomodulation. Hydrogels, as transforma-

tive tools with programmable drug release capabilities, microenvironmental responsiveness, and immu-

noregulatory properties, demonstrate broad application prospects. This review focuses on the design

and application of functionalized hydrogels, emphasizing their responsiveness to multiple stimuli,

including temperature, pH, reactive oxygen species (ROS), and enzymes. It provides an in-depth analysis

of their multimodal synergistic therapeutic mechanisms, including photothermal therapy, immunotherapy,

starvation therapy, intelligent detection, targeted capture, and tumor microenvironment (TME) simula-

tion. Meanwhile, recent developments in machine learning-enabled intelligent hydrogel technologies

have driven the transformation of materials into intelligent systems with “smart design-perception-deci-

sion” capabilities. Although the literature on smart hydrogels has made significant progress in exploring

mechanisms and optimizing performance, systematic reviews of artificial intelligence (AI)-driven plat-

forms remain notably lacking. This paper systematically summarizes the regulatory strategies of

material-derived intelligent hydrogels, AI-enabled mechanisms, and practical application cases, revealing

core challenges and future development directions, thereby providing theoretical guidance and practical

pathways for next-generation hydrogels in personalized and multimodal cancer therapy.
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1. Introduction

According to The Cancer Atlas, 4th edition, published by the

International Agency for Research on Cancer, over 18 million new

cancer cases were diagnosed globally in 2022, with lung, breast,

colorectal, and prostate cancers being the most common types

(Fig. 1A and B)1—5. In the United States specifically, as of January

1, 2025, there were approximately 18.6 million cancer survivors, a

number projected to exceed 22 million by 20353. Although con-

ventional therapies, including surgery, chemotherapy, and radio-

therapy, remain the cornerstone interventions, their clinical utility

is limited by inherent limitations6. Surgical resection is adequate

in debulking tumors but cannot eradicate disseminated cancer

cells. Chemotherapeutic agents have systemic antitumor activity

but also induce off-target cytotoxicity in normal tissues, and their

long-term effectiveness is frequently compromised by chemo-

therapy resistance7. Radiotherapy precisely targets tumors, but

carries the risk of lung inflammation and heart damage. Treatment

success is commonly compromised by radiotherapy resistance,

driven by factors such as tumor hypoxia, enhanced DNA damage

repair pathways, and resilient cancer stem cell populations, which

often lead to local recurrence and metastatic progression8.

With the advancement of science and technology, new strate-

gies such as nanoparticles, cancer vaccines, antibody—drug

conjugates, and hydrogel-based drug delivery systems are

reshaping therapeutic paradigms9—11. Hydrogels offer significant

advantages: (1) their injectable porous matrix enables localised

drug encapsulation and sustained release kinetics, minimising

systemic toxicity while maintaining therapeutic efficacy; (2)

biodegradability ensures complete metabolic clearance without

residual foreign body effects12; and (3) functional modifications

by ligand conjugation or microenvironment responsive design

allow precise targeting of neoplastic cells and tumor-specific

niches13.

Hydrogels are a class of polymeric materials formed by the

chemical or physical crosslinking of hydrophilic polymers. They

can swell rapidly in an aqueous environment while maintaining

their structural integrity and mechanical properties. These

hydrophilic polymer matrices are broadly classified into natural

and synthetic types based on their precursor origin (Table 1)14.

Natural hydrogels-including gelatin (GA), alginate (ALG), chi-

tosan (CS) and agar-are derived from biopolymers with inherent

advantages in biocompatibility and biodegradability. Synthetic

hydrogels are artificially synthesised polymers produced by

methods such as radical polymerisation or ionic crosslinking.

Common examples include polyvinyl alcohol, polyacrylamide,

polyvinyl pyrrolidone, and polyethylene glycol (PEG)15. Artificial

synthesis methods can precisely control the polymer chain

Figure 1 Analysis of global cancer prevalence data for 2022 and preclinical research statistics of hydrogels for cancer treatment up to 2025. (A)

Incidence and mortality rates for the 10 most commonly diagnosed cancers worldwide in 2022. (B) The number of cases and deaths from the five

most common cancers worldwide in 2022. (C) Research statistics of different responsive hydrogels used in cancer treatment up to 20251—5.

3426 Qingquan Wang et al.



structure at the molecular level, allowing systematic optimisation

of key hydrogel parameters such as mechanical strength,

swelling rate, degradation kinetics, and host compatibility16. This

molecular engineering paradigm has created smart hydrogels with

new capabilities (Fig. 1C) (Table 117—20).

With the advent of the Fourth Industrial Revolution and pro-

found transformations in materials science, the exploration of

human-machine interaction, machine learning, and neural network

technologies is driving a revolutionary change in the field of

materials21—23. The application of AI in hydrogel research has

increasingly become a forefront topic in academia. In particular,

machine learning (ML) methods have gradually been integrated

into the design and performance optimization of hydrogels24.

Leveraging big data-driven material property prediction and

intelligent regulation, AI has not only significantly accelerated the

development of intelligent hydrogels but also enhanced their

responsiveness and therapeutic efficacy in complex biological

environments25. By constructing mathematical models, AI can

systematically describe the structure-property relationships of

hydrogels and predict their behavior under various conditions,

thereby providing a scientific basis for material design26. These

AI-enabled intelligent hydrogel systems can achieve precise

sensing and dynamic modulation of the TME, promoting the

innovation and implementation of multimodal cancer therapy

strategies. Moreover, the application of AI effectively reduces

research and development costs and enables precise

manufacturing of materials, facilitating the translation of hydrogel

materials into clinical use27. Introducing AI technology into the

design of cancer treatment hydrogels not only represents a sig-

nificant direction in the development of intelligent biomaterials

but also demonstrates broad scientific value and promising

application prospects.

With the continuous advancement of cancer treatment tech-

nologies, functionalized hydrogels have emerged as cutting-edge

materials in antitumor research due to their unique stimuli-

responsive properties and multifunctionalities. This review ex-

plores the design strategies and preparation methods for func-

tionalized hydrogels and their applications in various antitumor

therapeutic approaches, aiming to provide new insights and

techniques for cancer therapy. In addition, we focus on integrating

hydrogels with AI to develop intelligent systems, in which data-

driven design and deep behavioral analysis endow hydrogels with

novel intelligent functionalities.

2. Design and preparation of responsive hydrogels

Stimuli-responsive hydrogels have emerged as promising candi-

dates for intelligent drug delivery systems due to their specific

responsiveness to the TME28,29. The unique pathophysiological

characteristics of TME provide ideal targets for the development

of innovative materials. For example, thermoresponsive hydrogels

can exploit local hyperthermia induced by rapid tumor cell pro-

liferation and by the effects of radiotherapy to achieve site-specific

drug release30,31. pH-sensitive hydrogels can exploit the markedly

lower pH of the TME to swell or degrade specifically in the acidic

tumor milieu, thereby achieving precise drug release32. Further-

more, aberrant metabolic activity, hypoxic conditions, and chronic

inflammation within the TME synergistically create an ROS-rich

microenvironment, with concentrations typically 10—100 times

higher than physiological levels. Based on this, some ROS-

responsive hydrogels can achieve controlled drug release by

cleaving oxidation-sensitive bonds within their molecular struc-

tures33. These intelligent, responsive mechanisms enhance tumor

targeting efficiency and minimise systemic toxicity, thereby

establishing a new therapeutic paradigm in precision oncology.

2.1. Thermoresponsive hydrogels

Thermoresponsive hydrogels exhibit distinct phase-transition

behaviour upon thermal stimulation (Table 2). The temperature

threshold that induces this transition is known as the critical so-

lution temperature. Based on their transition patterns, hydrogels

can be classified into two categories: lower critical solution tem-

perature (LCST) hydrogels and upper critical solution temperature

(UCST) hydrogels34. The characteristic behaviour of LCST

hydrogels exists in the sol state when the ambient temperature is

below the LCST. When the ambient temperature exceeds the

LCST, they dehydrate and collapse into a gel-like state due to

enhanced hydrophobic interactions between the polymer chains

(Fig. 2A). A prominent example is poly(N-isopropyl acrylamide)

(PNIPAM), which exhibits LCST properties near physiological

temperature (approximately 32 ◦C)35. UCST hydrogels show the

opposite behaviour, swelling above their critical temperature and

contracting below it. UCST dominant phase transitions are rela-

tively rare in thermoresponsive hydrogel systems.

A variety of thermoresponsive hydrogel matrix materials have

been developed. Both PNIPAM and poly(N,N-diethylacrylamide)

exhibit temperature-driven phase transitions governed by the

competitive interplay between hydrophilic and hydrophobic moi-

eties. In PNIPAM, hydration is mediated by hydrogen bonding

between the amide groups (—CONH—) and water molecules.

Below the LCST, hydrogen bonding predominates, maintaining

PNIPAM in a swollen and dissolved state. Above this threshold,

thermal disruption of hydrogen bonding allows the hydrophobic

isopropyl groups, —CH(CH3)2, to induce dehydration-induced

contraction via interchain aggregation36. Similarly, in poly(N,N-

diethylacrylamide) systems, stabilisation is mainly achieved by

hydrogen bonding between amide groups and water molecules. As

the temperature increases, the hydrogen bonds are broken.

Meanwhile, interactions between the hydrophobic ethyl groups

Table 1 The advantages and disadvantages of natural and synthetic polymer hydrogels.

Natural polymer hydrogels Synthetic polymer hydrogels Ref.

Advantages Excellent biocompatibility; intrinsic bioactivity;

biodegradability; abundant sources; easy chemical

modification

Superior mechanical properties; highly customizable;

good batch-to-batch consistency; excellent

processability; well-defined structure

17,18

Disadvantages Weak mechanical strength; significant batch variations;

poor stability; potential biological risks; difficult

performance control

Low bioactivity; limited biocompatibility; restricted

degradability; reliance on chemical modification

19,20
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(—C2H5) are enhanced, causing the polymer chains to aggregate

and lose their hydration layers37,38.

Poly(lactic-co-glycolic acid) (PLGA), a copolymer synthesised

via ester bonds between lactic acid and glycolic acid, exhibits

phase transition behaviour and physical properties that are deter-

mined by the lactic acid/glycolic acid ratio. Higher lactic acid

content increases the LCST due to the increased hydrophobicity

and crystallinity of the lactic acid units39,40. Similarly, thermor-

esponsive polymers derived from 2-(2-methoxyethoxy)ethyl

methacrylate and oligo(ethylene glycol) methacrylate undergo

conformational rearrangements upon heating. At low tempera-

tures, the ethylene glycol side chains adopt a twisted conformation

that positions the hydrophilic ether oxygen groups (—O—) out-

wards while minimising the exposure of the hydrophobic back-

bone, thereby increasing hydrophilicity. At the same time, the

multiple ethoxy (—CH2CH2O—) units in 2-(2-

methoxyethoxy)ethyl methacrylate and oligo(ethylene glycol)

methacrylate form strong hydrogen bonds with water molecules,

stabilising the extended polymer chains. These hydrogen bonds

weaken upon heating, allowing hydrophobic backbones to

aggregate into micellar structures via intermolecular interactions,

thereby driving the sol—gel phase transition41,42.

The mixture of CS and ß-glycerophosphate (ß-GP) exhibits

temperature-sensitive gelation ability. Below the LCST, the pro-

tonated amino groups (—NH3
+) on CS form hydration shells via

hydrogen bonding with H2O, and the glycerol hydroxyls provide

steric stabilisation. Above the LCST, deprotonation reduces the

electrostatic repulsion between the chains. The glycerol hydroxyl

groups competitively sequester H2O, and the hydrophobic groups

aggregate to form intramolecular hydrogen bonds, driving the

gelation process43. In addition, chemical modification of CS can

confer thermoresponsiveness. Hydroxybutylchitosan is a deriva-

tive of CS obtained by reacting the hydroxyl groups (—OH) of CS

with 1,2-epoxybutane to introduce hydrophobic hydroxybutyl

groups. When the temperature exceeds the LCST, the hydrophobic

interactions between the hydroxybutyl groups are enhanced,

leading to aggregation of the hydroxybutylchitosan polymer

chains and subsequent gelation44.

Hydrogels with UCST properties exhibit inverse phase transi-

tion mechanisms. They remain insoluble below the UCST and

dissolve above the UCST. This behaviour is caused by strong

intermolecular interactions, such as covalent bonds, electrostatic

attractions, and hydrophobic associations, which stabilise the

collapsed polymer network45. A typical example is the poly-

sulfobetaine hydrogel, whose backbone contains positively

charged quaternary ammonium groups and negatively charged

sulfonic acid groups. At low temperatures, these oppositely

charged groups form strong electrostatic interactions (such as ion

pairs or dipole-dipole interactions), thereby forming a cross-linked

gel network46,47. Another UCST system, the poly(acrylamide-co-

acrylic acid) hydrogel, exhibits thermoresponsiveness driven by

hydrogen bonding. The copolymer contains both carboxylic acid

(—COOH) and amide (—CONH2) groups. Under acidic conditions

(pH < 3) and temperatures below UCST, protonated carboxyl

groups form interchain hydrogen bonds with amide groups,

inducing crosslinking and stabilising the gel phase48,49.

In particular, the phase transition temperature (LCST or UCST)

of thermoresponsive hydrogels can be precisely tailored to meet

specific application requirements using a variety of strategies.

Firstly, the phase transition temperature of hydrogels can be

Table 2 Types and properties of thermoresponsive hydrogels.

Materials Responsiveness Intermolecular forces Phase transition conditions Ref.

Poly(N-isopropylacrylamide) LCST Hydrogen bonding and hydrophobic interactions 32 �C 35

Poly(N,N-diethylacrylamide) LCST Hydrogen bonding and hydrophobic interactions 33 �C 37

Poly(lactic-co-glycolic acid) LCST Hydrogen bonding and hydrophobic interactions >30 �C, explicitly

determined by the

polymerisation ratio of the

compound.

39

Poly(sulfobetaine) hydrogel UCST Electrostatic adsorption 20—60 �C, explicitly

determined by the degree of

sulfonation of the groups.

46

Poly(acrylamide-co-acrylic acid) UCST Hydrogen bonding and hydrophobic interactions 20 —70 �C, explicitly

determined by the

polymerisation ratio of the

compound.

48

poly(N-npropylmethacrylamide) LCST Hydrogen bonding and hydrophobic interactions 28 �C 53

Poloxamers LCST Hydrogen bonding and hydrophobic interactions >20 �C, explicitly

determined by the

polymerisation ratio of the

compound.

54

CS and ß-GP LCST Proton transfer and electrostatic repulsion 37 �C 55

Hydroxybutylchitosan LCST Hydrogen bonding and hydrophobic interactions 50 �C 56

Arg-Gly-Asp modified

hydroxybutylchitosan

LCST Hydrogen bonding and hydrophobic interactions 37 �C 57

Elastin-like polypeptide LCST Hydrogen bonding and hydrophobic interactions 25—60 �C, explicitly

determined by the

polymerisation ratio of the

compound.

58

Poly(N-vinyl caprolactam) UCST Hydrogen bonding and hydrophobic interactions 34 �C 59

LCST, lower critical solution temperature; UCST, upper critical solution temperature; CS,chitosan; ß-GP, ß-glycerophosphate; Arg, arginine; Gly,

glycine; Asp, aspartic acid.
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precisely controlled by modifying the chemical structures of the

polymers. This can be achieved by several strategies, including the

introduction of hydrophilic or hydrophobic groups, adjustment of

the copolymer monomer ratio, design of block or graft structures,

and control of molecular weight50,51. The presence of salts, ionic

strength, and pH can significantly influence interpolymer chain

interactions and thereby modulate the phase transition tempera-

ture. For example, the salting-out effect can lower the LCST52.

2.2. pH-responsive hydrogels

pH-responsive hydrogels are a class of intelligent polymeric ma-

terials that can swell, contract, or dissolve in response to changes

in environmental pH (Table 3)60. This responsiveness is primarily

due to the ionisable functional groups incorporated into their

polymer chains, including hydrazone, imine, ester, and amide

linkages (Fig. 2B). Hydrazone (C]NNHR) is a class of

Figure 2 Phase transition mechanism of the responsive hydrogels. (A) The simple phase transition mechanism of thermoresponsive hydrogels-

PNIPAM. (B) The simple phase transition mechanism of pH-responsive hydrogels. (C) The simple phase transition mechanism of ROS-responsive

hydrogels. (D) Structural diagram of hydrogel and enzyme-responsive hydrolysis mechanism. Reprinted with permission from Ref. 108.

