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Abstract

Biopolymer-based hydrogels offer adaptable platforms for localized cancer therapy by

regulating administration, tissue retention, payload protection, and therapeutic release.

This review critically examines polysaccharide-, protein-, peptide-, and polynucleotide-

based hydrogels, relating polymer composition, crosslinking, network architecture,

swelling, degradation, and payload interactions to pharmaceutical and biological perfor‐

mance. Physical, chemical, enzymatic, and ionic gelation strategies are evaluated along‐

side diffusion-, swelling-, affinity-, and degradation-controlled release and their mathe‐

matical interpretation. Macrogels, microgels, nanogels, and hybrid systems are com‐

pared according to administration route, disposition, and oncology-relevant function.

The review further distinguishes local placement, passive accumulation, ligand-medi‐

ated cellular interactions, and endogenous or externally triggered release. Applications

in chemotherapy, radiotherapy, immunotherapy, hyperthermia, and phototherapy are

assessed across colorectal, gastric, liver, pancreatic, and breast cancers. Marketed de‐

vices, patented technologies, clinically evaluated systems, and regulatory considerations

are also examined. Despite extensive preclinical development, translation remains con‐

strained by polymer variability, incomplete pharmaceutical characterization, sterilization

and scale-up challenges, uncertain degradation and clearance, and limited clinically rep‐

resentative evidence. Progress will depend on clinically defined product design, repro‐

ducible manufacturing, quantitative disposition and safety assessment, and demonstra‐

tion of meaningful benefit over existing therapeutic or procedural alternatives.

Keywords: biopolymer hydrogels; localized cancer therapy; controlled drug release;

stimuli-responsive delivery; hydrogel characterization; clinical translation; precision

Academic Editor: Esmaiel Jabbari

Copyright: © 2026 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license.

Received: 27 September 2026

Revised: 29 October 2026

Accepted: 1 November 2026

Published: 5 November 2026

Gels 2026, 12, 1009 https://doi.org/10.3390/gels12111009

https://orcid.org/0000-0003-1933-293X
https://orcid.org/0000-0003-1933-293X
https://orcid.org/0000-0003-3762-4127
https://orcid.org/0000-0003-3762-4127
https://orcid.org/0000-0002-0794-5301
https://orcid.org/0000-0002-0794-5301
https://orcid.org/0000-0002-7768-4143
https://orcid.org/0000-0002-7768-4143
https://orcid.org/0000-0002-1311-5611
https://orcid.org/0000-0002-1311-5611
https://orcid.org/0000-0001-5617-100X
https://orcid.org/0000-0001-5617-100X
https://orcid.org/0000-0001-6278-6369
https://orcid.org/0000-0001-6278-6369
https://orcid.org/0000-0002-7127-4506
https://orcid.org/0000-0002-7127-4506
mailto:chandra@kku.ac.kr
mailto:nipa1987@kku.ac.kr
mailto:takeshe1174@naver.com
mailto:200417450@kku.ac.kr
mailto:wgkim@kku.ac.kr
mailto:shahriar.emcl@dgu.ac.kr
mailto:knam@dongguk.edu
mailto:lemon619004@kist.re.kr
mailto:faysal@chembiol.re.kr
mailto:hasan@aoni.waseda.jp
mailto:mobinsust@dongguk.edu
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/gels
https://www.mdpi.com/journal/gels
https://doi.org/10.3390/gels12111009


oncology

1. Introduction

Cancer remains a major global health burden, with treatment outcomes limited by

disease heterogeneity, metastatic progression, recurrence, therapy resistance, and treat‐

ment-associated toxicity [1–4]. Surgery, systemic chemotherapy, radiotherapy, im‐

munotherapy, targeted therapy, and externally activated treatments have improved dis‐

ease management, but their effectiveness can be constrained by inadequate exposure at

the tumor site, nonspecific distribution, poor penetration into dense or poorly perfused

lesions, dose-limiting toxicity, and biological differences among patients and between re‐

gions of the same tumor. These limitations have driven the development of delivery sys‐

tems capable of controlling where, when, and for how long a therapeutic agent is

available.

Research activity in hydrogel-based cancer treatment has expanded substantially,

with contributions from an increasingly international research community. The geo‐

graphical distribution and publication trends from 2015 to 2026 are summarized in

Figure 1. This growth reflects increasing interest in localized drug delivery, responsive

materials, combination treatment, postoperative therapy, and image-guided interven‐

tion. Publication growth, however, should not be interpreted as evidence of equivalent

clinical progress because most therapeutic hydrogel systems remain at the preclinical

stage.

Figure 1. Global publication trends in hydrogel-based cancer therapy from 2015 to 2026 based on

Web of Science records [5]. (A) Geographical distribution of publications, with color intensity rep‐

resenting publication output. (B) Ranking of the 20 countries with the highest publication counts.

(C) Percentage contribution of the leading countries to the retrieved global publication output.
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Search strategy, database coverage, and access date should be reported because the results may

change with database updates.

Hydrogels are three-dimensional, water-swollen polymer networks whose composi‐

tion, crosslinking, mesh structure, swelling, degradation, and payload interactions can

be adjusted to regulate administration, mechanical behavior, tissue retention, and thera‐

peutic release [6–10]. Biopolymer systems formed from polysaccharides, proteins, pep‐

tides, and polynucleotides are particularly attractive because their diverse functional

groups support physical, ionic, enzymatic, dynamic covalent, and permanent covalent

network formation. These materials can incorporate small-molecule drugs, proteins, an‐

tibodies, nucleic acids, cells, radionuclides, photoactive agents, and particulate carriers.

Nevertheless, natural origin does not guarantee uniform composition, mechanical suit‐

ability, non-immunogenicity, complete biodegradation, or biological safety. Molecular-

weight distribution, biological source, purity, chemical modification, residual reagents,

sterilization, crosslink density, degradation products, and administration route can sub‐

stantially alter final-product performance [9–12].

Hydrogel architecture includes macroscopic injectable or implantable depots, films

and patches, microgels, nanogels, and multicomponent hybrid systems [10,13–17]. These

formats are not sequential stages of a single technology. Each produces a different bal‐

ance of payload capacity, administration feasibility, anatomical retention, tissue trans‐

port, cellular uptake, degradation, manufacturing complexity, and clearance. Macrogels

are generally suited to accessible tumors, resection cavities, and locoregional treatment;

microgels can support particulate, mucosal, oral, pulmonary, or transarterial delivery;

nanogels may enable nanoscale transport or cellular delivery; and hybrid hydrogels

combine a continuous matrix with nanoparticles, liposomes, micelles, fibers, cells, or in‐

organic components [9,13,14,18]. Platform selection should therefore be guided by the

clinical function, tumor anatomy, payload properties, administration route, required ex‐

posure period, and acceptable degradation and clearance rather than by size or polymer

origin alone.