Copyright ª 2024 American Chemical Society.
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compounds formed by the condensation of hydrazine with an

aldehyde or ketone. Their C]N double bond is readily broken by

protonation under acidic conditions. Notably, hydrazone bonds are

more stable under physiological conditions (pH 7.4) than ester,

vinyl ether, or imine bonds61. The imine linkage (—C]N—) is

formed by condensation of the aldehyde with the primary amine.

As a dynamic bond, it remains stable under physiological pH

conditions, but is highly susceptible to cleavage in acidic envi-

ronments62. The ester linkage is formed by dehydration conden-

sation between alcohol and acid. Under acidic conditions, it can be

hydrolysed to form carboxylic acid and alcohol63. Amide bonds

(—CONH—), formed from reactions between carboxylic acids and

amines, hydrolyse in acidic environments via a two-step mecha-

nism. Protonation of the amide nitrogen produces a cationic in-

termediate, which is subsequently subjected to nucleophilic attack

to form a tetrahedral transition state, which finally decomposes

into carboxylic acid and amine products64. Based on the specific

degradation pathways of these bonds, pH-responsive hydrogels

can exhibit targeted stimulus-responsive behaviour under patho-

physiological conditions.

Protonation is a common mechanism for pH-triggered drug

release from hydrogels. Common protonatable functional groups

include carboxyl (—COOH), amino (—NH2), sulphonate (—SO3H),

and imidazole moieties. Protonation or deprotonation of these groups

at varying pH induces significant changes in molecular chain

conformation, charge distribution, stability, and solubility65,66. In

particular, when the functional groups on the polymer chains carry

similar charges, increased electrostatic repulsion drives hydrogel

swelling. Conversely, when the functional groups are uncharged,

hydrogen bonding and hydrophobic interactions enhance

hydrogel contraction. For example, poly(acrylic acid) (PAA) and

poly(methacrylic acid) hydrogels, which are rich in —COOH groups,

exhibit swelling behaviour at high pH and contraction at low pH.

Polyethyleneimine hydrogels, which are rich in —NH2 groups, show

an opposite swelling pattern67,68.

In some cases, hydrogels made from a single polymer have

minor shortcomings, such as insufficient pH responsiveness, poor

mechanical properties, and instability69. To address these short-

comings, researchers have developed block copolymer-based

hydrogels that exploit precise molecular design and microphase-

separated architectures to provide flexibility and adaptability for

practical applications. One notable example is poly(lactic-co-

glycolic acid)-block-PAA, which is composed of a hydrophobic

PLGA block (providing mechanical reinforcement) and a hydro-

philic PAA block (containing —COOH groups). Below pH

4.5—5.0, protonated —COOH groups increase intra-chain

hydrogen bonding and hydrophobic interactions, causing the

hydrogel to collapse70. In addition to synthetic polymers, engi-

neered peptide hydrogels such as L5 (Ac—KPVFQFLFHE—NH2)

exhibit pH-triggered self-assembly behaviour. Under neutral

conditions, L5 assembles via π—π stacking, electrostatic forces,

and hydrogen bonding. In acidic environments (pH < 5.5), lysine

and histidine residues protonate, generating positive charges that

disrupt supramolecular organisation and induce gel dissolution71.

2.3. ROS-responsive hydrogels

ROS play dual physiological and pathological roles in cellular

signalling, immune responses, and oxidative stress pathways in

biological systems75. The molecular structures of ROS-responsive

hydrogels typically contain ROS-sensitive groups or chemical

bonds that can undergo selective degradation or chemical modi-

fication in the presence of ROS, thereby inducing structural

changes in the hydrogel (Fig. 2C)76.

Table 3 Components and properties of some pH-responsive hydrogels.

Reactive groups Intermolecular forces Reaction mechanism Typical hydrogels Ref.

Azine bond (C]NNHR) Ionisation effect Under acidic conditions, the C]N

double bond is susceptible to proton

attack, leading to bond cleavage.

Acyl hydrazone hyaluronic acid

hydrogel

61

Imine bond (—C]N—) Ionisation effect Under acidic conditions, the C]N

double bond is susceptible to proton

attack, leading to bond cleavage.

Oxidised sodium ALG

carboxymethyl chitosan hydrogel

62

Ester linkage (R—COO—R′) Ionisation effect Ortho esters are hydrolysed under

acidic conditions to produce

carboxylic acids and alcohols.

Polyacrylate hydrogel; Polyethylene

glycol-polylactic acid hydrogel

63

Amino group (—NH2) Electrostatic and

hydrogen bonding

interactions.

Hydrogel swelling is caused by

electrostatic repulsion between

protonated —NH3
+ groups, while

contraction arises from hydrogen

bonding and hydrophobicity in

deprotonated —NH2 states.

Polyethyleneimine hydrogel. 67

Amide linkage (—CONH) Ionisation effect The nitrogen atom in the amide

linkage can accept a proton (H+) to

form an amide cation, which can then

be attacked by a nucleophile, leading

to cleavage.

3-Aminophenylboronic acid

modified human-like collagen

hydrogel

72

Carboxyl group (—COOH) Electrostatic and

hydrogen bonding

interactions.

Hydrogel swelling is triggered by

electrostatic repulsion between

deprotonated —COO— groups, while

contraction results from hydrogen

bonding and hydrophobicity in

protonated —COOH states.

Polyacrylic acid hydrogel and

polymethacrylic acid hydrogel.

73,74

Abbreviations: ALG, alginate.
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Hydrogels containing thiol functional groups within their

polymer networks exhibit significant ROS responsiveness because

these functional groups undergo preferential oxidative cleavage

when attacked by ROS77. For example, thioether groups (—S—)

are progressively oxidised to sulfoxide (—SO—) and sulfone

(—SO2—) moieties under H2O2 exposure, whereas thioacetal/thi-

oketal bonds undergo oxidative cleavage in ROS-rich environ-

ments to yield ketones/aldehydes and free thiols (—SH)78,79.

Disulfide bonds, although stable under oxidative conditions, un-

dergo reductive cleavage in glutathione (GSH)-mediated reducing

environments to regenerate sulfhydryl groups80.

Compounds with phenylboronic acid functional groups can

form ROS-responsive hydrogels with diol-containing compounds

(e.g., glucose, sorbitol, and polyvinyl alcohol) through reversible

boronate ester bonds. These boronate ester bonds undergo H2O2-

mediated redox reactions in ROS-rich microenvironments,

yielding phenolic derivatives and boronic acid. This structural

transition converts the trigonally coordinated boronate to a tetra-

hedrally configured boronic acid, culminating in network disin-

tegration through permanent bond rupture77,81,82.

The ROS sensitivity of hydrogels using selenides as cross-

linking sites is primarily dependent on the ROS sensitivity of

selenium83. In these hydrogels, crosslinking is predominantly

facilitated by intermolecular diselenide bonds, with common

cross-linkers including selenocysteine and selenocysteine84.

Under the influence of ROS, selenium atoms within diselenide

bonds undergo oxidation to form selenoxides, which can be

further converted to selenones85.

In addition to the ROS-responsive functional groups mentioned

above, some components remain underexplored. Zhang et al.86

pioneered a ROS-labile polymer system using poly(deca-4,6-

diynedioic acid), which undergoes ROS-triggered cleavage to

yield biocompatible succinic acid. Robby’s group87 developed a

hydrogel containing MnO2 nanoparticles and PAA, in which the

MnO2 nanoparticles initially suppress hydrogen-bond-mediated

crosslinking through carboxylate coordination. GSH present in

cancer cells can reduce MnO2 to Mn2+ ions, thereby removing the

hydrogen bond inhibition. Subsequently, Ca2+-phosphate

complexation between the CaCl2 and Na2HPO4 components

within the system drives rapid reconstitution of the hydrogel

network via supramolecular coordination.

Hydrogel nanoparticles circulating in vivo combine the high

drug-loading capacity of hydrogels with the prolonged circulation

and targeting capabilities of nanocarriers, making them a recent

research focus88—91. The targeting ability of such hydrogel nano-

particles often relies on elevated ROS levels in the TME92. How-

ever, ROS is not a tumor-specific marker, as high ROS levels are also

present in non-cancerous lesions such as inflammation and infec-

tion, resulting in a lack of exclusivity for tumor-triggered activa-

tion93,94. To address this challenge, current strategies mainly

involve synergistic responsiveness and active targeting. By

exploiting multiple pathological features specific to the TME, such

as acidic pH, elevated GSH levels, and overexpression of MMP-2/9,

multi-responsive hydrogel nanoparticles are designed to require the

simultaneous activation of multiple stimuli for drug release, thereby

enabling more precise, targeted therapy95. Additionally, physical

enrichment and isolation are achieved through tumor ligand

modification, cell membrane camouflage, or intratumoral in situ

injection, ensuring that the hydrogel is activated exclusively at the

target site96,97. Such integrated designs significantly enhance the

spatiotemporal specificity of drug release, effectively minimizing

off-target release and associated toxicity in non-target tissues.

2.4. Enzyme-responsive hydrogels

During cancer progression, the expression of several matrix met-

alloproteinases (MMPs) is significantly upregulated98. These en-

zymes are zinc-dependent proteases that can specifically

hydrolyse a variety of proteins in the extracellular matrix (ECM),

thereby degrading ECM components, disrupting cell-cell adhe-

sion, and promoting cancer cell invasion and metastasis99. The key

to designing MMP-responsive hydrogels is to introduce specific

cleavage sites for MMPs into the hydrogel system, which can be

achieved by incorporating the appropriate responsive peptide se-

quences100,101. Gelatinase B (MMP-9), a secreted type of colla-

genase within the MMP superfamily, exhibits preferential

proteolytic activity towards denatured collagen and gelatinous

ECM components during pathological tissue remodelling102.

Common response sequences for MMP-9 include GPLG/IAGQ

and PLG/LAG103,104. Lin et al.105 developed an MMP-9 respon-

sive hydrogel consisting mainly of oxidised hyaluronic acid and

hydrazide-functionalised gelatin. Collagen-derived peptide se-

quences in hydrazide-functionalised gelatin confer hydrogel

responsiveness to MMP-9.

Transglutaminase is a protein crosslinking enzyme that is widely

distributed in humans, animals, plants, and microorganisms. This

enzyme catalyses crosslinking reactions between or within protein

molecules, thereby improving the structural and mechanical prop-

erties of the ECM106. Davis and colleagues107 developed a two-

component hydrogel system consisting of lysine-rich and

glutamine-rich peptide polymers that undergo rapid enzymatic

crosslinking upon transglutaminase activation. Rheological char-

acterisation by frequency sweep analysis after 1 h of gelation

revealed stabilised storage moduli of around 10 kPa, demonstrating

the rapid establishment of mechanically robust network structures.

Scanning electron microscopy imaging confirmed the development

of interconnected porous architectures by spontaneous assembly

after crosslinking. Fibroblast growth factor receptor 1 is an attrac-

tive molecular target for the treatment of non-small cell lung cancer.

Tang et al.108 rationally designed an octapeptide gelator, Nap-

Phe—Phe—Phe—Glu—Thr—Glu—Leu—Tyr-OH, which was co-

assembled with nintedanib to form a supramolecular hydrogel.

Upon local microinjection into the A549 tumor site, the gelator in

the hydrogel can be specifically recognised and phosphorylated by

the highly expressed fibroblast growth factor receptor 1 on the

A549 cell membrane, thereby triggering the degradation of the

hydrogel and the local, sustained release of nintedanib. Both cellular

and animal experiments showed that this kinase-responsive supra-

molecular hydrogel significantly enhanced the therapeutic efficacy

of nintedanib against A549 tumors (Fig. 2D).

Enzyme-responsive hydrogels are primarily constructed from

peptides and their derivatives that use endogenous enzymes as

biological triggers to control hydrogel formation or degradation.

These systems exhibit high sensitivity to enzymatic activity,

allowing precise control of material behaviour through hydro-

phobicity adjustment, charge modification, and disassembly of

self-assembling units. Such responsiveness enables dynamic phase

transitions in disease-specific contexts, making them promising

candidates for targeted therapy and controlled drug release109,110.

2.5. Photoresponsive hydrogels

Photoresponsive hydrogels are smart materials that incorporate

light-sensitive groups or photothermal nanoparticles, and their

light-penetration depth and response mechanisms vary with the
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wavelength of the light source. Ultraviolet (UV) light has a pene-

tration depth on the micrometer scale and high energy, capable of

inducing bond cleavage, isomerization, and crosslinking reactions,

making it suitable for surface-level applications111,112. Visible light

can penetrate up to the millimeter scale and exhibits low toxicity,

making it appropriate for applications in shallow tissues113. Near-

infrared (NIR) light, especially within the second NIR window,

can penetrate tissues on the centimeter scale, demonstrating great

potential for photothermal therapy and photoacoustic imag-

ing114,115. The primary photoresponse mechanisms include photo-

thermal effects and photochemical effects. The photothermal effect

converts light energy into heat through materials such as gold

nanoparticles, carbon nanotubes, graphene, or photothermal dyes.

This heat generation induces volumetric phase transitions or

changes in crosslinking density in temperature-sensitive hydrogels,

such as PNIPAM116. Photochemical hydrogels instead leverage

non-thermal photochemical processes to directly tune their network

structure, with primary mechanisms including molecular isomeri-

zation, photocleavage of caged molecules, and light-triggered

polymerization117. For example, azobenzene undergoes reversible

cis—trans isomerization under UV light, altering the rigidity of the

polymer network118. Spiropyran exhibits reversible ring-opening

and closing under UV irradiation, triggering sol—gel transi-

tions119. Photocleavable molecules such as coumarin and o-nitro-

benzyl alcohol break chemical bonds upon light exposure, releasing

reactive groups, such as thiols or aldehydes, that initiate cross-

linking or degradation120.

2.6. Multiresponsive hydrogel

Due to the complexity of the physiological environment, single-

responsive hydrogels often fail to achieve the desired therapeutic

effects. Deep tumor therapy has set higher requirements for tissue

penetration depth and the targeting accuracy of response mecha-

nisms (Table 4). In contrast, multi-responsive hydrogels can more

effectively target patient lesions for treatment. By integrating

multiple stimulus-responsive mechanisms or nanofunctional units,

these hydrogels enable synergistic responses to various signals,

including temperature, pH, light, and ionic strength. For example,

Kharkar et al.121 prepared thiol- and photosensitive-degradable

hydrogels via a Michael-type addition reaction between mal-

eimide and thiol-terminated 4-arm polyethylene glycol to control

the release of a model drug from fluorescent nanoadsorbents. The

central degradable functional units of the prepared hydrogel are

ortho-nitrobenzyl acetate and a thiol-cleavable phenylacetic acid

based on a thioether-succinimide linkage, which undergo irre-

versible cleavage upon light irradiation and reaction with GSH,

respectively. These changes trigger rapid degradation of the

hydrogel, subsequently leading to the release of the model drug.

Huang et al.122 constructed a pH/redox dual-responsive hydrogel,

LPL-CDE, by crosslinking poly(L-lysine) isophthalamide with

disulfide-containing L-cystine dimethyl ester dihydrochloride via

an EDC/NHS coupling reaction. After loading the hydrogel with a

magnesium nanoemulsion, approximately 20.4% of magnesium

ions were released in simulated gastric fluid and 30.8% in simu-

lated intestinal fluid. When 1,4-dithiothreitol was added to the

simulated intestinal fluid as a reducing trigger, the release rate

significantly increased to 72.5%, confirming its dual-responsive

properties. Liang et al.123 prepared a pH/glucose dual-responsive

hydrogel by crosslinking phenylboronic acid/benzaldehyde-

modified polyethylene glycol-poly(glycerol sebacate) copolymer

with dihydrocaffeic acid/L-arginine-modified CS derivative via

Schiff base and boronate ester bonds. Under acidic conditions, the

Schiff base bonds in the network dissociate, while glucose

competitively disrupts the boronate ester bonds, and the two

mechanisms synergistically regulate drug release.