Targeting and stimulus-responsive release are related but distinct functions. Direct

intratumoral, peritumoral, intraperitoneal, postoperative, endoscopic, or transarterial

placement can increase exposure at an anatomically defined site, but local retention does

not establish molecular targeting, homogeneous payload distribution, or reduced sys‐

temic toxicity. For systemically administered nanoscale carriers, passive accumulation

associated with abnormal tumor vasculature and impaired lymphatic drainage is vari‐

able and depends on tumor type, perfusion, stromal organization, interstitial pressure,

particle properties, protein adsorption, and systemic clearance [19–28]. Ligand function‐

alization with antibodies, peptides, aptamers, hyaluronic acid, or folate derivatives may

improve receptor-associated binding or cellular uptake after a carrier reaches an accessi‐

ble target, but it does not independently overcome poor vascular access, dense extracel‐

lular matrix, or heterogeneous receptor expression [29–38].

Similarly, tumor-associated acidity, intracellular reducing conditions, reactive oxy‐

gen species, hypoxia, and altered enzyme activity can modify hydrogel swelling, pay‐

load affinity, crosslink stability, or degradation [39–45]. These conditions are spatially

and temporally heterogeneous and are not exclusive to tumors; inflammation, infection,

ischemia, and wound healing may reproduce several of the same stimuli.

Responsiveness demonstrated only at an extreme pH, glutathione concentration, en‐

zyme level, temperature, or irradiation condition should therefore not be interpreted as

evidence of tumor-selective release. Physiological baseline leakage, activation threshold,

stimulus range, response kinetics, reversibility, and performance under relevant nonma‐

lignant pathological conditions must also be considered.
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Hydrogels can support chemotherapy, radiotherapy, immunotherapy, hyperther‐

mia, photothermal therapy, photodynamic therapy, and multimodal treatment by pro‐

viding local retention, controlled or triggered release, protection of labile agents, or spa‐

tial coordination of therapeutic components [10,15–17,46–48]. Their role differs among

modalities. Chemotherapy primarily relies on payload loading, release, local pharma‐

cokinetics, and adequate tissue exposure; radiotherapy-related systems require radionu‐

clide or radiosensitizer retention, dosimetry, or function-specific spacer and marker per‐

formance; immunotherapy requires preservation of biological potency and demonstra‐

tion of functional immune activation; and externally activated treatments require clini‐

cally relevant energy penetration, spatial dose distribution, and adjacent-tissue safety.

Material activation, prolonged release, tumor-associated fluorescence, or increased im‐

mune-cell abundance should not be used as substitutes for evidence of therapeutic

benefit.

The anatomical and biological barriers to translation also differ among cancer types.

Colorectal and gastric cancers may permit oral, rectal, endoscopic, intraperitoneal, or

postoperative administration but are affected by gastrointestinal transit, mucus

turnover, digestive conditions, motility, microbiota variability, and peritoneal dissemina‐

tion. Liver tumors may be approached through image-guided intratumoral or transarte‐

rial procedures, although cirrhosis, vascular shunting, impaired hepatic function, and

heterogeneous perfusion can alter distribution and safety. Pancreatic tumors present

dense desmoplasia, poor perfusion, elevated interstitial pressure, and proximity to criti‐

cal organs, whereas breast tumors and postoperative cavities are comparatively accessi‐

ble but remain heterogeneous in subtype, stromal organization, immune status, and

residual-disease distribution. These differences require cancer-specific evaluation of ad‐

ministration, anatomical coverage, payload distribution, systemic leakage, therapeutic

outcome, degradation, and clearance.

Although numerous hydrogel formulations produce favorable results in release

studies and small-animal models, clinical translation remains limited by source-depen‐

dent polymer variability, incomplete pharmaceutical characterization, sterilization in‐

compatibility, scale-dependent manufacturing, batch inconsistency, payload instability,

uncertain degradation-product safety, and insufficient long-term biodistribution and

clearance data [9–12]. Subcutaneous tumor models and simplified release media fre‐

quently fail to reproduce human anatomy, stromal barriers, clinical administration pro‐

cedures, and treatment-associated tissue changes. Moreover, marketed oncology-rele‐

vant hydrogel products are predominantly spacers, tissue markers, embolic materials,

sealants, and adhesion barriers rather than therapeutic anticancer depots. These support‐

ive devices and drug-, biologic-, radionuclide-, or cell-containing combination products

differ substantially in primary mode of action, quality requirements, clinical endpoints,

and regulatory pathway.

This review critically evaluates biopolymer-based hydrogel systems across the com‐

plete development pathway from molecular design to clinical translation. Section 2 com‐

pares polysaccharide-, protein-, peptide-, and polynucleotide-based materials, including

their network-forming mechanisms, payload interactions, advantages, and limitations.

Section 3 examines crosslinking, structure–release relationships, mechanistic and mathe‐

matical interpretation of payload release, and pharmaceutical characterization encom‐

passing rheology, injectability, swelling, degradation, payload integrity, sterilization, sta‐

bility, and interbatch reproducibility. Section 4 compares macrogels, microgels, nanogels,

and hybrid hydrogels according to architecture, administration route, disposition, and

oncology-relevant function. Section 5 distinguishes local placement, passive accumula‐

tion, ligand-mediated cellular interactions, and endogenous or externally triggered re‐
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2. Biopolymer-Based Hydrogels for Targeted Cancer Therapy

lease. Section 6 critically compares chemotherapy, radiotherapy, immunotherapy, hyper‐

thermia, and photothermal or photodynamic treatment using formulation, release, dis‐

position, efficacy, and safety outcomes. Cancer-specific applications in colorectal, gastric,

liver, pancreatic, and breast cancers are then examined in relation to anatomical accessi‐

bility and disease-specific barriers. Sections 7 and 8 distinguish marketed devices,

patented technologies, clinically evaluated systems, and product-specific regulatory re‐

quirements. Section 9 integrates material variability, biological safety, manufacturing,

preclinical relevance, standardization, and a staged translational roadmap. By connect‐

ing hydrogel chemistry and architecture with clinically representative administration,

quantitative disposition, manufacturing readiness, regulatory classification, and func‐

tion-specific evidence, this review aims to identify which design features are most likely

to support meaningful oncology translation.

Biopolymer-based hydrogels are hydrated three-dimensional networks formed

from naturally occurring macromolecules, biologically derived polymers, or their chemi‐

cally modified derivatives. Their functional groups support physical or chemical

crosslinking and enable the incorporation of small-molecule drugs, proteins, nucleic

acids, cells, and nanoscale carriers. In cancer treatment, these materials are primarily

used to form injectable or implantable depots, protect labile therapeutics, regulate local

release, and coordinate chemotherapy, radiotherapy, immunotherapy, hyperthermia, and

phototherapy [10,15–17].

Hydrogel performance depends on polymer composition, molecular weight,

crosslinking chemistry, network architecture, swelling, degradation, and interactions

with the therapeutic payload. These properties influence injectability, gelation, mechani‐

cal stability, drug loading, release kinetics, tissue retention, and biological response [9–12

]. Naturally derived polymers generally provide favorable aqueous processability and

biological interactions but may exhibit source-dependent variability, weak mechanical

properties, rapid degradation, or limited batch reproducibility. Chemical modification

and hybridization can improve network stability and release control, although each ad‐

ditional component increases manufacturing, characterization, degradation, and regula‐

tory complexity [10–12].

Table 1 shows representative structural motifs of the principal polysaccharide-, pro‐

tein-, peptide-, and polynucleotide-based materials discussed in this review. These struc‐

tures illustrate characteristic chemical features rather than complete or unique molecular

structures, particularly for heterogeneous or sequence-variable biopolymers.

Table 1. Chemical structures of representative biopolymers.

Category Examples

Polysaccharide-based Biopolymers
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Category Examples

Protein-based Biopolymers
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2.1. Polysaccharide-Based Hydrogels

Category Examples

Polynucleotide-based Biopolymers

DNA & RNA (Polynucleotides)

Polysaccharides contain hydroxyl, carboxyl, amino, aldehyde, or sulfate groups that

support hydrogen bonding, ionic association, covalent crosslinking, and chemical func‐

tionalization. Hyaluronic acid, chitosan, alginate, cellulose derivatives, dextran, starch,

carrageenan, and related modified polysaccharides are among the most widely investi‐

gated materials for cancer-related hydrogel systems [15–17].

These polymers can incorporate hydrophilic therapeutics directly or carry poorly

soluble payloads through embedded liposomes, micelles, nanoparticles, and microparti‐

cles. Their chemical diversity enables modulation of swelling, mucoadhesion, degrada‐

tion, injectability, and stimulus-dependent release, supporting intratumoral, postopera‐

tive, oral, intraperitoneal, and transarterial administration [9,16,17,49]. Some polysaccha‐

rides also participate in biologically relevant interactions. Hyaluronic acid can facilitate

CD44-associated cellular uptake in receptor-expressing tumors [29,30], whereas selected

polysaccharides can undergo enzyme- or microbiota-mediated degradation in the gas‐

trointestinal tract or tumor microenvironment [40,42].

The main limitations of polysaccharide hydrogels include source and batch variabil‐

ity, heterogeneous molecular weight or substitution, insufficient mechanical stability,

and variable degradation under physiological conditions. Chemical oxidation, methacry‐

lation, grafting, or incorporation of synthetic crosslinkers can improve performance but

may alter biological recognition, generate heterogeneous reaction products, or introduce

residual reagents. Polysaccharide systems therefore require formulation-specific charac‐

terization of composition, crosslinking, rheology, payload distribution, degradation, and

biological safety [9–12].
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2.1.1. Chitosan

2.1.2. Hyaluronic Acid

2.1.3. Alginate

Chitosan is a cationic polysaccharide produced through partial deacetylation of

chitin. Protonation of its primary amino groups confers pH-dependent solubility and

supports ionic interactions, mucoadhesion, and chemical crosslinking. Chitosan/β-glyc‐

erophosphate formulations remain liquid at lower temperatures and undergo thermally

induced gelation near physiological temperature through changes in electrostatic, hy‐

drogen-bonding, and hydrophobic interactions [50,51]. Chemical modification, grafting,

and incorporation of additional crosslinkers can further regulate gelation, mechanical

stability, degradation, and payload release [52].

In cancer treatment, thiolated chitosan hydrogels have been investigated for local‐

ized co-delivery of doxorubicin and liposome-encapsulated curcumin. The reported for‐

mulation gelled near 37 °C and released both agents more rapidly under acidic condi‐

tions, producing sustained cytotoxic activity in the evaluated cell models [53]. Chitosan

has also been co-formulated with interleukin-12 for intratumoral immunotherapy. Local

administration increased cytokine retention, induced complete regression in a high pro‐

portion of treated murine tumors, and generated tumor-specific protection against

rechallenge [54]. The principal limitations of chitosan hydrogels include pH-dependent

solubility, batch variation in molecular weight and deacetylation, weak mechanical prop‐

erties, rapid or heterogeneous degradation, and potential inflammatory effects. Their

performance therefore depends on careful control of polymer characteristics, gelation,

crosslinking, payload stability, degradation, and local tissue compatibility.

Hyaluronic acid (HA) is an anionic polysaccharide composed of repeating N-acetyl-

D-glucosamine and D-glucuronic acid units. Its hydroxyl and carboxyl groups permit

chemical modification and physical or covalent crosslinking, enabling the formation of

injectable hydrogels, microgels, nanogels, and composite delivery systems [55–57]. HA

can also promote CD44-associated binding and cellular uptake in receptor-expressing

cancer cells [29,30,55–57]. However, CD44 expression is heterogeneous and is not re‐

stricted to malignant cells; HA functionalization should therefore not be interpreted as

evidence of uniform tumor targeting or increased whole-tumor accumulation.

A sprayable HA-based composite hydrogel containing polydopamine-coated oxali‐

platin–Mn –curcumin coordination-polymer nanoparticles was developed for postoper‐

ative colorectal-cancer treatment [58]. The formulation exhibited tissue adhesion, sus‐

tained release for more than 20 days, and staged pH-responsive payload release. In the

evaluated mouse models, treatment eliminated residual tumors, prevented recurrence

during the 80-day observation period, and inhibited peritoneal dissemination [58]. HA-

based composite hydrogels incorporating polydopamine and doxorubicin have also

been investigated for localized, environment-responsive treatment [59]. The principal

limitations of HA hydrogels include rapid enzymatic degradation, weak standalone me‐

chanical properties, heterogeneous molecular weight, and source- or modification-de‐

pendent variability. Photopolymerization, enzymatic crosslinking, and integration with

synthetic polymers or nanoparticles can improve stability and release control but may

increase formulation, manufacturing, and regulatory complexity [60,61].

2+

Alginate is a linear anionic polysaccharide composed of β-D-mannuronic acid and

α-L-guluronic acid residues arranged in M-, G-, and alternating MG-blocks. G-rich re‐

gions exhibit strong affinity for divalent cations, particularly Ca , enabling rapid ionic

crosslinking through the egg-box mechanism [62,63]. Alginate hydrogels can be pre‐

2+
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2.1.4. Cellulose

2.2. Protein-Based Hydrogels

pared by external ion diffusion or internal gelation using calcium sources such as

CaCO , with polymer composition, molecular weight, ion concentration, and gelation

conditions governing network stiffness, porosity, degradation, and payload release [64].

3

In cancer treatment, alginates have been formulated as injectable hydrogels, beads,

microgels, and nanoparticle-containing composites for localized or oral delivery of

chemotherapeutics and biological agents [61,65]. Alginate matrices can sustain doxoru‐

bicin release, although local retention and prolonged release should not be interpreted as

evidence of tumor-specific accumulation without biodistribution data [66,67].