3. Characterization methods of smart responsive hydrogels

The performance of hydrogels is determined by multiscale factors,

including chemical composition, crosslinking density, network

structure, and swelling state132. However, with the rapid devel-

opment of new materials, traditional single-characterization

techniques have become insufficient to comprehensively eluci-

date their complex structure—property relationships. Therefore,

establishing a multiscale characterization system spanning from

the molecular level to macroscopic properties is of great signifi-

cance for revealing the structure-property relationships of hydro-

gels and optimizing design criteria.

3.1. Swelling

The swelling behavior of hydrogels is quantitatively evaluated

through mass swelling ratio, water content, and volume swelling

Table 4 Comparison of response mechanisms for deep tumor treatment.

Response mechanism Trigger conditions Efficacy in deep tumors Key challenges Ref.

pH TME pH 6.5—6.8 Moderate to good Small pH difference (0.2—0.4 units);

tumor heterogeneity; irreversibility

issues

124,125

Thermoresponsive 40—42 �C Good (with deep-

penetrating energy

sources)

Requires external heating equipment;

temperature control precision, and

safety concerns

126,127

ROS-responsive Intracellular GSH 2—10 mmol/L;

ROS levels 10—100 � higher than

normal

Moderate Complex biological environment;

tumor heterogeneity; difficult

controllability

128

Enzyme-responsive Overexpressed enzymes

(glycosidases, proteases, etc.)

Moderate Difficult response time control;

enzyme activity regulation;

heterogeneity

129

Light-responsive Specific wavelength irradiation (UV/

NIR)

Poor (penetration depth

<1 cm)

Limited tissue penetration; clinical

translation barriers

130,131

Abbreviations: TME, tumor microenvironment; GSH, glutathione; ROS, reactive oxygen species; UV, ultra-violet; NIR, near infra-red.
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ratio133. Swelling kinetics are fitted using the Schott or Peleg

models134. The crosslinking density (Ve, number of effective

crosslinks per unit volume) is inversely proportional to the mo-

lecular weight of the network chains135. This relationship is

quantitatively described by the Flory-Rehner theory136.

3.2. Mechanical properties

3.2.1. Macroscopic mechanical properties

Compression Testing: Used to evaluate the load-bearing capacity

of hydrogels, with a strain rate typically set at 10—100 mm/min.

For highly hydrated gels, low-stress loading should be employed

to prevent water extrusion137.

Tensile Testing: Characterizes fracture strength, elongation,

and toughness. High-toughness hydrogels (e.g., double-network

gels) can exhibit elongations exceeding 1000%138.

3.2.2. Rheology

Dynamic rheology is the gold standard for characterizing hydrogel

viscoelasticity, enabling comprehensive analysis of network

structure through multi-mode collaborative testing. In curing

process monitoring, time-sweep mode facilitates in-situ tracking

of sol-gel transition kinetics, accurately capturing the crossover

point between storage modulus (G′) and loss modulus (G′′)-the gel

point-which marks the initial formation of three-dimensional

networks and the critical transition from liquid-like to solid-like

behavior139,140. Frequency sweep evaluates gel stability; for an

ideal hydrogel, the G′ in the plateau region should be essentially

frequency-independent and significantly higher than G′′, reflecting

the permanence and structural uniformity of the chemical cross-

linking network. In contrast, weak gels or physically crosslinked

systems typically exhibit a decline in G′ and an increase in tanδ in

the low-frequency region141. Strain sweep determines the linear

viscoelastic region by progressively increasing oscillation ampli-

tude; the maximum critical strain value at which G′ remains

constant within this region directly reflects the gel’s toughness

limit and reversible deformation capacity, with network structure

suffering irreversible damage beyond this threshold142—144.

Building on this, step-strain cycles (low→high→low) enable

systematic evaluation of self-healing performance, with the cri-

terion being the percentage of G′ recovery to its initial value. After

high-strain damage-recovery rates exceeding 80%, self-healing is

generally considered excellent145. This property originates from

the network’s ability to rebuild through the reconstruction of dy-

namic covalent bonds and reversible non-covalent interactions146.

Temperature sweep precisely determines the gelation temper-

ature and phase-transition behavior; by monitoring abrupt

modulus changes under programmed temperature control, it re-

veals polymer chain collapse-aggregation mechanisms and

assembly-disassembly reversibility, making it particularly valu-

able for intelligent responsive design of thermosensitive hydro-

gels147. Rheometers equipped with photocuring modules further

enable in situ monitoring of photo-responsive behavior, capturing

in real time the modulus growth kinetics during photo-

crosslinking148. Additionally, rotational test mode serves as a

crucial complement to oscillatory mode, systematically charac-

terizing shear-thinning behavior under increasing shear rates

(0.001—100 s− 1)149. The criterion is a significant decrease in

viscosity with increasing shear rate, indicating reversible network

dissociation under shear, a critical indicator of extrudability in 3D

printing150.

3.3. Microscopic morphology and structure

Multi-scale characterization techniques for hydrogel microstruc-

ture and nanostructure encompass scanning electron microscope

(SEM), atomic force microscope (AFM), confocal laser scanning

microscope (CLSM), each offering unique advantages and

complementarity. SEM employs liquid nitrogen rapid vitrification

freezing to suppress ice crystal nucleation, followed by freeze-

drying sublimation to remove water, thereby maximizing preser-

vation of the porous network skeleton151. Environmental scanning

electron microscopy enables direct imaging of hydrated gels

through high-humidity environments, circumventing drying stress

but at the cost of limited resolution152. AFM can perform in situ

scanning of three-dimensional gel surface topography in liquid

environments such as PBS or deionized water, eliminating the

need for drying and thereby altogether avoiding dehydration-

induced damage to the microstructure153. This allows for an ac-

curate reflection of in situ topological features in the swollen state,

making it suitable for studies on mechanical matching at cell-

material interfaces. CLSM uses fluorescence labeling to recon-

struct swollen-state gels in 3D with high fidelity154. Multi-channel

imaging clearly separates covalent and physical crosslinks and

calculates connectivity even when porosity >90%155.

3.4. Chemical structure characterization

The chemical and surface structural characterization of hydrogels

primarily relies on the synergistic analysis of fourier transform

infrared spectroscopy, nuclear magnetic resonance spectroscopy

(NMR), small-angle X-ray scattering, and small-angle neutron

scattering. Fourier transform infrared spectroscopy tracks the

crosslinking reaction process and verifies functional group con-

sumption and new bond formation through characteristic peak

intensity changes and shifts156. Quantitative liquid-state NMR can

calculate the crosslinking conversion rate and effective cross-

linking density of hydrogels157; solid-state MAS NMR can eval-

uate the network uniformity of insoluble gels using relaxation

times158; low-field NMR can non-destructively differentiate

bound, restricted, and free water, analyze pore connectivity, and,

when combined with PFG-NMR, accurately determine the self-

diffusion coefficient of drug molecules159. Small-angle X-ray

scattering uses electron density differences to study chain entan-

glements and nanofiller dispersion at sizes of 1—100 nm160.

Small-angle neutron scattering uses deuterated solvents to

improve contrast and reveal details about crosslink distribution

and chain elasticity161. Together, these two techniques help build a

multiscale model linking crosslink density, chain structure, and

material properties.

3.5. Stimulus responsiveness characterization

The core of characterizing thermosensitive hydrogels lies in

accurately capturing their phase-transition critical temperature,

typically determined systematically using variable-temperature

UV—Vis or dynamic light scattering162. In UV—Vis testing, the

thermosensitive gel solution is heated at a programmed rate while

monitoring transmittance changes at 500 nm; the temperature at

which transmittance abruptly drops by 50% is defined as LCST163.

Dynamic light scattering technology defines LCST by tracking the

abrupt change in hydrodynamic radius of nanoparticles or mo-

lecular chains near the LCST. At temperatures near the LCST,

particle size increases sharply by tens to hundreds of
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nanometers164. The combined use of both techniques enables

mutual validation. It reveals the multiscale transition mechanism

of molecular chain collapse, aggregation, and macroscopic phase

separation, providing key thermodynamic parameters for pre-

dicting the temperature-controlled behavior of thermosensitive

hydrogels in applications such as smart drug delivery and tissue

engineering scaffolds.

Systematic evaluation of pH-responsive hydrogels centers on

establishing swelling profiles and apparent pKa values165.

Hydrogel samples are incubated in a pH 2—10 buffer series at

37 ◦C until equilibrium, followed by precise gravimetric or

volumetric measurements to construct Q-pH curves. The inflection

point approximates the apparent pKa of network ionizable groups,

with deviations from monomeric pKa indicating microenviron-

mental polarity and charge shielding within the crosslinked ar-

chitecture166. Subsequent analysis incorporates charge-to-mass

ratios to determine pH-dependent charge densities, which can be

correlated with mechanical testing to elucidate electrostatic

crosslinking effects on network rigidity167. This characterization

paradigm is essential for the rational design of hydrogels in oral

colon-targeted delivery (leveraging gastrointestinal pH gradients)

and TME-responsive applications (acidic pH).

Characterization of ROS-responsive hydrogels centers on their

specific recognition and scavenging capacity of ROS168. First,

responsiveness is verified and molecular mechanisms elucidated

by applying exogenous ROS to recapitulate oxidative stress mi-

croenvironments, while monitoring the kinetics of oxidative

cleavage or structural transformation of characteristic functional

groups (e.g., boronic esters, thioketals, selenoethers, polyphenols)

via 1H NMR or UV—Vis169. Macroscopic performance responses

were subsequently quantified through swelling ratio or degrada-

tion rate tests, constructing dose—response sensitivity curves

complemented by rheological time-sweep measurements to track

G′ decay, with the time required for 50% modulus reduction

defined as the response half-life170.

The characterization of enzyme-responsive hydrogels primar-

ily focuses on the specific recognition of substrates and the precise

quantification of enzymatic degradation kinetics171,172. Initially,

gel electrophoresis or mass spectrometry is employed to verify

changes in the molecular weight of enzymatically cleaved peptide

substrates within the hydrogel network, confirming both the

accessibility of enzyme recognition sites and reaction speci-

ficity173. Subsequently, enzyme kinetic parameters (Km, Vmax) are

determined using fluorophore-labeled peptide substrates. Macro-

scopic degradation behavior is quantified by monitoring the

swelling ratio or mass loss over time in enzyme-containing

buffer174,175. Degradation half-life profiles at varying enzyme

concentrations have been established. At the same time, time-

sweep oscillatory rheometry is used to track the real-time decay

kinetics of G′, where the rate of modulus reduction reflects the

efficiency of crosslink cleavage176. For systems loaded with drugs

or growth factors, high-performance liquid chromatography or

ELISA kits are used to model enzyme-triggered release kinetics

and verify the hydrogel’s capability to achieve spatiotemporally

precise “on-demand” release in pathological

microenvironments177.

The functional validation of light-responsive hydrogels relies

on in situ monitoring of photochemical reaction kinetics by

UV—Vis spectroscopy178. When a hydrogel containing photo-

sensitive groups is placed in a spectrophotometer equipped with a

light irradiation accessory, changes in the intensity or shift of

characteristic absorption peaks can be continuously recorded

under illumination at a specific wavelengt179. By fitting the data to

first- or second-order kinetic models, key parameters such as the

photo-isomerization/photo-cleavage rate constant and reaction

conversion can be quantitatively determined180. Additionally,

photo-rheometry can be used to track the increase in G′ during

irradiation in real time, establishing a quantitative correlation

between photocrosslinking kinetics and the resulting enhancement

in mechanical strength of the hydrogel network181,182.

4. Functionalised hydrogels in anti-tumor applications

4.1. Photothermal therapy

Photothermal therapy (PTT) is a minimally invasive oncological

intervention that uses NIR light to activate photothermal agents,

generating local hyperthermia. At temperatures above 50 ◦C, this

modality induces irreversible protein denaturation and mitochon-

drial dysfunction in malignant cells183,184. With further develop-

ment, functionalised hydrogels have become a therapeutic

platform for PTT applications in tumors. By integrating efficient

photothermal nanomaterials (such as metal nanoparticles and

organic semiconductors) into the polymer matrix, these engi-

neered hydrogels can precisely convert NIR energy into local

hyperthermia, thereby enhancing the specificity of thermal abla-

tion therapy (Fig. 3)185. In addition, by incorporating thermores-

ponsive polymers into their structure, these hydrogels acquire

NIR-triggered properties (i.e., they undergo sol-gel phase transi-

tion under NIR irradiation), enabling on-demand drug encapsu-

lation and controlled release186.

The quest for advanced photothermal hydrogel systems has

focused on two critical components: chromophores with excep-

tional photon-to-thermal conversion efficiency and thermores-

ponsive matrices capable of rapid phase transitions in response to

physiological temperature variations (Table 5). The combination

of ß-GP with CS hydrogels imparts thermoresponsive properties

to CS. When combined with a carbon nanoparticle suspension

(0.30 mg/mL), this system could reach a temperature of 60 ◦C

under 808 nm laser irradiation (1.0 W/cm2). This system showed

proliferation inhibition rates of 26.75% against B16 cells and

84.60% against 4T1 cells187. Yu et al.188 developed a ß-GP/CS

hydrogel platform to disrupt the tumor DNA repair machinery.

Olaparib-loaded liposomes (which induce DNA damage in tumor

cells) and gold nanoparticles were co-encapsulated in the hydrogel

to achieve a synergistic effect of thermal and DNA damage189.

Red blood cells are considered ideal biomaterials due to their

natural origin and excellent biocompatibility. When autologous

red blood cells are injected subcutaneously into mice, they can

spontaneously form a hydrogel in situ, triggered by physiological

signals such as those from platelets and thrombin. Due to the deep

red colour of red blood cells, the red blood cells hydrogel formed

in situ can be heated by near-infrared light (808 nm, 1 W/cm2 laser

irradiation), raising the temperature to 50 ◦C within 10 min,

effectively ablating the tumor (Fig. 4A)190.

The high local recurrence rate of tumors remains a critical

issue in clinical practice. In addition, the potential risk of surgical

infection in postoperative patients and those with compromised

immunity increases the likelihood of bacterial infection. This can

lead to difficulties in wound healing and serious complications191.

Recent studies have shown that PTT can effectively eradicate

bacterial infection and continuously improve the oxidative and

inflammatory microenvironment of wounds192. Multi-element-
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doped bioactive glass nanoparticles (BGNs, Ag/Au/Zn/B/Ca/Ti/

Cu) exhibit remarkable pro-healing capacities by stimulating

epithelial migration, fibroblast proliferation, and angiogenesis193.

Liu et al.194 developed a hydrogel of ALG and manganese-doped

bioactive glass nanoparticles (Mn-BGN), an adaptable platform

for melanoma postoperative wound healing and anti-tumor

immunotherapy. Mn2+ released from Mn-BGN can activate the

cyclic GMP—AMP synthase-stimulator of interferon genes

(cGAS—STING) immune pathway, leading to NK cell aggrega-

tion. In addition, Mn-BGN imparts excellent photothermal prop-

erties to the system and demonstrates strong angiogenic and

tissue-regenerative potential (Fig. 4B).

ALG is a natural polysaccharide extracted from the cell walls

and intercellular matrix of brown algae. ALG molecules are

composed of three distinct regions: the mannuronic acid-rich “M-

block”, the guluronic acid-rich “G-block”, and the “MG-block”,

which contains both acids. Divalent cations such as Ca2+ readily

bind to the G-blocks, forming a three-dimensional network

through cross-linking of these specific segments195. Due to its

simple phase transition mechanism, ALG has been widely

used196,197. The combination of ALG with photothermal materials

shows excellent anticancer activities. A multifunctional hydrogel

integrating ALG, bismuth sulfide nanorods (Bi2S3 NRs), and

allantoin achieves simultaneous tumor suppression and wound

healing. Under 808 nm laser irradiation (1.5 W/cm2), a concen-

tration of 200 μg/mL Bi2S3 NRs could raise the system temper-

ature to 45.3 ◦C (Fig. 4C). The Bi3+ released from Bi2S3 NRs

disrupted bacterial and tumor metabolism by inhibiting the

tricarboxylic acid cycle. At the same time, allantoin accelerates

tissue repair by modulating inflammatory responses, stimulating

fibroblast proliferation, and promoting ECM deposition198.