Combining alginate with chitosan can increase mucoadhesion and modify mechanical

and release properties; such composite systems have been investigated for breast-cancer

drug delivery, immunotherapy, and diagnostic applications [68]. The principal limita‐

tions of alginate hydrogels include weak cell adhesion, limited mechanical stability, un‐

controlled ion exchange, heterogeneous gelation, and variable degradation. Oxidation,

covalent modification, and integration with other polymers or nanocarriers can improve

performance but increase manufacturing and analytical complexity [61,64,65].

Cellulose is a linear β-(1→4)-linked D-glucose polysaccharide whose extensive hy‐

drogen bonding provides structural stability but limits the aqueous solubility of the na‐

tive polymer. Hydrogel formulations therefore commonly use carboxymethyl cellulose,

methylcellulose, hydroxypropyl cellulose, oxidized cellulose, cellulose nanocrystals, or

cellulose nanofibrils. These derivatives support hydrogen bonding, physical association,

grafting, Schiff-base formation, and other covalent crosslinking strategies and can pro‐

vide pH-responsive swelling, thermogelation, mucoadhesion, or mechanical reinforce‐

ment [8,69]. Cellulose-based hydrogels have been investigated for sustained drug deliv‐

ery, and carboxymethyl-cellulose systems are particularly established as modifiable hy‐

drogel carriers. Beyond conventional cellulose hydrogels, crystallization-induced molec‐

ular assembly combined with dual-ion complexation has recently been used to create

cellulose ionogels with improved mechanical strength, ionic conductivity, and thermal

stability. Although developed primarily for flexible electronic and sensing applications

rather than drug delivery, this strategy illustrates how control of cellulose chain assem‐

bly and noncovalent interactions can mitigate trade-offs among network strength, envi‐

ronmental stability, and functional performance [70].

Oncology-related examples include oxidized-cellulose/chitosan hydrogels for pH-

responsive release, methylcellulose-based injectable depots, cellulose-containing systems

for local chemotherapy, and cellulose-nanocrystal hydrogels incorporating photoactive

components [71–74]. Their limitations include poor solubility of native cellulose, hetero‐

geneous chemical substitution, residual derivatization or crosslinking reagents, variable

swelling, and potentially slow or incomplete degradation. Characterization should

therefore address substitution, crystallinity, rheology, mechanical stability, payload re‐

lease, degradation, and clearance.

Protein- and peptide-based hydrogels are formed from natural proteins, recombi‐

nant polypeptides, self-assembling peptides, or chemically modified derivatives. Their

peptide backbones and amino-acid side chains provide sites for hydrogen bonding, hy‐

drophobic association, β-sheet formation, enzymatic reactions, and covalent crosslink‐

ing. Gelatin, collagen, elastin-like polypeptides, silk fibroin, soy protein, and self-assem‐

bling peptide sequences are among the principal materials investigated for cancer-re‐

lated delivery [75–78].
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2.2.1. Gelatin

2.2.2. Collagen

Protein and peptide hydrogels can accommodate small-molecule drugs, enzymes,

antibodies, nucleic acids, and particulate carriers under comparatively mild preparation

conditions. Their amino-acid sequence, secondary structure, molecular weight, and in‐

termolecular interactions influence gelation, mechanical properties, degradation, and

payload release. Recombinant or synthetically designed polypeptides can additionally

be engineered for temperature responsiveness, receptor interaction, protease sensitivity,

or controlled self-assembly [79–83].

Representative applications include elastin-like polypeptide hydrogels for co-deliv‐

ery of gemcitabine and anti-PD-L1 antibodies [79], silk-fibroin hydrogels for local

chemotherapy and cancer-stem-cell treatment [84,85], and self-assembling peptide hy‐

drogels for pH-responsive chemotherapy and localized immune modulation [86–89].

Their principal limitations include source-dependent composition, immunogenicity, pro‐

teolytic instability, aggregation, weak or variable mechanical properties, and incomplete

control over degradation. Chemical crosslinking can improve stability but may reduce

payload activity or introduce residual reagents. Protein- and peptide-based hydrogels

therefore require formulation-specific assessment of purity, structural integrity, gelation

reproducibility, payload bioactivity, degradation products, immunogenicity, and clear‐

ance [9–12].

Gelatin is obtained through the partial hydrolysis of collagen and contains amino,

carboxyl, and hydroxyl groups that facilitate chemical modification and therapeutic-pay‐

load incorporation. Native gelatin forms thermoreversible physical networks, whereas

methacrylation, enzymatic crosslinking, Schiff-base formation, and natural crosslinkers

can improve stability under physiological conditions [75–77]. In cancer treatment,

gelatin-based hydrogels and nanogels have been investigated for localized delivery of

chemotherapeutics, nucleic acids, and immunomodulators. Redox-sensitive gelatin/silica

nanogels functionalized with the AS1411 aptamer have been investigated for siRNA pro‐

tection and glutathione-responsive intracellular release in nucleolin-expressing cancer

cells [90]. Gelatin has also been incorporated into oxidized-starch-based composite hy‐

drogels for localized postoperative treatment and reinforcement of adoptive natural-

killer-cell therapy [91]. Principal limitations include weak mechanical stability, rapid en‐

zymatic degradation, source-dependent variability, and potential toxicity from residual

crosslinkers [75–77].

Collagen is an extracellular-matrix protein composed of three polypeptide chains

arranged in a triple-helical structure. Under physiological conditions, type I collagen

self-assembles into fibrillar networks, while chemical crosslinking, methacrylation, or

combination with other polymers can improve mechanical stability and regulate degra‐

dation [78,92]. Collagen hydrogels can incorporate small molecules, proteins, nucleic

acids, and particulate carriers and are particularly useful when extracellular-matrix in‐

teractions influence tumor-cell behavior or therapeutic transport. Injectable collagen-

containing hydrogels have been investigated for localized drug delivery and combined

treatment of primary and metastatic tumors [93,94]. However, collagen-network stiffness

and organization can also affect tumor-cell migration, invasion, and drug penetration.

Additional limitations include network contraction, rapid collagenase-mediated degra‐

dation, weak standalone mechanical properties, animal-source variability, and potential

immunogenic or pathogen-related concerns [78,92–94].
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2.2.3. Elastin and Elastin-like Polypeptides

2.2.4. Silk Fibroin

2.2.5. Soy Protein

Elastin-like polypeptides are engineered proteins derived from repetitive motifs in

tropoelastin. Their hydrophobic domains undergo reversible, sequence- and concentra‐

tion-dependent thermal phase transitions, enabling self-assembly into nanoparticles, in‐

jectable depots, and crosslinked hydrogels [80,82,83]. Molecular weight, guest-residue

composition, polymer concentration, and crosslinking can be adjusted to regulate transi‐

tion temperature, mechanical properties, swelling, degradation, and payload release [80–

83].