Research has shown that Ca2+ can induce mitochondrial calcium

overload, reducing ATP levels and mitochondrial respiratory

dysfunction199. Based on this, Yang et al.200 developed an ALG

hydrogel containing melittin and polyaniline nanofibres. Under

1064 nm laser irradiation, polyaniline nanofibres rapidly heated

the hydrogel to 50 ◦C within 10 min. Melittin disrupted tumor cell

membranes and enhanced sustained Ca2+ release from the ALG-

Ca2+ hydrogel. The combined effects of Ca2+-induced mito-

chondrial dysfunction and polyaniline nanofibres-induced GSH

depletion improve oxidative stress in cancer cells, resulting in

potent anti-tumor activity201.

In summary, PTT based on hydrogels primarily relies on

integrating highly efficient photothermal nanomaterials with

temperature-responsive polymers. However, current systems still

face challenges such as limited optical penetration depth, potential

damage to healthy tissues due to localized overheating, and dif-

ficulties in precise temperature control202. Furthermore, the lack

of standardized evaluation criteria across studies, particularly in

metrics such as photothermal conversion efficiency and cell in-

hibition rates, leads to inconsistencies in reported therapeutic

outcomes203. Future research should focus on exploring novel

combinations of nanomaterials and polymers to optimize the

material system and enhance synergistic photothermal and im-

mune effects. In parallel, systematic studies on long-term safety

and efficacy, along with the establishment of standardized pre-

clinical evaluation protocols, are urgently needed. PTT utilizes

hydrogels as carriers for photothermal agents to achieve tumor

Figure 3 Photothermal hydrogels integrate photothermal conversion nanomaterials within a three-dimensional polymeric network, exhibiting

antitumor effects through mechanisms including oxidative stress induction, promotion of apoptosis, and inhibition of cell migration.
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Figure 4 Examples of multi-level cancer therapy using hydrogels with photothermal conversion effects. (A) Preparation, characterization, and

photoimmunotherapy mechanism of erythrocyte hydrogel. Reprinted with permission from Ref. 190. Copyright ª 2021 Elsevier. (B) Schematic

illustration of the composition of Mn-BGN hydrogel system, pharmacological mechanism, photothermal effect, and therapeutic efficacy in

promoting wound healing. Reprinted with permission from Ref. 194. Copyright ª 2024 John Wiley and Sons. (C) Construction of ALG-BIH

hydrogel and its photothermal conversion efficiency. Reprinted with permission from Ref. 198. Copyright ª 2023 The Royal Society of

Chemistry.
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thermal ablation upon light irradiation. Beyond hyperthermia,

light energy can be harnessed to activate photodynamic therapy

that generates ROS, while magnetic field-induced magnetic hy-

perthermia offers an alternative physical therapeutic modality for

deep-seated tumors.

4.2. Photodynamic therapy and magnetic hyperthermia

Photodynamic therapy (PDT) is a novel therapeutic approach that

combines photosensitizers, light sources of specific wavelengths,

and oxygen215. It is primarily used to treat malignant tumors,

vascular lesions, and microbial infections. When photosensitizers

are irradiated with light of specific wavelengths (visible light, near

infrared, or ultraviolet), photon absorption induces a transition

between the ground and excited states of the photosensitiser

molecules. This process generates chemical energy that is trans-

ferred to oxygen molecules, causing them to ionise into cytotoxic

ROS183,216—218. A CS-based hydrogel containing perylene bisi-

mide dopamine (PBI-DOPA) and cyanuric chloride showed

improved PDT efficacy. Under alkaline conditions, the deproto-

nated catechol groups of PBI-DOPA react with the Cy functional

groups in the Cs polymer chains to form cross-linked covalent

bonds. PBI-DOPA efficiently generates 1O2 under near-infrared

light. However, the tendency for intermolecular π—π in-

teractions within its molecular structure reduces the production of
1O2. Interestingly, when incorporated into a hydrogel, the random

distribution of PBI-DOPA molecules within the three-dimensional

network reduces π—π stacking and self-quenching, thereby

increasing the quantum efficiency of 1O2 generation212.

Magnetic hyperthermia therapy (MHT) enables non-invasive,

localised cancer treatment without limitations on penetration

depth. This approach relies on magnetic nanoparticles that

generate heat via magnetic loss mechanisms (e.g., hysteresis and

Brownian relaxation) under alternating magnetic fields219. When

such nanoparticles accumulate in tumor tissue and are exposed to

an electromagnetic field, they convert electromagnetic energy into

localised thermal ablation energy220. Hydrogel immobilisation is

an effective strategy to prevent nanoparticle leakage. Some

injectable thermosensitive hydrogels have been investigated for

the delivery of magnetic nanoparticles. Chen et al.213 developed

an iron-supplemented hydrogel using PLGA-PEG-PLGA copol-

ymer, arachidonic acid, Zn0.4Fe2.6O4 ferromagnetic nanocubes,

and the ferroptosis inducer RAS-selective lethal small molecule 3

(RSL3). The Zn0.4Fe2.6O4 nanocubes played a dual role: (1) as

magnetothermal transducers and (2) as iron donors promoting

intracellular Fe2+ overload and inducing ferroptosis. The release

of RSL3 further enhanced the antitumor effect by increasing

intracellular lipid peroxidation. Hydrophilic iron oxide nanocubes

(IONCs) are recently discovered magnetic heat-conversion mate-

rials with efficient cancer-ablative properties. Under an alternating

magnetic field of 35 kA/m, a solution of IONCs at 2.0 mg/mL can

reach a temperature of 55.8 ◦C within 10 min. Qian et al.214

developed an injectable hydrogel by integrating IONCs with silk

fibroin. Ultrasound induced the silk fibroin to self-assemble into

ß-sheet structures and cross-linked networks, while hydrogen

bonding between the IONCs and the fibroin matrix provided

nanoparticle encapsulation.

In PDT, hydrogel platforms help suppress photosensitizer self-

quenching, thereby enhancing singlet oxygen generation and

strengthening the efficacy of photodynamic killing. MHT relies on

heat generated by magnetic nanoparticles under an alternating

magnetic field to achieve precise thermal ablation of tumors.

Although both approaches exhibit innovation in material design

and therapeutic mechanisms, challenges remain, such as photo-

sensitizer stability, biosecurity of magnetic nanoparticles, and

optimization of carrier performance221,222. Future research should

focus on synergistic multifunctional material systems to improve

photothermal conversion efficiency and controlled release per-

formance, thereby enhancing targeting capability and biocom-

patibility. While PDT and MHT rely on external physical stimuli

for therapeutic activation, Chemodynamic therapy (CDT) offers a

self-sufficient alternative by exploiting the intrinsic chemical

properties of the TMEt. By catalyzing Fenton or Fenton-like re-

actions to convert endogenous hydrogen peroxide into cytotoxic

hydroxyl radicals, this modality achieves tumor-specific oxidative

damage without external energy input223.

4.3. Chemodynamic therapy

CDT uses tumor-specific chemical reactions to generate high

concentrations of ROS that directly damage cellular DNA, pro-

teins, and lipids. Although ROS induces oxidative stress-mediated

tumor cell death, the hypoxic microenvironment in deep-seated

tumor regions limits ROS generation224. The use of hydrogels

(Table 6) to deliver toxic free radicals has facilitated the devel-

opment of this therapeutic approach (Fig. 5). Xing et al.206

developed an injectable hydrogel that integrates photothermal and

thermodynamic therapies using ALG, TiO nanosheets, and AIPH

as raw materials. Under infrared light irradiation, TiO nanosheets

release heat via electron transitions, which rapidly catalyse AIPH

to produce alkyl free radicals, thereby inducing oxidative stress in

cancer cells.

Ferroptosis, an iron-dependent, non-apoptotic, and regulated

mode of cell death, has become a central therapeutic target in

oncology225. Dysregulated iron metabolism increases intracellular

labile Fe2+ levels, which drives —OH generation via Fenton

reaction-mediated H2O2 decomposition, thereby accelerating lipid

peroxidation226,227. The accumulation of lipid peroxidation prod-

ucts disrupts the integrity of tumor cell membranes by oxidising

polyunsaturated fatty acids and compromising structural stability.

At the same time, ferroptosis triggers ER stress, which promotes

surface exposure of ecto-calreticulin (CRT) to induce immuno-

genic cell death (ICD) (Fig. 5). The development of iron-loaded

hydrogel systems has become a favoured therapeutic approach

to promote oxidative stress in tumor cells. These hydrogels not

only effectively release iron ions locally to enhance oxidative

stress in tumor cells, but also improve treatment targeting. Ding

et al.207 developed a multifunctional hydrogel system integrating

PTT and CDT. The composite achieved NIR-responsive ROS

release by incorporating protoporphyrin IX-functionalised Fe3O4

nanoparticles into an ALG hydrogel matrix. Under 660 nm laser

irradiation, protoporphyrin IX-functionalised Fe3O4 nanoparticles

catalysed Fenton-like reactions to generate cytotoxic —OH and

O2—228,229. These ROS-induced ICD and tumor ablation cleaved

ROS-labile chemical bonds within co-encapsulated aPDL1 pro-

drug nanoparticles, thereby triggering spatiotemporally controlled

antibody release. The released aPDL1 antibodies synergistically

block tumor immune checkpoints while amplifying CRT-mediated

“eat-me” signals230.

The incorporation of iron-based metal-organic framework (Fe-

MOF) into hydrogels is a practical approach to induce oxidative

stress in tumors. Zhuang et al.231 developed a hydrogel incorpo-

rating paclitaxel/chlorin e6 and Fe-MOF. Fe-MOF facilitates the

generation of —OH via Fenton reactions. Adjuvant ultrasound

AI-designed hydrogels for tumor therapy 3439
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therapy may further activate the sonosensitiser chlorin e6, thereby

promoting the generation of toxic 1O2. Low-dose paclitaxel can

reduce glutathione peroxidase 4 (GPX4) levels by downregulating

SLC7A11, further enhancing the catalytic activity of Fe-MOFs.

RSL3, an irreversible inhibitor of GSH synthetase, drives ferrop-

tosis by depleting the antioxidant GSH and suppressing GPX4

activity, thereby crippling cellular redox defence systems232.

Building on this mechanism, a recent study developed tannic acid-

stabilized Fe3+—RSL3 coordination nanoparticles and co-

encapsulated them with glucose oxidase (GOX) in an ALG

hydrogel. This composite system exploits the Fe3+/GOX synergy

to enhance ROS production through glucose-driven H2O2 gener-

ation and Fenton reaction, while tannic acid-stabilized Fe3+-RSL3

coordination nanoparticles sustain RSL3 release to enforce GPX4

inhibition in tumor cells. By localising these cytotoxic cascades

within the hydrogel matrix, this platform minimises off-target

effects while maximising therapeutic specificity233.

To address the limited sustainability of Fenton reactions in the

TME, Zhou et al.208 developed a multifunctional hydrogel system

integrating MoS2 nanosheets, GOx, and ALG. The Fe3+ ions acted

as crosslinkers to polymerise the ALG matrix. The MoS2 nano-

sheets exhibited exceptional photothermal conversion efficiency,

rapidly raising the hydrogel temperature to 72 ◦C within 5 min of

808 nm laser irradiation. Beyond their photothermal performance,

these nanosheets engaged in redox cycling with Fe3+, generating

Fe2+ and molybdate ions (MoO4
2− ), which triggered hydrogel

degradation and subsequent GOX release. The released GOX

catalysed glucose oxidation to produce H2O2, which reacted with

Fe2+ via Fenton chemistry to regenerate Fe3+ and hydroxyl rad-

icals. The regenerated Fe3+ responds again with the remaining

MoS2, creating a self-sustaining loop that ensures prolonged

Fenton activity234,235. This cascade mechanism synergistically

combines photothermal ablation, glucose starvation therapy, and

oxidative damage into a single platform, reflecting a multimodal

approach to cancer therapy. Although the Fenton reaction exhibits

potent antitumor efficacy, its practical application is limited by the

narrow acidic pH requirement (2.0—4.5) of Fe2+ activation, which

conflicts with the near-neutral TMEt (pH 6.5—7.0)236. Copper ions

(Cu+) have emerged as promising alternatives for Fenton-like

reactions due to their broad pH adaptability and low toxicity.

Figure 5 CDT uses tumor-specific chemical reactions to generate high concentrations of ROS that directly damage cellular DNA, proteins, and

lipids.
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These ions not only catalyse the conversion of endogenous H2O2

to —OH over physiological pH ranges, but also deplete GSH

through redox cycling between Cu2+ and Cu + to exacerbate

oxidative stress237. Capitalising on these properties, Kim et al.238

developed a tumor-targeted hydrogel system using CuSO4-medi-

ated crosslinking of catechol-functionalised hyaluronic acid.

Incorporation of indocyanine green imparted photothermal capa-

bilities to the hydrogel. Dang et al.239 incorporated CuO nano-

particles into hydrogels. Under acidic conditions, CuO could

continuously release Cu2+ and generate intracellular ROS through

Fenton-like reactions. Notably, the CuO-mediated PTT effect

further enhanced the efficiency of the Fenton-like reactions. These

copper-based platforms exemplify the rational engineering design

of metal—ligand coordination systems and a synergistic thera-

peutic approach combining photothermal therapy and oxidative

stress therapy.

The metabolic cycle of metal ions is closely coupled with the

regulation of the hydrogel microenvironment, thereby breaking

the bottleneck of traditional CDT limited by tumor hypoxia and

acidic pH. Unlike photodynamic therapy or starvation therapy, the

unique value of CDT hydrogel lies in the recyclability of the

catalytic reaction and the accuracy of metabolic pathway inter-

ference, such as systematically destroying the redox defense of

tumor cells by iron death, driving lipid peroxidation, and GSH

depletion240.

However, there is a lack of systematic toxicological evaluation

on the long-term metabolic toxicity, liver and kidney accumula-

tion risk, and off-target oxidative damage of metal ions241.

Existing research has focused chiefly on the local toxicity of cells

and tumors, and a systemic metal-ion metabolic kinetics model

has not yet been established242. The Fenton/Fenton-like reaction

rate is highly dependent on local H2O2 concentration, metal ion

valence state stability, and pH microenvironment. Differences in

the microenvironment in metastatic lesions, fibrotic tumors, or

blood-rich areas may cause catalytic efficiency to fluctuate by

more than 10-fold. Still, existing research lacks multi-model head-

to-head comparison data243,244. Beyond direct tumor ablation,

cancer cell death can release tumor antigens and damage-

associated molecular patterns, thereby inducing immunogenic

cell death245. This immunogenic effect provides a mechanistic

basis for combining them with immunotherapy, a strategy

increasingly enabled by hydrogel platforms that co-deliver

immunomodulatory agents to elicit systemic anti-tumor immunity.

4.4. Immunotherapy

Cancer immunotherapy (CIT) is a transformative therapeutic

strategy with high specificity and low systemic toxicity. It exerts

anticancer effects by modulating key steps in the immune cycle,

including antigen-presenting cell recruitment, tumor-associated

antigen release, and T-cell activation (Fig. 6)247,248. Currently,

most CIT methods rely on the intravenous injection of cancer

vaccines and immunomodulatory factors. Although exogenous

cancer therapeutic vaccines have great potential, traditional

intravenous administration causes problems such as off-target and

low delivery efficiency, resulting in the need for high doses and

frequent injections in patients249,250. In contrast, intratumoral or

peritumoral administration significantly enhances local drug

accumulation in tumors251. Hydrogels have emerged as ideal

platforms for localised CIT due to their tunable swelling behav-

iour, biocompatibility, and lack of immune rejection. Their three-

dimensional porous networks facilitate cellular infiltration and

sustained release of immunomodulators252. These systems allow

spatio-temporally controlled delivery of therapeutic payloads

while minimising off-target effects (Table 7).

Some proteins on the surface of tumor cells are closely linked

to the immune response. During ICD, tumor cells expose surface

danger signals known as damage-associated molecular patterns,

including CRT, secreted high-mobility group box-1 protein, and

MHC class I molecules, which together send “eat-me” signals to

immune cells (Fig. 6)253. However, tumor cells also express

immune-evading proteins such as PDL1 and CD47. PDL1 binds to

PD1 on T cells to suppress their activation, whereas CD47 binds to

SIRPα on macrophages to block phagocytic clearance, effectively

counteracting DAMP-mediated immunogenicity254,255. For

example, CCR9+CD8+ T cells induce robust antitumor re-

sponses256. However, these cells also exhibit increased PD1

expression as they mount an immune response. This interacts with

the upregulated expression of PDL1 in tumor cells to inhibit the

effector functions of these T cells257,258. An ALG hydrogel con-

taining ß-CD in its molecular structure can overcome this chal-

lenge. The hydrogel recruited CCR9+ CD8+ T cells into the pores

by releasing CCL25. Meanwhile, the encapsulated adamantane-

modified anti-PD1 antibody blocked PD1 on the surface of

CCR9+ CD8+ T cells, thereby inhibiting the immune checkpoint.