In cancer treatment, elastin-like polypeptide hydrogels have been investigated for

sustained local delivery of small-molecule drugs and biologics. An in situ-forming

elastin-like polypeptide hydrogel co-delivering gemcitabine and an anti-PD-L1 antibody

provided sustained release, increased intratumoral CD8-positive T-cell infiltration ap‐

proximately threefold, reduced regulatory T-cell abundance by approximately 60% rela‐

tive to the phosphate-buffered saline control, and improved tumor control in a preclini‐

cal melanoma model [79]. Elastin-like polypeptide–collagen hydrogels have also enabled

composition-dependent control of doxorubicin release and reduced glioblastoma-cell

survival and proliferation in vitro [81]. Principal limitations include sequence- and mo‐

lecular-weight-dependent phase behavior, aggregation, recombinant-production consis‐

tency, potential immunogenicity, and incomplete characterization of long-term degrada‐

tion and clearance [80,82,83].

Silk fibroin is a structural protein containing glycine- and alanine-rich sequences

that form ordered β-sheet domains. These domains provide mechanical stability and

support hydrogel formation through physical self-assembly induced by changes in pro‐

tein concentration, temperature, pH, ionic strength, enzymatic treatment, sonication, or

irradiation [95]. Silk-fibroin hydrogels can incorporate hydrophobic drugs and nanopar‐

ticle formulations while providing sustained local release.

An injectable silk-fibroin hydrogel containing an SN-38–cholesterol nano-prodrug

reduced the nano-prodrug release rate relative to nanoparticles alone and demonstrated

cytotoxic activity in an in vitro HepG2 model [84]. However, this study did not establish

antitumor efficacy in an animal model. In a separate system, salinomycin- and pacli‐

taxel-loaded silk-fibroin nanoparticles were dispersed within an injectable silk-fibroin

hydrogel to target cancer-stem-cell and non-stem-cell populations. The composite for‐

mulation reduced CD44-positive/CD133-positive tumor cells and inhibited tumor

growth more effectively than the evaluated single-drug hydrogels and systemic dual-

drug treatment in an H22 subcutaneous hepatic-tumor model [85]. Principal limitations

include processing-dependent β-sheet formation, residual sericin, variable mechanical

properties, slow or heterogeneous degradation, and insufficient long-term biodistribu‐

tion and clearance data [95].

Soy protein is an amphiphilic plant-derived material containing amino, carboxyl,

and hydrophobic groups that support therapeutic-payload binding and chemical func‐

tionalization. Soy-protein nanoparticles, nanogels, and macroscopic hydrogels can be

formed through thermal denaturation, hydrophobic association, grafting, or covalent

and enzymatic crosslinking [96–100]. However, these architectures should be distin‐

guished because evidence obtained with nanoscale soy-protein carriers does not directly

establish the performance of injectable bulk hydrogels.

For cancer-drug delivery, TPGS-grafted soy protein was crosslinked with an acid-la‐
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2.3. Polynucleotide-Based Hydrogels for Cancer Therapy

bile ortho-ester crosslinker to produce pH-responsive nanogels containing cisplatin [101]

. The approximately 200-nm nanogels remained comparatively stable under neutral con‐

ditions but degraded and released cisplatin more rapidly under acidic conditions. TPGS

functionalization increased cellular internalization and cisplatin accumulation in resis‐

tant A549/DDP cells by inhibiting MRP2- and ATP7A/7B-associated drug efflux and im‐

proved penetration into three-dimensional tumor spheroids [101]. The evidence, how‐

ever, was derived primarily from cellular and spheroid models and does not establish

the performance of a macroscopic injectable hydrogel or in vivo tumor-selective delivery.

Principal limitations of soy-protein systems include compositional variability, aggrega‐

tion, potential allergenicity, heterogeneous degradation, and limited evidence concern‐

ing parenteral safety, immunogenicity, biodistribution, and long-term clearance [96–100].

Polynucleotide hydrogels are formed from DNA, RNA, or synthetic oligonu‐

cleotides through complementary base pairing, strand entanglement, enzymatic ligation,

rolling-circle amplification, or chemical crosslinking. Their sequence programmability

enables the incorporation of aptamers, CpG oligodeoxynucleotides, siRNA, antisense

agents, proteins, and intercalating chemotherapeutics [102,103]. A programmable DNA

hydrogel containing ATP-responsive aptamers and polymerized CpG sequences pro‐

vided staged delivery of doxorubicin and an anti-PD-L1 antibody, coordinating im‐

munogenic tumor-cell death, dendritic-cell activation, and checkpoint inhibition [104].

Polynucleotide-containing hydrogels have also been investigated for localized

siRNA and gene-regulatory delivery in breast, pancreatic, and other tumor models [105–

107]. These hydrogels can protect nucleic-acid payloads and prolong local exposure, but

depot retention should be distinguished from intact intracellular delivery and functional

gene regulation. Principal limitations include nuclease susceptibility, weak mechanical

properties, production cost, innate immune activation, off-target gene regulation, and

difficulty verifying intracellular trafficking [102–108]. Chemical backbone modification

and reinforcement with polymers or nanoparticles can improve stability but increase

manufacturing, analytical, degradation, and regulatory complexity.

Table 2 systematically compares these hydrogel classes across critical parameters—

composition, natural sources, drug-loading mechanisms, stimulus responsiveness, can‐

cer-specific applications, mechanical properties, and recent advances—highlighting their

potential for combination therapy and personalized medicine.

Table 2. Comparative Overview of Natural Biopolymer-Based Hydrogels for Cancer Drug

Delivery and Combination Therapy.

Feature
Polysaccharide-

Based Hydrogels

Protein- and Peptide-

Based Hydrogels

Polynucleotide 

Hydrogels

 Representative components 

Chitosan, alginate, 

hyaluronic acid, 

cellulose derivatives, 

dextran, starch, and 

carrageenan [109]

Collagen, gelatin, 

elastin-like 

polypeptides, silk 

fibroin, soy protein, 

and self-assembling 

peptides [110,111]

DNA-, RNA-, and 

synthetic-

oligonucleotide-

based networks in 

which nucleic acids 

mediate crosslinking, 

assembly, or 

molecular recognition 

[102,112]

Sources and 

production

Obtained from 

animal, marine, plant, 

Isolated from animal, 

insect, or plant 

Isolated nucleic acids 

are possible, but most 
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Feature
Polysaccharide-

Based Hydrogels

Protein- and Peptide-

Based Hydrogels

Polynucleotide 

Hydrogels

or microbial sources, 

or produced as 

chemically modified 

derivatives [109]

sources; recombinant 

and synthetic peptide 

variants are also used 

[110,111]

therapeutic systems 

use chemically or 

enzymatically 

synthesized 

oligonucleotides 

[102,112]

Principal network 

formation

Ionic crosslinking, 

hydrogen bonding, 

hydrophobic 

association, Schiff-

base reactions, 

enzymatic 

crosslinking, or 

covalent modification 

[109]

Physical self-

assembly, β-sheet or 

triple-helix 

formation, enzymatic 

crosslinking, 

photocrosslinking, 

and other covalent 

reactions [110,111]

Complementary base 

pairing, strand 

entanglement, 

hybridization-chain 

reaction, rolling-circle 

amplification, 

enzymatic ligation, or 

chemical crosslinking 

[102,112]

Payload 

incorporation

Physical entrapment, 

electrostatic 

association, affinity 

interactions, covalent 

conjugation, or 

incorporation of 

drug-loaded particles 

[109]

Physical entrapment, 

hydrophobic and 

electrostatic 

interactions, affinity 

binding, covalent 

attachment, or 

carrier-in-hydrogel 

loading [110,111]

Sequence-specific 

hybridization, 

aptamer binding, 

electrostatic 

association, 

intercalation, physical 

entrapment, or 

covalent conjugation 

[102,112]

Responsive behavior

May display pH-, 

enzyme-, redox-, 

temperature-, ROS-, 

or microbiota-

responsive behavior 

after appropriate 

polymer modification 

or network design 

[40,42,113]

May exhibit 

temperature-, pH-, 

enzyme-, redox-, or 

light-responsive 

behavior depending 

on amino-acid 

sequence, 

formulation, and 

crosslinking 

chemistry [79–83,114]

Nuclease-, pH-, ATP-, 

strand-displacement-, 

aptamer-, enzyme-, 

or complementary-

sequence-responsive 

behavior 

[102,112,115]

Representative cancer 

applications

Postoperative HA-

based composite 

hydrogel for 

colorectal-cancer 

treatment [58]; 

chitosan/IL-12 

formulation for 

localized 

immunotherapy [54]

Alginate–collagen 

hydrogel for 

combined 

photothermal therapy 

and immunotherapy 

[93]; elastin-like 

polypeptide hydrogel 

for gemcitabine and 

anti-PD-L1 delivery 

[79]; peptide 

hydrogels for 

localized 

chemoimmunotherapy 

[87–89]

Programmable DNA 

hydrogels for staged 

chemotherapy and 

immunotherapy [104]

; nucleic-acid-

containing hydrogels 

for local siRNA or 

gene-regulatory 

delivery [105–107]
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Feature
Polysaccharide-

Based Hydrogels

Protein- and Peptide-

Based Hydrogels

Polynucleotide 

Hydrogels

Multimodal-delivery 

capability

Compatible with co-

delivery of drugs, 

immunomodulators, 

nucleic acids, and 

nanoparticle 

formulations [49,54]

Compatible with 

chemotherapy, 

proteins, antibodies, 

immune agonists, 

and photoactive 

agents [79,85,87–89,93

]

Sequence 

programmability 

allows staged or 

stimulus-dependent 

delivery of 

chemotherapeutics, 

oligonucleotides, 

antigens, and 

immune modulators 

[102,104,112]

Mechanical 

characteristics

Mechanical 

properties vary 

widely with 

molecular weight, 

polymer 

concentration, ionic 

environment, 

substitution, and 

crosslink density 

[109]

Mechanical behavior 

ranges from weak 

reversible gels to 

reinforced fibrillar, β-

sheet-rich, or 

covalently 

crosslinked networks 

[110,111]

Unreinforced 

networks commonly 

have limited 

mechanical strength, 

although polymer, 

particle, or 

secondary-network 

incorporation can 

substantially increase 

stability [102,112]

Principal advantages

Diverse chemistry, 

mild gelation, 

mucoadhesion, 

injectable or oral 

processing, and 

compatibility with 

composite delivery 

systems [109]

Bioactive peptide 

sequences, 

extracellular-matrix-

like interactions, 

tunable self-assembly, 

and compatibility 

with proteins and 

cells [110,111]

Sequence 

programmability, 

molecular 

recognition, modular 

therapeutic 

incorporation, and 

controlled strand-

mediated responses 

[102,112]

Principal limitations

Source and batch 

variability, 

heterogeneous 

substitution, weak 

mechanical stability, 

uncontrolled ion 

exchange, and 

variable degradation 

[109]

Proteolytic instability, 

aggregation, source-

related variability, 

possible 

immunogenicity, and 

batch-dependent 

gelation [110,111]

Nuclease 

susceptibility, weak 

mechanics, synthesis 

cost, innate immune 

activation, off-target 

hybridization, and 

limited large-scale 

manufacturing 

experience 

[102,112,115]

Representative 

advances

Sprayable HA 

composite hydrogels 

for postoperative 

colorectal-cancer 

treatment [58]

Engineered elastin-

like polypeptide and 

self-assembling 

peptide hydrogels for 

localized 

chemoimmunotherapy 

[79,87–89]

Programmable DNA 

hydrogels for 

sequential 

chemotherapy, 

immune activation, 

and checkpoint 

inhibition [104]

Abbreviations: ATP, adenosine triphosphate; HA, hyaluronic acid; IL-12, interleukin-12; PD-L1,

programmed death-ligand 1; ROS, reactive oxygen species; siRNA, small interfering RNA. Note:
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3. Design, Gelation, Release, and Characterization

3.1. Hydrogel-Based Gelation Mechanisms

3.1.1. Physical Crosslinking

3.1.2. Chemical Crosslinking

The listed characteristics are formulation-dependent. Polynucleotide hydrogels are defined as net‐

works in which nucleic acids contribute to crosslinking, assembly, or molecular recognition; sys‐

tems that only encapsulate nucleic-acid cargo are classified according to the network-forming

matrix.

Hydrogel composition and crosslinking determine gelation, injectability, mechanical

stability, degradation, payload retention, and release. Physical, chemical, enzymatic, and

ionic crosslinking strategies provide different balances among administration, depot sta‐

bility, biological compatibility, and therapeutic availability [116]. Scheme 1 summarizes

the relationships among hydrogel network formation, drug-release mechanisms, ther‐

moresponsive behavior, and oncology-relevant properties.

Physical crosslinking arises from reversible noncovalent interactions, including hy‐

drogen bonding, hydrophobic association, electrostatic interactions, host–guest complex‐

ation, crystallization, and polymer-chain entanglement. The absence of reactive

crosslinkers can benefit injectable formulations containing labile drugs or biologics.

However, physically crosslinked networks are often sensitive to dilution, temperature,

pH, ionic composition, and mechanical stress, which can compromise depot stability and

accelerate payload leakage [117,118].

Alginate forms ionically crosslinked networks through coordination between gu‐

luronate-rich chain regions and divalent cations, most commonly Ca  [119]. Chitosan/β-

glycerophosphate formulations undergo temperature-dependent gelation through coor‐

dinated changes in electrostatic, hydrogen-bonding, and hydrophobic interactions

[120,121]. Gelatin forms thermoreversible physical networks through partial reformation

of collagen-like helical junctions during cooling; these interactions weaken upon heating,

limiting stability near physiological temperature unless the network is further reinforced

[122]. Supramolecular host–guest and self-assembling peptide hydrogels provide addi‐

tional reversible platforms with shear-thinning, self-healing, and stimulus-responsive

properties [117,118]. Their major limitations remain variable mechanical strength, envi‐

ronmental sensitivity, and premature payload leakage.