Interestingly, the fixation of the PD1 antibody relied on the su-

pramolecular host—guest interactions between ß-CD and ada-

mantane. Therefore, by injecting an anti-PD1 antibody in vitro, the

hydrogel could achieve repeated accumulation of the anti-PD1

antibody (Fig. 7A)25.9. In particular, hypoxia drives adaptive and

genetic reprogramming in tumor cells, characterized by upregu-

lation of hypoxia-inducible factor subunit alpha (HIF1A) expres-

sion, which induces transcriptional activation of the CD47 gene,

thereby evading phagocytic clearance. To counteract this immu-

nosuppressive mechanism, Liang et al.260 incorporated biocom-

patible CaCO3 nanoparticles into a hydrogel matrix composed of

Pluronic F-127 and HA and simultaneously encapsulated Tuni (an

endoplasmic reticulum stress inducer) using a double-emulsion

technique. Pluronic F127 undergoes a temperature (37 ◦C)

induced sol-gel transition under physiological conditions, ensuring

localised retention and sustained release of Tuni261. The sustained

release of Tuni effectively induces ER stress in tumor cells and

upregulates the expression of the pro-phagocytic signal CRT on

the tumor cell surface. At the same time, CaCO3 nanoparticles

catalyze the decomposition of endogenous H2O2 into oxygen,

thereby alleviating tumor hypoxia, suppressing HIF1A-mediated

CD47 upregulation, and reprogramming the immunosuppressive

niche into a phagocytosis-permissive microenvironment.

In addition to expressing surface immune resistance proteins,

tumor cells actively secrete immunosuppressive factors (e.g.,

IL10, TGFß, IL4, and IL35) to establish an immune-evasive niche

that undermines phagocytic clearance. These cytokines directly

impair the functions of cytotoxic CD8+ T cells and natural killer

(NK) cells by suppressing effector proliferation and cytotoxic

granule polarisation. This immunosuppressive mechanism, which

simultaneously desensitises immune recognition and turns off

cytotoxic responses, fundamentally limits the efficacy of current

immunotherapies262. To overcome the immunosuppressive TMEt,

researchers have encapsulated various immune adjuvants in

hydrogels to enhance cross-presentation of antigens and thereby

promote immune cell infiltration into tumors263,264. Fu et al.265

developed an ROS-responsive hydrogel-PIVOT using mannan,

methyl 3-mercaptopropionate, and chondroitin sulphate to co-

deliver oxaliplatin, αTIM-3 antibodies, and FMS-like tyrosine
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Figure 6 Tumor cells evade immune surveillance by downregulating antigen presentation, activating checkpoint pathways such as PD-1/PDL1,

and secreting inhibitory factors, thereby forming an immunosuppressive TME. Cancer immunotherapy, in contrast, restores anti-tumor immune

responses by blocking checkpoint molecules or genetically engineering T cells (such as CAR-T) to relieve this suppression.
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kinase 3 ligand (Flt-3L). Oxaliplatin can induce the cleavage and

release of tumor DNA. The released DNA fragments form com-

plexes with the high-mobility group box-1 protein in NK cells,

thereby activating the nucleic acid-sensing pathway to initiate

innate immunity. At the same time, Flt-3L recruits dendritic cells

(DCs), particularly conventional type 1 DCs, into the tumor

environment. Internalised αTIM-3 antibodies disrupted high-

mobility group box-1 protein-TIM3 complex formation, reversed

DCs’ tolerance, and licensed cDC1s for antigen presentation. This

process activates the cGAS—STING axis in cDC1s, driving IFN

production and amplifying anti-tumor innate immune responses

(Fig. 7B). The cGAS—STING signalling axis is the primary

pathway by which DCs recognise and respond to cytosolic double-

stranded DNA. Once activated, this pathway orchestrates a robust

innate immunity by inducing IFN-type and pro-inflammatory cy-

tokines266. The use of hydrogels to deliver STING agonists is an

effective strategy to enhance tumor-specific immune responses.

Wang et al.267 developed a ROS-responsive hydrogel by covalent

crosslinking of poly(vinyl alcohol) and boronic acid derivatives

using N1-(4-boronobenzyl)-N3-(4-boronophenyl)-N1,N1,N3,N3-

tetramethylpropane-1,3-diaminium. This platform was co-

encapsulated with gemcitabine and a synthetic STING agonist.

STING promotes the production of type I interferons by binding to

cyclic dinucleotides, thereby recruiting CD8+ T cells268.

Figure 7 Hydrogels in synergy with immune adjuvants for cancer therapy. (A) Schematic illustration of the recruitment, engagement, and

reinvigoration effects of the ALG-ßCD hydrogel system to enhance T cell-mediated immunotherapy. Reprinted with permission from Ref. 259.

Copyright ª 2023 John Wiley and Sons. (B) Schematic illustration of PIVOT for enhancing antitumor immune responses by shaping tumor

immunogenicity and reversing tolerogenic DCs. Reprinted with permission from Ref. 265. Copyright ª 2024 Elsevier.
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Gemcitabine synergistically enhances tumor immunogenicity by

inducing damage-associated molecular patterns and facilitating

DC-mediated antigen presentation and T cell priming269. Cheng

et al.270 developed a thermoresponsive hydrogel co-loaded with

immune checkpoint blockade antibodies, toll like receptor 7/8/9

agonists, and STING agonists. In several poorly immunogenic

tumor models, this combinatorial approach dismantled the multi-

layered immunosuppressive TME and induced durable systemic

antitumor memory through coordinated activation of innate and

adaptive immunity.

In addition to immune cells that promote phagocytosis, the TME

harbours immune cells that facilitate tumor proliferation, including

tumor-associated macrophages (TAMs), regulatory T cells, and

myeloid-derived suppressor cells. TAMs exhibit functional plas-

ticity and dynamically switch between pro-inflammatory M1 and

immunosuppressive M2 polarisation states271,272. Although M1-

polarised TAMs exert antitumor activity through phagocytic

clearance and antigen presentation, the TME predominantly en-

riches M2-like TAMs that drive malignant tumor progression273.

These M2 TAMs establish feedforward immunosuppression by

secreting IL-4 and IL-13 to expand Treg populations while simul-

taneously producing TGFß and IL-10 to blunt cytotoxic T cell

effector functions, thereby reinforcing an immune-evasive niche

(Fig. 6)274. Recent studies have demonstrated that extracellular

vesicles (EVs) derived from M1-polarised TAMs can reprogram

immunosuppressive M2-like TAMs into antitumorigenic M1 phe-

notypes. However, achieving sustained delivery and functional

retention of these EVs in the TME is a significant challenge. Studies

have shown that specific biodegradable hydrogel systems (such as

fibrin- and tannic acid-based matrices) can stably encapsulate EVs

while maintaining their bioactivity. Furthermore, the PTTeffect can

inhibit the polarisation of TAM towards the M2 phenotype275. The

integration of M1 TAM-derived EVs with PTT-functionalised

hydrogel systems can establish a self-enhancing immunothera-

peutic platform. At the same time, PTT-enhanced heat shock protein

expression enhances T cell infiltration and effector functions276.

This dual-action strategy simultaneously inhibits the recruitment of

immunosuppressive myeloid-derived suppressor cells and regula-

tory T cells, thereby generating potent antitumor immunity in pre-

clinical models277.

In particular, the TME often has acidic properties that can

reduce T-cell activity and recruit immunosuppressive cells,

thereby promoting the formation of an immunosuppressive

TME278,279. The combination of alkaline metal salt nanoparticles

with locally injected hydrogels can neutralise the acidity.

Furthermore, while neutralising the acidic environment, the metal

ions produced by the nanoparticles can generate peroxidase-like

catalytic activity, promoting the decomposition of endogenous

H2O2 into ROS, which subsequently downregulates the expression

of the anti-phagocytic signal CD47265. In addition, the TME can

suppress immune cell-mediated antitumor immunity via physical

mechanisms280. Neutrophil extracellular traps, consisting of

neutrophil nuclear DNA, can coat tumor cells and form a physical

barrier that prevents immune cell infiltration. Cheng et al.281 have

developed a dual pH-responsive hydrogel containing a tumor

acidity neutraliser (mesoporous bioactive glass nanoparticles) and

a neutrophil extracellular traps-cleaving enzyme, deoxyribonu-

clease 1, to prevent liver cancer recurrence after hepatectomy.

GODM gel can be sprayed onto surgical margins to form an ad-

hesive gel that rapidly stops bleeding. It also neutralised the acidic

TMEt, reduced local infiltration of immunosuppressive cells, and

facilitated NET degradation by releasing DNase I.

Hydrogel-based immunotherapy exemplifies the convergence

of material innovation and immunobiology in dismantling the

immunosuppressive TME. These systems enhance antitumor im-

munity by enabling spatiotemporal delivery of immunomodula-

tors, neutralising acidic niches, and disrupting physical barriers.

However, the dense ECM of desmoplastic tumors often restricts

hydrogel distribution and immune cell infiltration. Injectable, in

situ-forming hydrogels enable minimally invasive administration

but suffer from rapid, uncontrolled degradation. While stimuli-

responsive designs achieve on-demand drug release, contradic-

tions persist in the literature-some studies correlate accelerated

hydrogel erosion with enhanced T cell activation. In contrast,

others argue that prolonged retention is crucial for maintaining

efficacy282,283. Future research must harmonize release kinetics

with tumor immune dynamics, establish comprehensive quality

standards for hydrogels, and define clear immunogenicity bench-

marks, all of which are imperative for resolving these discrep-

ancies and accelerating the clinical translation of hydrogel

immunotherapies.

4.5. Starvation therapy

Tumor recurrence is critically dependent on vascular nutrient

supply to sustain the proliferative and metabolic demands of

malignant cells, which has led to interest in “starvation therapy”, a

therapeutic paradigm that induces tumor cell apoptosis by dis-

rupting metabolic pathways or nutrient access291. Thrombin,

which promotes platelet aggregation and catalyzes the conversion

of fibrinogen to fibrin to induce vascular occlusion, represents a

promising starvation strategy292. However, systemic thrombin

administration carries significant risks that can be circumvented

by hydrogel-mediated localised delivery. Wang et al.293 developed

an injectable, photoresponsive hydrogel using polydopamine-

crosslinked collagen/silk fibroin composites for thrombin de-

livery to block tumor vasculature. In a weakly acidic environment,

dopamine self-polymerises to polydopamine and simultaneously

induces amine-mediated crosslinking of silk fibroin to form a gel

matrix. Upon near-NIR irradiation, polydopamine generated

photothermal heating, destabilising thrombin—DNA base-pairing

interactions within the hydrogel and triggering thrombin release.

This photothermal effect simultaneously suppresses vascular

endothelial growth factor (VEGF) secretion, thereby inhibiting

compensatory angiogenesis in peritumoral tissues.

While permanent vascular occlusion promotes ischaemic

tumor necrosis, it also exacerbates hypoxia-driven adaptive re-

sponses in tumors. Hypoxia upregulates HIF1A and VEGF syn-

thesis, paradoxically accelerating compensatory

angiogenesis294,295. To address this challenge, Fan et al.296 used a

precipitation method to copolymerise the thermoresponsive

monomer N-isopropylacrylamide with catechol group-containing

dopamine methacrylamide and encapsulate Mn2+ to produce an

injectable thermoresponsive hydrogel. This hydrogel can cross-

link into a semi-solid gel at body temperature, thereby achieving

embolization. Mn2+ can convert H2O2 produced by tumor cells

into hydroxyl radicals through the Fenton reaction. Meanwhile,

hydroxyl radicals rapidly oxidise the catechol groups into highly

reactive quinones, further enhancing the hydrogel’s and vessel

wall’s adhesion properties. Therefore, this hydrogel can simulta-

neously embolize and inhibit hypoxic environments. Separately,

Liu et al.297 addressed the hydrophobicity-driven delivery limi-

tations of clinical angiogenesis inhibitors by developing a Cu-

nanodot functionalized 2D layered double hydroxide system to
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load sorafenib. 2D layered double hydroxide features brucite-like

positively charged metal hydroxide layers (‘host sheets’) inter-

spersed with exchangeable anions and water molecules (‘guest

interlayers’), providing substantial surface area and intercalation

capacity for hydrophobic drug loading via ion exchange or

adsorption298. Secondly, hydroxyl-rich 2D layered double hy-

droxide interacts with amide linkages in thermoresponsive

poly(N-isopropyl acrylamide) matrices to form hydrogels that

undergo rapid photothermal contraction under 1064 nm laser

irradiation, achieving vascular blockade299. Evidence suggests

that nutrient-deprived tumor cells rewire their metabolic pathways

by downregulating IGF-1/IGF-1R signalling to activate pro-

survival autophagy. While autophagy transiently increases CD8+

T cell infiltration, it simultaneously enhances Treg-mediated

immunosuppression300,301. Hypoxia caused by starvation therapy

may promote the creation of an immunosuppressive environ-

ment302. Zhang et al.303 have developed a microbial therapy

hydrogel (ACG gel) that simultaneously enhances hypoxia-

restricted tumor starvation treatment and immunotherapy. The

ACG gel consists of ALG, chlorella, and glucose oxidase. The

chlorella encapsulated in the ACG gel produces an abundant ox-

ygen supply through photosynthesis, thereby increasing glucose

consumption.

Hydrogel-mediated tumor starvation therapy centers on the

localized delivery of thrombin, angiogenesis inhibitors, or meta-

bolic interference agents via smart-responsive hydrogels, thereby

enabling precise blockade of the tumor blood supply while

minimizing the bleeding risks associated with systemic adminis-

tration. However, starvation-induced activation of the HIF1A/

VEGF pathway and autophagy-mediated formation of an immu-

nosuppressive microenvironment may lead to therapeutic resis-

tance. Second, systematic long-term evaluations are lacking

regarding the safety of material degradation products and the long-

term stability of thrombi.

4.6. Others

Facilitating wound healing is critical to prolonging the post-

operative survival of cancer patients. Some hydrogel-based

matrices have effective wound healing properties. For example,

acrylate-grafted CS exhibits haemostasis by attracting red blood

cells through electrostatic interactions and stimulating platelets to

release clotting factors. Oxidised hyaluronic acid exhibits hae-

mostatic properties closely associated with keratinocyte prolifer-

ation and migration304. In addition, natural or metabolically

derived products that promote wound healing can be encapsulated

in hydrogels to enhance their healing properties305,306. In partic-

ular, the endogenous metabolite biliverdin not only has a high

photothermal conversion efficiency but also possesses antioxidant,

anti-inflammatory, and cytoprotective effects. Therefore, it can be

used as a biodegradable photothermal agent for PTT and as a

bioactive drug for subsequent wound healing processes307.

In recent years, the therapeutic potential of siRNA and mRNA

drugs in the fight against cancer has been recognised308. However,

compared to DNA therapeutics, mRNA and siRNA are more sus-

ceptible to nucleases in vivo309. The emergence of hydrogel delivery

systems provides a nuclease-free environment, allowing precise and

targeted in vivo delivery of siRNA and mRNA310. A drug delivery

system comprising methacrylated gelatin and lipid nanoparticles

encapsulating siRNA and mRNA allows localised and sustained

drug release in the intestine. In this system, the lipid nanoparticles

mask the siRNA’s charge, thereby protecting it from RNase

degradation. Upon mixing, the methacrylate groups within the

gelatin scaffold cross-link under 405 nm blue light irradiation,

encapsulating the nanoparticles and forming an in situ delivery

system. This delivery scaffold prolongs drug release for up to 7

days311. Yin et al.312 discovered that low-molecular-weight poly-

ethyleneimine can bind the mRNA encoding ovalbumin via elec-

trostatic interactions. The introduction of graphene oxide into the

system resulted in unique behaviour distinct from that of traditional

(chemically cross-linked) hydrogels: some liquid-solution hydro-

gels spontaneously transformed into nanoparticles due to interfacial

instability, further facilitating controlled drug release.