2+

Chemical crosslinking generates covalent bonds between polymer chains and gener‐

ally produces more stable networks than reversible physical association.

Photocrosslinking of methacrylated polymers, including gelatin methacryloyl (GelMA)

and methacrylated hyaluronic acid (HAMA), enables spatial and temporal control over

gel formation and permits adjustment of network stiffness, swelling, and molecular

transport. Click-type reactions, including thiol–ene, azide–alkyne cycloaddition, Diels–

Alder cycloaddition, and thiol–Michael addition, can support hydrogel formation under

relatively mild and selective conditions. Dynamic covalent reactions, particularly Schiff-

base formation between aldehyde and primary amine groups, facilitate rapid in situ

gelation and are widely used in injectable polysaccharide hydrogels [123–126].

Covalent crosslinking can improve depot persistence and regulate swelling, degra‐

dation, and payload release. However, a high crosslink density may reduce mesh size,

restrict payload diffusion, delay degradation, and compromise tissue compatibility.

Unreacted monomers, crosslinkers, catalysts, and photoinitiators may also impair thera‐

peutic-cargo activity or cause local cytotoxicity. Crosslinking kinetics and precursor con‐

centrations must therefore be optimized to prevent premature gelation during adminis‐
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3.1.3. Enzymatic and Ionic Gelation

3.2. Structure–Crosslinking–Release Relationships

tration while ensuring adequate network formation after placement [123–126].

Enzymatic crosslinking uses catalysts such as horseradish peroxidase, transglutami‐

nase, tyrosinase, or laccase to generate covalent junctions under aqueous and near-phys‐

iological conditions. Horseradish-peroxidase-mediated coupling of phenol- or tyramine-

functionalized polymers is frequently used in injectable hydrogels because crosslinking

can proceed near physiological pH and temperature. Enzyme–substrate specificity may

limit nonspecific reactions and facilitate the encapsulation of labile therapeutic cargo.

However, gelation kinetics and the resulting network properties depend on enzyme con‐

centration and activity, the degree of polymer functionalization, substrate accessibility,

oxidant availability, and local pH and temperature [127,128].

Ionic gelation arises from electrostatic association or coordination between charged

polymers and multivalent counterions, as illustrated by alginate–Ca  and chitosan–

tripolyphosphate networks. These systems provide rapid gelation without organic sol‐

vents or reactive covalent crosslinkers, but ion exchange and counterion diffusion in

physiological media can alter swelling, mesh structure, and mechanical stability

[129,130]. Dual-crosslinked networks combine ionic or enzymatic gelation with a sec‐

ondary physical or covalent mechanism to improve mechanical strength, water reten‐

tion, and structural persistence [130,131]. Nevertheless, their design requires control of

gelation kinetics, spatial network homogeneity, payload stability, degradation behavior,

and any residual reactive components.

2+

Physical, chemical, enzymatic, and ionic crosslinking provide different balances

among injectability, network stability, reversibility, and biological compatibility.

Networks with complementary structural and mechanical characteristics can also be

combined to improve resistance to deformation, as summarized in Scheme 1.

Hydrogel performance reflects the combined effects of polymer composition and

molecular weight, crosslinking mechanism and density, mesh size, swelling, degrada‐

tion, and payload–matrix interactions. Increasing crosslink density generally reduces

mesh size and equilibrium swelling while increasing network modulus and structural

stability. These changes can slow molecular diffusion and prolong local retention, but ex‐

cessive crosslinking may restrict payload availability, delay network degradation, and

prevent complete release [132–134]. Experimental studies confirm that polymer concen‐

tration and crosslink density jointly regulate small-molecule release, although this rela‐

tionship can reach a saturation point beyond which additional crosslinking provides lit‐

tle further control [133]. More broadly, recent analysis of biomass-derived functional gels

indicates that macroscopic performance can be improved through multiscale topology

reconstruction, including dual-network formation, polymer entanglement, nanocompos‐

ite reinforcement, dynamic molecular interactions, and medium engineering [135]. For

drug-delivery applications, however, increased mechanical robustness and environmen‐

tal stability must be balanced against injectability, mesh-dependent payload transport,

biodegradation, and the safety of reinforcing or crosslinking components.
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3.3. Drug-Release Mechanisms and Mathematical Models

Scheme 1. Crosslinking and network-formation strategies for hydrogel systems. (A) Physical,

chemical, enzymatic, and ionic crosslinking mechanisms. (B) Conceptual formation of a double-

network hydrogel by combining a relatively rigid first network with a more flexible second net‐

work. The resulting mechanical properties depend on polymer composition, crosslink density, net‐

work connectivity, and interactions between the constituent networks.

The effect of network structure depends on the hydrodynamic dimensions and

physicochemical properties of the payload. Small hydrophilic molecules can diffuse

through water-filled meshes unless retained through electrostatic, hydrogen-bonding,

hydrophobic, host–guest, or covalent interactions. By contrast, proteins, antibodies, nu‐

cleic acids, liposomes, and nanoparticles experience greater steric restriction and may re‐

quire network swelling, crosslink cleavage, or polymer degradation for release. Protein

transport becomes increasingly hindered when the payload dimensions approach the

hydrogel mesh size [132,136]. Affinity interactions can reduce initial burst release and

extend protein retention, but excessively strong binding may reduce the fraction avail‐

able for release and biological activity [137].

Physically crosslinked networks can provide reversible gelation, shear-thinning be‐

havior, and self-healing, but may be destabilized by dilution, competing ions, tempera‐

ture changes, or mechanical deformation. Covalently crosslinked networks generally

provide greater persistence but may introduce residual reactive components and slower

clearance. Dynamic covalent bonds, including imine, hydrazone, boronate-ester, and

disulfide linkages, bridge these categories by maintaining network integrity while per‐

mitting bond exchange or stimulus-induced cleavage. Their effective responsiveness de‐

pends not only on bond chemistry but also on the magnitude, duration, and spatial het‐

erogeneity of the biological trigger.

Diffusion, swelling, polymer relaxation, bond cleavage, and matrix degradation of‐

ten contribute simultaneously to release, and their relative contributions may change

over time. Early release may be dominated by surface-associated payload and rapid dif‐

fusion, whereas later release may depend on network relaxation, crosslink cleavage, or

matrix erosion [9,132]. Crosslinking should therefore be optimized according to payload

dimensions and affinity, therapeutic window, administration route, tumor anatomy, re‐

quired depot residence, and acceptable degradation and clearance profiles.