5. Functionalized hydrogels in cancer diagnosis and TMEt

simulation

5.1. Intelligent monitoring

Recent advances in detection technologies have propelled the

development of ultrasensitive biosensors for early cancer

screening and postoperative surveillance313. Hydrogel materials

have emerged as an ideal platform for constructing wearable and

implantable biosensing systems due to their exceptional biocom-

patibility, tunable microarchitecture, and versatile functionaliza-

tion capabilities. By integrating colorimetric, spectroscopic, and

fluorescence-based signal transduction mechanisms, hydrogel-

based sensors now enable in situ, real-time monitoring of tumor-

associated proteins and metabolites with high sensitivity314.

Cancer cells can promote their own proliferation and adapta-

tion to the TME by regulating metabolic pathways and altering

metabolite levels. Fluctuations in metabolite concentrations

directly mirror oncogenic activity and TME dynamics, often

preceding radiologically detectable lesions315,316. The key point is

that these metabolite concentration changes occur much earlier

than visible lesions on imaging and are not affected by intertu-

moral heterogeneity, making them the next golden biomarker for

“liquid biopsy”315. Sarcosine has emerged as a clinically signifi-

cant biomarker for prostate cancer. The biosynthesis and catabo-

lism of sarcosine are tightly regulated by key metabolic enzymes,

notably glycine-N-methyltransferase and sarcosine dehydroge-

nase, whose dysregulation leads to pathological sarcosine accu-

mulation. In contrast, sarcosine concentrations remain

undetectable or minimal in benign prostatic hyperplasia and

healthy control cohorts317,318. Capitalizing on this differential

expression, Passornraprasit et al.319 developed a colorimetric

biosensor employing cellulose nanofiber (CNF)/PAA hydrogel

matrices for direct quantification of sarcosine in urine samples

from prostate cancer patients. The sensing mechanism relies on

the HRP—H2O2—TMB interaction principle. The hydrogel is

loaded with a TMB-HRP-sarcosine oxidase solution, in which

enzymatic sarcosine demethylation, triggered upon sarcosine

exposure, generates glycine, formaldehyde, and hydrogen

peroxide (H2O2), inducing a visible colorimetric shift. Further-

more, the researchers integrated CNF/PAA hydrogels with 3D-

printed test strips and embedded them into diapers. Upon contact

with urine, the hydrogel exhibits a distinct color change, enabling

real-time monitoring of creatinine concentration in the body

through visual observation and comparison with a color chart.

Additionally, the hydrogel can be retrieved for more accurate

quantitative analysis using a spectrophotometer320 (Fig. 8A).

Surface-enhanced Raman spectroscopy (SERS) exhibits excep-

tional sensitivity, enabling detection at ultralow concentrations
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down to the single-molecule level. This remarkable capability

facilitates noninvasive cancer screening by identifying trace tumor

biomarkers in bodily fluids, including blood, saliva, and sweat321.

Numerous studies have established strong correlations between

cancer progression and metabolic byproducts such as uric acid,

creatinine, glucose, and various aldehydes322. Chen et al.323

developed a SERS-integrated hydrogel wearable sensor for

noninvasive monitoring of tumor progression through sweat

Figure 8 Hydrogel-based platform integrating AI for ultrasensitive cancer biomarker detection in early screening and postoperative moni-

toring. (A) Hydrogel platform for prostate cancer screening via sarcosine detection. Reprinted with permission from Ref. 319. Copyright ª 2025

Elsevier. (B) Nucleic acid amplification circuit-based hydrogel for the detection of metastatic gastric cancer exosomal miRNA. Reprinted with

permission from Ref. 329. Copyright ª 2024 John Wiley and Sons. (C) Implantable hydrogel sensor for postoperative detection of carci-

noembryonic antigen and rapid ablation of recurrent cancer cells via photothermal therapy. Reprinted with permission from Ref. 331. Copyright ª

2024 John Wiley and Sons.
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analysis. This detection module comprises a polyvinyl alcohol-

sucrose hydrogel integrated with silver dendritic nanostructures

that serve as a SERS substrate. Through surface functionalization

with molecular receptors, these dendritic nanostructures enable

selective capture of cancer biomarkers in sweat. For example,

grafting with 4-mercaptophenylboronic acid facilitates glucose

sensing. The charge transfer between glucose and 4-

mercaptophenylboronic acid enhances the characteristic SERS

signal. Functionalization with 4-mercaptobenzoic acid imparts

pH-responsiveness, as the protonation/deprotonation of its

carboxyl groups (COOH↔COO—) induces measurable Raman

shifts at 1187 cm− 1 (νC—O) and 1420 cm− 1 (νCOO—), thereby

enabling precise pH monitoring. After modification with 4-

mercaptopyridine, it can interact with α-dicarbonyl metabolites

(such as glyoxal and methylglyoxal) via proton transfer, and the

intensity ratio I1611/I15833 quantitatively reflects the degree of

protonation and carbonyl metabolite concentration. These

enhanced Raman signals are wirelessly transmitted to smart-

phones via Bluetooth or Wi-Fi. After specific data processing, the

signals are uploaded to cloud servers for analysis, enabling

automatic disease diagnosis.

Compared to blood or other biofluids, interstitial fluid (ISF) from

tumor sites represents a richer source of biomarkers, offering su-

perior diagnostic accuracy and sensitivity for detecting residual

microtumors before clinical recurrence. During EMT, tumor-

derived ISF becomes enriched with microRNAs (miRNAs) that

serve as master regulators of EMT324,325. Specifically, miRNA-21

and miRNA-99a downregulate E-cadherin while activating tran-

scription factors (Twist, Snail, ZEB) to drive cytoskeletal remod-

eling and MMP expression326,327. Conversely, the miRNA-200

family suppresses ZEB1 and ZEB2, thereby preserving epithelial

phenotypes. Monitoring these EMT-associated miRNA dynamics in

ISF thus provides a powerful strategy for early tumor detection,

intervention, and improved therapeutic outcomes328. Seo et al.329

developed a nucleic acid-amplified hydrogel biosensor for the

sensitive detection of exosomal miRNA-21 and miRNA-99a, bio-

markers associated with metastatic gastric cancer. The system

comprises two key components: (1) a capture probe with a

3′-acrylamide modification for covalent immobilization within a

polyethylene glycol diacrylate hydrogel network via photo-

polymerization; (2) a circular DNA template for isothermal rolling

circle amplification. Upon target miRNA binding, the capture

probe, tethered at one end to the hydrogel matrix, hybridizes with

one segment of the miRNA. At the same time, the circular DNA

binds to the complementary region, forming a bridged hybridization

complex. This structure primes isothermal rolling circle amplifi-

cation catalyzed by Phi29 DNA polymerase, using the miRNA as a

primer and the circular DNA as a template. The resulting long, re-

petitive DNA products are then detected by sequence-specific

fluorescent probes, generating an amplified signal proportional to

the target concentration (Fig. 8B). Fluorescence signals were

collected using the ChemiDoc imaging system and subsequently

analyzed for fluorescence intensity using ImageJ, enabling rapid

evaluation of clinical samples. Wang et al.330 developed an

instrument-free miRNA detection platform by coupling an entropy-

driven dynamic DNA network hydrogel membrane with a gold

nanoparticle (AuNP). In this system, the target miRNA initiates a

toehold-mediated strand-displacement reaction, triggering cyclic

amplification within the dynamic DNA network cascade. This

process releases abundant output DNA strands (S2), which disrupt

the hydrogel matrix, thereby liberating entrapped AuNPs. The

resulting dispersion shifts the solution color from colorless to red

via changes in localized surface plasmon resonance (LSPR). By

quantifying the RGB values of this colorimetric transition via

smartphone imaging, the platform achieves semi-quantitative

miRNA analysis without specialized equipment. Carcinoem-

bryonic antigen (CEA) in tumor ISF serves as a well-established

biomarker for predicting and monitoring tumor recurrence. This

approach combines the programmability of DNA circuits with the

visual readout of nanoplasmonics, enabling point-of-care miRNA

profiling in resource-limited settings. Geng et al.331 have developed

an innovative implantable hydrogel sensor system for ultrasensitive

detection of carcinoembryonic antigen (CEA) in tumor interstitial

fluid, coupled with real-time photothermal therapeutic capabilities.

The platform employs a methacrylated ALG hydrogel matrix

incorporating three functionally integrated components: macro-

porous polydopamine nanoparticles (MPDA) loaded with molecu-

lar beacon probes, an MMP-responsive exonuclease I delivery

system (exo I@TGMS), and embedded fibroblasts. Through fluo-

rescence resonance energy transfer (FRET), the MPDA nano-

particles effectively quench the fluorescence of Cy5-labeled hairpin

DNA (Cy5-hDNA) probes until target recognition occurs. CEA

binding induces conformational changes in Cy5-hDNA that disrupt

FRET quenching, restoring fluorescent signals. The TME’s char-

acteristic MMP overexpression triggers the controlled release of

exonuclease I, which selectively cleaves CEA—DNA complexes,

enabling continuous target recycling and signal amplification.

Furthermore, the incorporated fibroblasts enhance detection sensi-

tivity by chemotaxis of CXCR4-expressing tumor cells via

CXCL12. Beyond diagnostic functionality, the system leverages

MPDA’s exceptional photothermal conversion efficiency to provide

precise, image-guided tumor ablation upon near-infrared irradiation

when residual microtumors are detected (Fig. 8C). This integrated

theranostic platform represents a significant advancement in post-

operative cancer management, seamlessly combining early recur-

rence monitoring through ultrasensitive biomarker detection with

on-demand therapeutic intervention in a single implantable device.

Hydrogel-based biosensors have demonstrated remarkable

potential to translate tumor metabolic fingerprints and recurrence

biomarkers into readable, real-time signals, enabling noninvasive

screening, intraoperative navigation, and postoperative recurrence

prevention for comprehensive cancer management. However,

critical challenges-including enzyme activity drift, long-term

nanomaterial toxicity, interference from complex biofluid

matrices, and cross-reactivity during multiplexed biomarker

detection-must be addressed before clinical translation332,333.

Moreover, as biomarker concentrations fluctuate with medication,

inflammation, and dietary factors, establishing region-specific

dynamic reference ranges coupled with AI-powered error-

correction algorithms becomes imperative334. Only by over-

coming these limitations can hydrogel-based “liquid sentinels”

evolve from proof-of-concept prototypes into reliable, pocket-

sized life-alert systems for cancer patients.

5.2. Cancer cell capture

Hydrogels have demonstrated significant potential for cancer cell

capture, primarily due to their ability to mimic the three-

dimensional structure and high water content of the ECM.

These properties promote the natural proliferation and aggregation

of cancer cells, enabling key applications such as three-

dimensional cell culture platforms, targeted cancer cell capture,

sorting and enrichment, biosensing and diagnostics335,336.
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The tunable pore size and flexible structure of hydrogel ma-

terials enable excellent performance in cell sorting and enrich-

ment, particularly when combined with microfluidic technology

for isolating and enriching circulating tumor cells (CTCs), which

is of great importance for early cancer detection337,338. Despite

these advances, achieving target specificity in CTC capture in the

complex haematological environment of peripheral blood remains

an ongoing challenge. Recent research has identified sialylated

glycans on CTC surfaces as viable biomarkers for hepatocellular

carcinoma screening339,340. Capitalising on this discovery,

hydrogels prepared from histidine-based receptors combined with

poly(ethylene glycol) methacrylate exhibited high affinity for

sialylated glycoproteins, achieving capture efficiencies of up to

93% even when assaying 10 CTCs. Notably, CTCs captured by the

hydrogels could be released using trypsin-EDTA solution (0.25%

trypsin and 0.02% EDTA), and the released CTCs remained

viable. Clinical studies have confirmed that this method can

accurately differentiate between liver cancer, cirrhosis, and

healthy groups, with an accuracy of 94%341. However, enzymatic

treatment methods can lead to excessive exposure of cells to

enzyme solutions, which may cause functional impairment of the

captured cancer cells342,343. To overcome this limitation, chemi-

cally stable aptamers have emerged as precision molecular tools

for CTC recognition, offering antibody-like specificity and

enhanced resistance to nucleases. Lin et al.342 synthesised two

polymeric DNA chains (R1 and R2) via rolling circle amplifica-

tion: the R1 chain contains repeated aptamer sequences that spe-

cifically recognise CTC surface markers and DNAzyme

sequences. The R2 chain contains the corresponding DNAzyme

substrate sequence. R1 and R2 can form a DNAzyme hydrogel

(MA-RCA) in situ, encapsulating the target cells in three di-

mensions. Captured cells can be released by Zn2+-induced spe-

cific cleavage of the DNAzyme hydrogel, avoiding cell damage

caused by enzymatic lysis (Fig. 9A). Ye et al.344 developed a

three-dimensional porous DNA hydrogel containing promoter

DNA with aptamer-to-hold blocks that specifically bind to the

epithelial cell adhesion molecule on CTC surfaces, forming a

hydrogel to encapsulate CTCs. This hydrogel can disintegrate

under mild chemical stimulation, releasing CTCs345.

Following surgical treatment, residual glioblastoma (GBM)

cells, including therapy-resistant glioblastoma stem-like cells

(GSC), are highly likely to infiltrate healthy brain parenchyma and

form secondary tumors346. Vascular co-option, the predominant

invasion mechanism in GBM progression, is driven by the che-

mokine CXCL12 secreted from perivascular niches, which en-

gages the CXCR4 receptor overexpressed on GBM/GSC

membranes to mediate tumor-endothelial interactions347. To

disrupt this pathological crosstalk, Khan et al.348 developed an

injectable thiol-functionalised hydrogel capable of electrostati-

cally immobilising cationic CXCL12 via stable anionic thiolate

bonds. This in situ-forming matrix creates a synthetic chemotactic

sink that sequesters migrating GBM/GSC populations within its

porous architecture, effectively diverting tumor cells from hemo-

genic dissemination pathways (Fig. 9B). Despite the widespread

adoption of ligand-based capture strategies targeting surface bio-

markers for CTC isolation, the dynamic phenotypic shifts induced

by EMT present a fundamental limitation-epithelial marker loss

(e.g., EpCAM) coupled with mesenchymal marker upregulation

(e.g., vimentin) generates substantial heterogeneity that eludes

conventional single-marker approaches349,350. To address this

challenge, Zuo et al.351 engineered an innovative dual-recognition

platform that leverages a three-dimensional wrinkled cellulose

hydrogel substrate, which synergistically combines EpCAM-

specific and vimentin-targeting aptamers to achieve phenotype-

agnostic CTC capture. The system’s diagnostic utility is further

enhanced by an elegantly designed glucose-encapsulated signaling

probe, in which aminated mesoporous silica nanoparticles (MSNs)

loaded with glucose are sealed by L-cysteine-modified gold

nanoparticles via Au—S bonds, forming Au-G-MSN-Apt conju-

gates functionalized with both aptamer types. Crucially, CTC

binding triggers gold nanoparticle displacement and glucose

release, enabling instrument-free quantification via portable

glucose meter readouts-a robust signal transduction mechanism

that circumvents the need for complex analytical instrumentation

(Fig. 9C).

5.3. Mimicking TME

Unravelling the dynamic interplay between the TME and malig-

nant progression is central to advancing precision oncology.

Traditional two-dimensional tumor models, while experimentally

tractable, impose non-physiological constraints by exposing cells

to hyper-rigid substrates that disrupt critical cell—cell and

cell—ECM communication networks352,353. Although multicel-

lular spheroids partially recapitulate the three-dimensional tumor

architecture, their homogeneous spherical geometry does not

mimic the biomechanical and biochemical complexity of native

TME niches. Hydrogel-based 3D culture systems overcome this

limitation by replicating tissue-specific viscoelasticity and ECM

ligand density, thereby preserving tumor-stromal crosstalk, which

is essential for modelling metastatic behaviour, pathway activa-

tion, and pharmacodynamic responses (Fig. 10)354. Gel, derived

from animal connective tissue, promotes cell adhesion and growth

through its RGD sequence (Arg-Gly-Asp, a cell adhesion signal

corresponding to the integrin αVß1, αVß3, αVß5, αVß6, αVß8,

α8ß1, and α5ß1 binding domains). It is therefore commonly used

to construct TMEt hydrogels. De Lorenzi et al.355 developed a

bioprinted tumor-on-chip platform using gel hydrogels to pattern

multicellular tumor organoids within a spatially vascularised

microenvironment. The endothelial and stromal compartments

were co-printed and self-organised into perfusable microvascular

networks via angiogenic sprouting. This architecture supports

mesoscale tumor expansion while preserving malignant cell-

endothelial interactions.

Dynamic stiffening and rapid stress relaxation (viscoelasticity)

are two physical properties that characterise the tumor stromal

microenvironment and critically influence tumor growth, pro-

gression, and therapeutic response356. During tumor invasion and

progression, the ECM exhibits dynamic stiffening that modulates

intracellular signalling pathways, gene expression profiles, and

cellular behaviour, collectively shaping a microenvironment

conducive to tumor cell proliferation357. To replicate this stromal

stiffening process in vitro, Nguyen et al.358 developed a hydrogel

(GelNB). Pendant functional groups (hydroxyphenylacetic acid

and carboxyhydrazide) within the polymer chains allowed sec-

ondary crosslinking and dynamic stiffening of the initially soft

hydrogels. In addition, two GelNB-based copolymers, GelNB-

hydroxyphenylacetic acid and GelNB-boronic acid, were cross-

linked with 4-arm poly(ethylene glycol) thiol to impart hydrogel

elasticity. Specifically, the addition of fungal tyrosinase oxidises

the hydroxyphenylacetic acid and boronic acid moieties to form

hydroxyphenylacetic acid dimers and boronic acid diols. This

oxidation process induces the stiffening of cell-laden hydrogels,

mimicking the desmoplastic response observed in the TMEt. In

AI-designed hydrogels for tumor therapy 3451



addition, boronic acid groups facilitate the binding of boronic acid

diols to newly formed hydroxyphenylacetic acid dimers generated

by fungal tyrosinase-mediated stiffening, thereby enhancing the

stress-relaxation capacity of the hydrogel.

Stress relaxation in the ECM refers to the gradual release of

perceived mechanical stress by cells over time under external or

internal forces. Enhanced stress relaxation promotes diverse bio-

logical processes, including stem cell lineage specification, tissue

patterning, and maintenance of progenitor cell plasticity, while

contributing to the formation of proto-oncogenic and chemo-

resistant microenvironments359. To engineer stress-relaxing prop-

erties within 3D hydrogels, recent studies have employed

hydrazone crosslinking (R—HC]NH—NH—R), a dynamic cova-

lent chemistry strategy involving condensation reactions between

carbonyl electrophiles (e.g., aldehydes) and nucleophilic hydra-

zines360. Hydrazone bonds exhibit reversible properties, with their

Figure 9 Specific capture and sequestration of cancer cells by hydrogels. (A) Schematic illustration of the MA-RCA hydrogel for CTC capture

and release. Reprinted with permission from Ref. 342. Copyright ª 2019 Royal Society of Chemistry (B) Schematic overview of the proposed

CXCL12-mediated chemotaxis of residual GBM cells. Reprinted with permission from Ref. 348. Copyright ª 2023 John Wiley and Sons. (C)

Fabrication of E/V aptamer-hydrogel and Au-G-MSN-Apt nanoprobes and applications in capture, detection, and in situ culture of CTCs in

NSCLC patients. Reprinted with permission from Ref. 351. Copyright ª 2023 American Chemical Society.
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chemical equilibrium controlling the rate of hydrogel network

reorganisation. This dynamic bonding behaviour allows macro-

molecular adaptation and structural reconfiguration at the molec-

ular level to dissipate stress during deformation. These hydrogels

were further shown to enhance glioblastoma invasion phenotypes,

including cell spreading, migratory capacity, and expression of

glioma stem cell markers361.

However, the most significant limitation of current 3D hydrogel

models for mimicking the TME is their inability to dynamically and

sustainably recapitulate the highly heterogeneous cellular compo-

sition and the precise spatial gradients of nutrients, oxygen, and

cytokines found in vivo362,363. Specifically, while these models can

encapsulate multiple cell types, they often represent static snap-

shots. They fail to simulate the spatiotemporal evolution of ECM

composition, stiffness, and vascularization status during tumor

progression, as well as critical pathological dynamics, such as the

expansion of hypoxic regions and patterns of immune

infiltration364—366. Regarding spatial gradients, oxygen gradients

merely form simple hypoxic zones in the deep layers of the hydrogel

due to diffusion limitations, lacking the complex, dynamic oxygen

distribution resulting from a heterogeneous vascular network348.

Nutrient gradients, dependent on passive diffusion, struggle to

maintain long-term stability367. The boundary between the central

necrotic zone and the proliferative zone is often blurred, and it is

particularly challenging to establish stable chemokine gradients

necessary to guide the directional migration of immune cells368,369.

The simulation of the immune system is also highly fragmented.

Most models co-culture only a single type of immune cell, failing to

recreate the complex network of T/B cells, dendritic cells, and NK

cells, and cell functionality frequently diminishes over time370.

Furthermore, the absence of a functional vascular network severely

limits research into drug perfusion and immune evasion mecha-

nisms371. In conclusion, while superior to 2D cultures, hydrogel

models are fundamentally limited by their static and homogeneous

nature, which contrasts starkly with the dynamic, heterogeneous,

and vascularized characteristics of a real TME. Overcoming these

limitations urgently requires integrating advanced technologies

such as microfluidics, 3D bioprinting, and AI-driven dynamic

regulation systems.

6. AI and hydrogels

Although hydrogels have attracted extensive attention, the devel-

opment of novel hydrogel systems has progressed relatively slowly.

This is mainly attributed to the complexity of the design process,

which involves the integrated influence of multiple factors,

including material composition, formulation parameters, and

environmental stimuli372,373. Traditional hydrogel design often re-

lies on extensive experimental exploration and empirical experi-

ence, which is time-consuming and costly, making it challenging to

achieve rapid and precise modulation of specific properties and

functions. In recent years, with the rapid advancement of AI, the

field of materials science has undergone a significant trans-

formation. The integration of AI and machine learning (ML) tech-

nologies with materials science has led to substantial progress in

understanding the underlying physical principles of materials.

Leveraging advanced algorithms such as artificial neural networks

and convolutional neural networks (Table 8), researchers can extract

key patterns from vast experimental datasets, predict material

properties, and optimize formulation combinations. This approach

significantly shortens the design cycle while enhancing design ef-

ficiency and success rates374,375. AI-based design strategies have

not only accelerated the pace of innovation in hydrogels but also

facilitated their widespread applications in biomedical engineering,

environmental remediation, flexible electronics, and other fields.

6.1. ML

ML, a core branch of AI, enables computer systems to learn and

improve from data without explicit programming automatically.

Through algorithms, ML allows computers to learn from

Figure 10 Key factors in hydrogels that mimic the TME integrate material selection (balancing natural polymers’ stimuli-responsive degradation

and drug release with synthetic polymers’ long-term stability), dynamic responsiveness to pH/enzymatic cues, mechanical properties including

rigidity matching and stress relaxation, and biochemical signaling through growth factor presentation and ECM component heterogeneity.
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experience, recognize patterns, and make predictions or de-

cisions376. In hydrogel design, machine learning enables the

optimization of materials and properties, the precise programming

of dynamic response behavior, the regulation of structure-function

relationships, the control of responsiveness, and the analysis of

macroscopic response signals. These capabilities confer predict-

ability and programmability to smart hydrogels. In brief, the

application of ML to hydrogel design can be summarized as fol-

lows. First, a high-quality, multidimensional training dataset is

constructed, primarily through experimental data, literature min-

ing, and high-throughput experimental platforms. Next, data pre-

processing and feature engineering are performed to filter the data,

select and extract relevant hydrogel features, and normalize the

dataset. Subsequently, model selection and training are carried

out. This step commonly uses some regression algorithms (SVR,

RF, XGBoost, ANN, CNN, LSTM), classification algorithms

(SVM, DT, RF, CNN), and optimization algorithms (BO) to es-

timate the mechanical properties and responsiveness of hydrogels.

Finally, BO, combined with surrogate models such as Gaussian

processes or random forests, is used to infer optimal formulations

or structures from target performance, followed by experimental

validation and iterative model refinement (Fig. 11)377,378. For

example, to develop hydrogels with “ultra-strong adhesion”

properties, Liao et al.377 collected extensive data on adhesive

proteins from the NCBI protein database, spanning proteins from

various species, from bacteria to humans. Through statistical

analysis, they identified common adhesive functional sequence

motifs within these proteins and performed simulated sequence

Figure 11 Basic workflow of AI/ML-assisted hydrogel design and its applications in cancer therapy: biomarker detection, ECM simulation,

drug release, and formulation design.
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recombination using 20 amino acids. Subsequently, multiple ma-

chine learning models, including Gaussian process regression and

random forest regression, were employed to analyze the adhesion

performance of the recombined hydrogel sequences. By inte-

grating sequential model-based optimization and the expected

improvement acquisition function, the team iteratively proposed

new hydrogel formulations. Ultimately, the optimized hydrogel

exhibited an adhesion strength exceeding 1 MPa. To rapidly

screen and optimize hydrogels with specific photodegradation

properties, Seifermann et al.379 employed a miniaturized high-

throughput synthesis platform to fabricate and screen 918 hydro-

gel compositions quickly, while simultaneously monitoring their

degradation under UVC irradiation in real time. Subsequently, a

Gaussian process regression model was used to map material

composition to performance metrics, including initial size, fluo-

rescence intensity, and degradation lifetime. By incorporating BO,

the platform actively recommended 79 new compositions over 13

experimental rounds, leading to the discovery of hydrogels with

enhanced fluorescence intensity and prolonged degradation life-

times. This AI-driven hydrogel design platform enables precise

tuning and optimization of photodegradation performance with

minimal resource consumption, providing a novel paradigm for

the intelligent design of functional materials.

Developing machine learning models for hydrogels in cancer

therapy often poses significant challenges: selecting an appro-

priate model architecture and adapting it to the specific problem.

Although there is no universal solution, experimental screening

remains a viable approach to identifying the optimal model.

Nevertheless, following certain guiding principles can help

streamline the search for suitable models. Below are several case

studies of ML models applied to hydrogels in cancer treatment,

which generally follow a strategy of starting with simple algo-

rithms and progressively moving to more complex ones if the

simpler models fail to meet performance expectations.

Studies have shown that AI-driven optimization algorithms, by

tuning key parameters in hydrogel synthesis processes, can signif-

icantly enhance both yield and performance. For example, predic-

tive investigations of swelling behavior and gelation kinetics under

varying conditions have expanded the applications of hydrogels in

drug delivery systems, tissue engineering, and wound healing392.

ML techniques can uncover latent patterns within multidimensional

experimental data to guide the design of high-performance hydro-

gels. Xu et al.393 optimized the design and fabrication process of

polyacrylamide/sodium ALG double-network hydrogels using

machine learning, focusing on five key performance indicators:

strain sensitivity, elongation at break, fracture energy, hysteresis,

and electrical resistivity. The study established a three-stage ML

framework comprising BO, classification screening, and regression

prediction. Iterative experimental designs were guided by a BO

function, yielding an optimal formulation after 14 iterations. Sub-

sequently, a classification algorithm (random forest classifier)

identified the “invalid parameter space” where gelation failed and

revealed that the concentrations of acrylamide, crosslinker MBA,

and initiator APS had the most significant impact on gel formation.

Finally, a regression algorithm (random forest regressor) was

employed to build a composition-performance prediction model

that accurately forecasts trends in electrical resistivity, elongation at

break, and fracture energy. This approach resulted in an ultra-strong

hydrogel exhibiting a maximum elongation of 2999%, a strain

sensitivity gauge factor of 11.85, and a fracture energy of 0.43 J. The

hydrogel’s high strain sensitivity and conductivity enable its

application as a flexible sensor for real-time monitoring of tumor-

related physiological changes when attached to the skin surface or

implanted in tissues. Qiu et al.394 combined backpropagation neural

networks with multi-population genetic algorithms to rapidly

design hydrogel-based metamaterials exhibiting specific adverse

hygroscopic expansion effects. The approach introduced several

dimensionless design parameters to characterize the structural

features of the metamaterials. An initial dataset was constructed

from finite element simulation results, in which the back-

propagation neural networks mapped the relationship between

design parameters and equivalent linear strain. Subsequently, the

multi-population genetic algorithm was employed to optimize

metamaterials for targeted expansion effects efficiently. This

method demonstrated high accuracy and efficiency, significantly

reducing computational complexity while effectively avoiding local

optima.

In precision oncology, accurate detection of key biomarkers

within the TME is crucial for cancer classification, early diag-

nosis, and personalized treatment decision-making395. Leveraging

its powerful data-mining and pattern-recognition capabilities, ML

can not only optimize biomarker enrichment and quantification

but also significantly enhance diagnostic and classification accu-

racy through multi-feature fusion modeling. For instance, to

accurately identify and quantify various types and expression

levels of serum miRNAs associated with different lung cancer

subtypes. Chen et al.396 employed a size-encoded hydrogel

microbead technology for extraction-free quantification of serum

miRNAs. Specifically, the expression levels of miR-21, miR-205,

and miR-375 were used as feature parameters. Characteristic

signals were obtained via flow cytometry, and models were con-

structed using principal component analysis and other methods.

This study achieved an 80% classification accuracy for lung

cancer subtypes across 108 samples, demonstrating the significant

potential of ML-enabled multi-biomarker analysis in precise

cancer classification. Early tumor detection can be achieved by

isolating CTCs from peripheral blood samples and analyzing their

characteristic molecular profiles. Li et al.397 developed a func-

tionalized hydrogel magnetic nanoparticle for the specific

enrichment of CTCs from peripheral blood. RNA was then

extracted from the enriched CTCs, and the levels of six particular

genes (TGM2, EpCAM, DPEP1, MMP14, TM4SF1, ETV4) and

serum carcinoembryonic antigen were quantified using droplet

digital PCR. Subsequently, the XGBoost algorithm was employed

to construct a colorectal cancer score by integrating five CTC

mRNA biomarkers and CEA levels. To enhance model interpret-

ability, the LIME and SHAP algorithms were applied to clarify

each feature’s contribution to the prediction. Finally, the colorectal

cancer score was combined with patient age, sex, and CA125/

CA199 levels to generate a personalized colorectal cancer risk

score to assist clinical decision-making.

Machine learning can accurately predict and optimize drug

release kinetics of hydrogels, enabling on-demand controlled

release and personalized drug delivery design. Boztepe et al.398

employed ML to predict the release kinetics of doxorubicin. By

designing the hydrogel’s microstructure through interpenetrating

networks, they modulated swelling behavior and porosity, which

significantly influenced the diffusion pathways and release rates of

doxorubicin. Furthermore, ML accurately predicted release profiles

under varying pH and temperature conditions, revealing that

structural parameters such as crosslinking density and hydrophilic-

hydrophobic balance govern the release kinetics. The AL-Rajabi

team employed a random forest model to analyze the multidimen-

sional coupling among temperature-responsive parameters,
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polymer composition, and geometric factors, uncovering the pivotal

regulatory role of macroscopic structure in the drug release process.

Increasing the hydrogel thickness extended the diffusion pathway.

Additionally, ML quantified the critical impact of temperature-

induced phase transition, drug release efficiency at 32 ◦C in the

gel state was enhanced by 256% compared to the sol state at 18
◦C399.

The analytical and recognition capabilities of ML make it

particularly well-suited for optimizing the biomaterial composi-

tion, mechanical properties, and structural parameters of ECM

scaffolds400. The integration of ML with computational fluid dy-

namics enhances the simulation of fluid flow, shear stress, and

nutrient gradients. Furthermore, AI-driven adaptive control sys-

tems enable real-time modulation of ECM stiffness, biochemical

gradients, and cell-cell interactions, thereby improving the phys-

iological relevance of in vitro tumor models401. By integrating AI-

assisted 3D bioprinting technology, real-time parameter adjust-

ments can be achieved, which not only enhances printing accuracy

and reproducibility but also reduces the need for trial-and-error

experiments402,403. For example, Lee et al.403 proposed a

machine-learning-based strategy for designing 3D bioprinting

bioinks. By analyzing the rheological properties of acellular

collagen, HA, and fibrin, and applying ML combined with

multivariate regression for feature analysis, they identified high

elastic modulus and low yield stress as key factors influencing

bioink printability. Based on these findings, the research team

successfully developed multiple efficient bioink formulations.

Cadamuro et al.404 selected Gel derived from porcine skin and HA

as biopolymer components, with PEG star-shaped molecules

serving as crosslinkers. They covalently constructed a three-

dimensional hydrogel network via azide-alkyne cycloaddition

and Diels-Alder click chemistry reactions. By integrating rheo-

logical data with synthesis datasets and material usage constraints,

they developed a machine learning model that accurately predicts

hydrogel formulations based on target storage and loss moduli,

thereby overcoming the limitations of traditional trial-and-error

approaches. Gel and HA effectively mimic ECM components,

while click chemistry enables precise control over crosslinking

structure and properties. This predictive tool significantly en-

hances biomaterial design efficiency, reduces time and material

waste, and maintains high accuracy even with limited datasets.

6.2. AI simulation of microscopic property changes in hydrogels

The “structure-property-function” relationships of hydrogels are

highly complex. Their macroscopic properties are determined

collectively by the chemical structure of polymer chains, cross-

linking methods, network topology, and interactions with the

environment. These intrinsic mechanisms are complex to elucidate

at the molecular or atomic scale, significantly limiting the targeted

design and development of high-performance hydrogels. Although

experimental techniques, such as electron microscopy, nuclear

magnetic resonance, and spectroscopy, provide valuable structural

information, they often struggle to resolve multi-component syn-

ergistic effects, dynamic processes (e.g., gelation, drug release,

degradation), and interfacial behaviors. Against this backdrop,

computational simulation technologies have emerged as a vital

bridge linking microscopic structures to macroscopic properties,

offering novel perspectives and powerful tools for the rational

design of hydrogels405,406.

The multiscale simulation methods applied in hydrogel

research primarily include quantum mechanics (QM), molecular

dynamics (MD), dissipative particle dynamics (DPD), and con-

tinuum modeling (Table 9). QM is employed to analyze

electronic-level molecular energies, conformational behaviors,

and interactions. While offering high accuracy, QM entails sub-

stantial computational costs and is typically limited to systems of

approximately 100 atoms. It is beneficial for studying functional

group design, crosslinking mechanisms, and drug release mecha-

nisms in hydrogels407,408. Kocaaga et al.409 employed QM as a

theoretical screening tool to validate the compatibility and

controlled release behavior of the lidocaine-pectin system at the

molecular level. By calculating the interaction energies of 16

lidocaine-pectin complexes, the results indicated that hydrogen

bonding (− 17 kcal/mol) contributes to slow drug release at low

concentrations. Furthermore, π—π stacking interactions weakened

as pH decreased, thereby helping to prevent drug-molecule self-

aggregation.

MD simulations are categorized into all-atom molecular dy-

namics (AAMD) and coarse-grained molecular dynamics

(CGMD). AAMD explicitly describes all atoms and solvent in-

teractions, making it suitable for precise simulations at small

scales. It is widely used to analyze hydrogel hydration, swelling

behavior, and intermolecular interactions410. Kaufman et al.411

investigated the temperature-responsive behavior of methyl

acrylate-modified elastin-like polypeptides (ELP-MA) through

AAMD simulations. They found that when the temperature ex-

ceeds the transition temperature, significant structural contraction

occurs, with the polypeptides folding along their principal axis

into more compact conformations. This modification alters the

local conformation near lysine residues in elastin-like poly-

peptides, resulting in a lower glass transition temperature for ELP-

MA and a concomitant reduction in optical crosslinking capa-

bility. CGMD simplifies atomic groups into “beads”, reducing

degrees of freedom and enabling simulations of larger spatial and

longer temporal scales. CGMD is well-suited for investigating

large-scale gelation processes of hydrogels, as well as the evolu-

tion of the overall network structure, energy dissipation mecha-

nisms, and fracture points under stretching and compression399.

Wang et al.412 employed CGMD simulations to investigate the

self-assembly process of diphenylalanine and azobenzene-grafted

phenylalanyl-alanine, as well as their photoresponsive behavior.

Experimental results demonstrated that the formed lamellar mi-

celles transform into a network structure upon UV irradiation, and

revert to the lamellar structure when the light stimulus is removed.

These findings confirm the photoresponsive and reversible char-

acteristics of the diphenylalanine/azobenzene-grafted phenyl-

alanyl-alanine system.

Dissipative particle dynamics (DPD), combined with Flory-

Huggins mean-field theory, enables the simulation of multicom-

ponent complex systems. This approach is beneficial for analyzing

hydrogel degradation and erosion behaviors, as well as drug

release kinetics413. Lei et al.414 employed DPD to construct a

coarse-grained model of polyacrylamide hydrogels and system-

atically investigated their large deformation and fracture behav-

iors. The study revealed that the initial length ratios of effective

network chains at the mesoscale follow a Maxwell distribution,

resulting in asynchronous straightening of different chains during

stretching. This heterogeneity underlies the dispersed macroscopic

stress-strain response of hydrogels and explains the failure of

conventional continuum mechanics theories under large strains.

Continuum mechanics simulations, such as those based on the

fast Lagrangian analysis of continua (FLAC) method, utilize

continuity equations to model macroscopic mechanical behavior.
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This approach is well-suited for predicting stress distribution and

tribological performance of hydrogel components under complex

loading conditions415. Xu et al.416 employed FLAC simulations to

investigate the mechanical deformation behavior of PCBMA

hydrogels with varying crosslinking densities (0.2% to 1.6%, w/

w) under small applied pressures. They found that hydrogels with

higher crosslinking density exhibited smaller displacements and

faster responses (∼38 ms), attributed to lower energy dissipation

and quicker attainment of equilibrium. This study, using FLAC,

validated the correlation between mesoscale mechanisms (force-

induced ion generation) and macroscopic performance (response

time), demonstrating that network crosslinking density is the key

structural parameter influencing response speed, rather than elastic

modulus, water content, or external ions.

AI and ML, through data-driven model construction and per-

formance prediction, have enabled the optimization of hydrogel

formulations, precise regulation of responsive behaviors, and

accelerated functional design, significantly enhancing the effi-

ciency and success rate of material development. Meanwhile, AI

technologies demonstrate broad application prospects in fields

such as precision oncology, bioprinting, and drug delivery. By

integrating multiscale computational methods, including quantum

mechanics, molecular dynamics, dissipative particle dynamics,

and continuum mechanics, researchers have gained in-depth in-

sights into the intrinsic mechanisms linking molecular structure to

macroscopic performance. This integration offers a theoretical

foundation and technical support for the rational design of high-

performance hydrogels. Overall, the convergence of AI and mul-

tiscale simulation technologies is driving hydrogel research from

empirical approaches toward intelligent, precise methodologies,

greatly facilitating translational applications in biomedicine and

other cutting-edge fields.

7. Challenges and prospects

Cancer hydrogel-based therapeutic platforms hold great potential;

however, these innovative concepts emerging from the laboratory

continue to face challenges in translational medicine. These

challenges include material biocompatibility, long-term safety,

scalable manufacturing, and regulatory standardization. Synthetic

polymer hydrogels may release degradation products during

in vivo breakdown, which, if accumulated or poorly metabolized,

could exert toxic effects on surrounding tissues and compromise

overall health423,424. The incorporation of metal ions (e.g., Cu2+,

Fe3+) into certain functionalized hydrogels can confer therapeutic

effects; however, their long-term accumulation may lead to metal

ion overload, resulting in cytotoxicity, oxidative stress, and tissue

damage425. Furthermore, repeated implantation of hydrogels may

activate the immune system, triggering local or systemic immune

responses, such as inflammation, fibrosis, or immune rejection426.

These reactions not only compromise therapeutic efficacy but also

limit the long-term safety of hydrogel applications. Current lab-

oratory assays commonly used to evaluate biocompatibility, such

as CCK-8 viability tests, hemolysis assays, and H&E staining of

major organs, are insufficient427,428. In vitro cell experiments

cannot fully replicate the complex in vivo microenvironment, and

the indicators employed in these assays are relatively limited,

making it difficult to comprehensively assess the multidimen-

sional biosafety of hydrogels429. Moreover, these evaluations

predominantly focus on short-term biocompatibility, lacking a

systematic assessment of the toxicity of long-term degradation
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products and chronic immune responses. Therefore, a thorough

and systematic investigation into biocompatibility is imperative.

The development of safe, efficient, and controllable material

systems is critical to advancing the clinical translation of hydro-

gels in cancer therapy.

The translation from laboratory research to clinical application

involves overcoming multiple critical challenges, including qual-

ity control, process scale-up, stability validation, and complex

regulatory approvals. The intricate composition of hydrogels

poses significant difficulties in establishing material reference

standards and scalable manufacturing protocols430. Typically

composed of various synthetic polymers, biomacromolecules, and

functional additives, hydrogels exhibit complex inter-component

interactions that result in variability in their physicochemical

properties and biological performance, thereby complicating

quality control efforts431. Hydrogel properties are susceptible to

preparation parameters such as crosslinking methods, crosslink

density, temperature, and pH; even minor variations can markedly

influence their structure and functionality, making batch-to-batch

consistency difficult to achieve432. Critical attributes, including

three-dimensional network architecture, mechanical properties,

degradation rate, and drug release profiles, require precise char-

acterization433. However, current analytical techniques remain

insufficient for comprehensive and high-throughput quality

assessment. Additionally, some hydrogel materials may undergo

performance changes during storage and transportation, necessi-

tating further research and standardization to ensure long-term

stability and shelf life434.

Regulatory agencies such as the U.S. Food and Drug Admin-

istration (https://www.fda.gov) and the European Medicines

Agency (https://www.ema.europa) are increasingly focusing on

emerging technologies like hydrogels. The Food and Drug

Administration regulates hydrogel-based medical materials under

the medical device framework, classifying products into Class I,

II, or III based on their intended use, mechanism of action, and

risk level. Low-risk physical barrier products, such as topical

wound dressings, generally fall under Class I and are exempt from

premarket notification435. Class II products, which may contain

animal-derived components or are absorbable, require 510

(k) clearance demonstrating substantial equivalence436. High-risk

Class III products, including injectable implants or those con-

taining bioactive components (e.g., growth factors), are subject to

the more stringent premarket approval process. All products must

comply with ISO 10993 series biocompatibility standards, as well

as sterility and stability testing requirements, and be manufactured

under GMP437. Products containing drugs or cellular components

are regulated as combination products and are subject to even

stricter oversight.

However, current regulatory frameworks face significant

challenges. The lack of quantitative criteria makes it difficult for

companies to define clear compliance pathways. Lagging tech-

nical standards result in the absence of unified testing methods for

critical parameters such as core component quantification,

swelling, and degradation profiles438. Furthermore, combination

products with coupled catalytic activity and drug release functions

often experience protracted approval timelines of 7-10 years, far

exceeding initial expectations439. Emerging fields like injectable

fillers and 3D bioprinting lack dedicated guidance, making it

challenging to keep pace with rapid technological advances440,441.

On the industrialization front, the absence of detailed GMP

implementation guidelines leads to a disconnect between process

validation and cost control442. These limitations collectively

hinder the innovation, translation, and clinical accessibility of

hydrogels and other advanced biomaterials.

AI-enhanced simulation techniques enable researchers to pre-

dict and optimize microenvironmental conditions, effectively

reducing experimental variability and accelerating model devel-

opment443. However, several limitations remain, including limited

data availability, insufficient model interpretability, challenges in

interdisciplinary integration, and translational feasibility

issue444,445. The most prominent bottleneck lies in the lack of

high-resolution spatial experimental datasets, which are critical

for training accurate AI models446. Therefore, it is imperative to

standardize and comprehensively document experimental condi-

tions, including solvent type, temperature, pH, concentration,

detection methods, and instrumentation. On a positive note,

although data and code availability often pose challenges in

interdisciplinary research, recent studies employing machine

learning for self-assembly have begun to openly share datasets,

with some also providing free access to developed software tools.

This openness facilitates validation and reproducibility of research

findings447,448. Nonetheless, there remains room for improvement,

such as public sharing of finalized models to allow researchers to

utilize them directly without repeating the entire training and

optimization process. Moreover, there is an urgent need to

establish a unified, open-access database of hydrogel formulations

to address data scarcity and standardization issues. Such a plat-

form would foster interdisciplinary collaboration and expedite

machine learning-driven materials innovation.

Most hydrogel-based cancer therapies rely primarily on single

intratumoral or peritumoral injections. However, such local stra-

tegies exhibit apparent limitations when addressing multifocal,

metastatic, or unresectable tumors. For instance, conventional

injectable hydrogels are administered directly into or around the

cancer via puncture needles or catheters. Yet, metastatic lesions

are often disseminated throughout deep organs, each only a few

millimeters in diameter and numerous in number, making indi-

vidual puncture infeasible449. Even with multipoint delivery,

traditional hydrogels typically serve only as drug reservoirs. They

may fail to replicate vascular networks necessary to support deep

cell survival, resulting in rapid necrosis at the injection core and

impaired immune cell function450—452. To overcome these chal-

lenges, hydrogel therapies are evolving towards systemic regula-

tion. Nanoscale hydrogels can accumulate in tumors via the

enhanced permeability and retention (EPR) effect and respond to

TME-specific stimuli such as low pH or elevated MMP453—456.

Additionally, supramolecular self-assembly triggered by α-cyclo-

dextrin host—guest interactions and enzyme-activated crosslinking

enables catheter-based delivery, offering potential for multipoint

intervention in occult metastatic lesions457,458. Nevertheless,

clinical translation is hindered by bottlenecks in circulatory sta-

bility and targeting precision. Hydrogel precursors must avoid

premature crosslinking or clearance in the bloodstream and

incorporate active targeting ligands, such as RGD peptides, to

overcome EPR limitations, while precisely controlling in situ

gelation kinetics within the TME to prevent capillary embo-

lism459,460. Research on intravenous injection of hydrogel pre-

cursors with TME-specific assembly remains nascent,

necessitating greater focus from the research community.

Furthermore, current hydrogel applications in tumor immu-

notherapy predominantly depend on chemokine-mediated immune

cell recruitment. Hydrogels could potentially serve as “immune

cell reservoirs”, evolving beyond inert scaffolds to become self-

sustaining immune micro-organs461,462. By co-encapsulating

AI-designed hydrogels for tumor therapy 3459



CAR-T/NK effector cells, dendritic cells/macrophages, fibroblast

matrices, and signaling factors such as CCL21 and IL-15 within

3D porous gels, a “metabolic-immune dual circulation architec-

ture” can be established463,464. Compared to the simple delivery of

immunomodulatory drugs, this living reservoir imparts dynamic

adaptability to the therapeutic system. However, to avoid immune

rejection, these cells must be cultured autologously, which pre-

sents another challenge465. Moreover, immune cell reservoir

hydrogels must establish microvascular connections within

48—72 h before cell necrosis occurs, potentially requiring “pre-

vascularized” gels or rapid pro-angiogenic molecular466.

8. Conclusions

In summary, functionalised hydrogels exemplify the convergence

of innovation and practicality in oncology. By harmonising ma-

terial intelligence with biological complexity, these systems have

unparalleled potential to redefine cancer treatment and transform

aggressive malignancies into manageable chronic conditions.

With continuous advances in biomaterials, the development of

machine learning and AI in materials science represents a po-

tential area of expansion for hydrogel-based cancer therapies.

Although preclinical experiments with hydrogels have made some

progress, the successful translation of hydrogel technology into

clinical treatments remains challenging. Issues such as safety,

controllability of drug release, and long-term efficacy assessment

need to be fully addressed in the preclinical research phase.
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Cunha VRR, Alcântara ACS, et al. Biomaterials based on organic

polymers and layered double hydroxides nanocomposites: drug de-

livery and tissue engineering. Pharmaceutics 2023;15:413.

432. Kammona O, Tsanaktsidou E, Kiparissides C. Recent developments

in 3d-(bio)printed hydrogels as wound dressings. Gels 2024;10:147.

433. Alshehri AM, Wilson OC. Biomimetic hydrogel strategies for cancer

therapy. Gels 2024;10:437.

434. Chen Y, Wang X, Tao S, Wang Q, Ma PQ, Li ZB, et al. Research ad-

vances in smart responsive-hydrogel dressings with potential clinical

diabetic wound healing properties. Milit Med Res 2023;10:37.

435. Levin L, Sheldon M, McDonough RS, Aronson N, Rovers M,

Gibson CM, et al. Early technology review: towards an expedited

pathway. Int J Technol Assess Health Care 2024;40:e13.
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