Drug release from biopolymer hydrogels is governed by the relationship among

payload dimensions and chemistry, hydrogel mesh size, swelling, polymer relaxation,

degradation, and payload–matrix affinity. Small molecules may diffuse through water-

filled network meshes, whereas macromolecules and particulate carriers may require
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3.3.1. Diffusion-Controlled Release

network expansion, crosslink cleavage, or matrix degradation. Electrostatic, hydropho‐

bic, hydrogen-bonding, host–guest, and covalent interactions can further delay release

by retaining the payload within the network. Hydrogel-mediated release typically re‐

flects overlapping contributions from molecular diffusion, network swelling and relax‐

ation, reversible payload–matrix interactions, and matrix degradation or crosslink cleav‐

age, as Scheme 2 illustrates.

Scheme 2. Principal mechanisms governing payload release from hydrogels. Payload release may

occur through (A) diffusion across water-filled network meshes, (B) network swelling or polymer

relaxation that increases mesh size, (C) reversible payload–matrix interactions, and (D) matrix

degradation or crosslink cleavage triggered by enzymes, pH, redox conditions, or hydrolysis.

These mechanisms frequently overlap, and their relative contributions may evolve during release.

The individual mechanisms illustrated in Scheme 2 are discussed below. Although

they are presented separately for clarity, more than one process may govern release from

a single formulation, and the dominant mechanism may change over time.

Diffusion-controlled release occurs when dissolved payload molecules migrate

through the water-filled meshes of a hydrogel in response to a concentration gradient.

The release rate depends on the effective diffusion coefficient of the payload, network

mesh size and tortuosity, hydrogel swelling, payload solubility, and interactions between

the payload and polymer chains [9,132,136]. Small hydrophilic molecules generally dif‐

fuse more readily than proteins, nucleic acids, nanoparticles, or drug-loaded vesicles.

Proteins with dimensions approaching the hydrogel mesh size can exhibit hindered dif‐

fusion, whereas larger cargo may remain trapped until the network swells or degrades

[134].

Electrostatic attraction, hydrogen bonding, hydrophobic association, or host–guest

complexation may substantially decrease molecular mobility even when the network

mesh size would otherwise permit diffusion [132,137]. Diffusional release should there‐

fore not be predicted from payload size and mesh dimensions alone.

A rapid initial release may arise from payload adsorbed near the hydrogel surface,

retained in large pores, or located within weakly crosslinked regions. This burst release
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3.3.2. Swelling- and Relaxation-Controlled Release

3.3.3. Affinity- and Interaction-Controlled Release

3.3.4. Degradation- and Erosion-Controlled Release

can provide an initial therapeutic dose, but excessive release may increase local or sys‐

temic toxicity and shorten the effective treatment duration. Increasing polymer concen‐

tration or crosslink density can reduce diffusion and burst release by decreasing effective

mesh size, although excessive network densification may restrict payload availability

and prevent complete release [133,134,136].

Swelling- and relaxation-controlled release becomes important when water uptake

and polymer-chain rearrangement occur at rates comparable to or slower than payload

diffusion. Following contact with physiological fluid, solvent penetrates the network,

hydrates hydrophilic groups, and increases the distance between polymer chains. The

resulting expansion enlarges the effective mesh size and facilitates payload transport

[132,138].

The rate and extent of swelling depend on polymer hydrophilicity, charge density,

concentration, molecular weight, crosslink density, pH, ionic strength, and the presence

of degradable or dynamic linkages [132–134,138]. Ionizable hydrogels based on chitosan,

alginate, hyaluronic acid, or carboxymethyl cellulose may therefore exhibit different

swelling and release profiles under physiological and acidic conditions. Swelling should

be evaluated kinetically rather than reported only as an equilibrium value because the

timing of network expansion determines when transport pathways become accessible.

Excessive swelling is not necessarily advantageous. It may weaken an injectable de‐

pot, promote premature leakage, alter local tissue pressure, accelerate erosion, or reduce

retention at the administration site. For localized cancer therapy, the hydrogel should

permit sufficient network expansion for therapeutic transport without losing structural

integrity or undergoing uncontrolled volumetric change [132,138].

Payload release may also be regulated through reversible interactions with the hy‐

drogel matrix, including electrostatic attraction, hydrogen bonding, hydrophobic associ‐

ation, host–guest complexation, ligand binding, and nucleic-acid hybridization. These

interactions can reduce burst release and prolong local retention even when the payload

is smaller than the hydrogel mesh [132,137]. Affinity hydrogels, for example, regulate

protein transport through diffusion coupled with reversible binding rather than through

diffusion alone [137].

The release rate depends on the concentration and accessibility of binding sites,

binding and dissociation kinetics, payload diffusivity, and competition from ions, pro‐

teins, metabolites, or other molecules in the surrounding biological medium. Weak inter‐

actions may provide insufficient retention, whereas excessively strong binding may re‐

duce the pharmacologically available fraction or prevent complete release. Payload–ma‐

trix affinity should therefore be optimized together with mesh size, swelling, and degra‐

dation rather than treated as an independent design variable [132,137].

Changes in pH, ionic strength, temperature, enzyme activity, or concentrations of

competing molecules may alter affinity and trigger payload dissociation. However, se‐

lective release requires that these changes be sufficiently different between the target tis‐

sue and surrounding physiological environment.

Degradation-controlled release occurs when cleavage of the polymer backbone or

crosslinks gradually enlarges the network and enables payload escape. Degradation may

proceed through hydrolysis, enzymatic cleavage, oxidation, reduction, ion exchange, or
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3.3.5. Time-Dependent Contributions and Mathematical Interpretation

dissociation of reversible crosslinks. Cleavage may occur throughout the matrix as bulk

degradation or predominantly at the material–fluid interface as surface erosion

[9,132,138].

Biopolymer hydrogels are particularly sensitive to the surrounding biological envi‐

ronment. Hyaluronidase, collagenase, matrix metalloproteinases, nucleases, and other

enzymes can degrade hyaluronic acid-, collagen-, gelatin-, peptide-, and polynucleotide-

based networks. Acid-labile imine or hydrazone bonds, reduction-sensitive disulfide

linkages, and oxidation-sensitive groups may additionally accelerate network disassem‐

bly under selected conditions.

Degradation-controlled release should be distinguished from simple diffusion by

measuring mass loss together with molecular-weight changes, bond cleavage, swelling,

mechanical deterioration, degradation-product formation, and cumulative payload re‐

lease [9,138]. Polymer content, gelation conditions, crosslink density, erosion, and drug–

polymer reactions may interact to produce the observed release profile; therefore, mass

loss alone does not establish the governing mechanism [138].

Diffusion, swelling, polymer relaxation, bond cleavage, and matrix degradation fre‐

quently contribute concurrently to payload release, although their relative importance

may change over time. Early release may be dominated by surface-associated payload

and rapid diffusion, whereas later release may increasingly depend on network relax‐

ation, crosslink cleavage, or matrix erosion [9,132,138]. Release profiles should therefore

be interpreted according to the physicochemical behavior of the formulation rather than

assigned to a single mechanism solely from mathematical curve fitting.

Mathematical models provide useful tools for comparing release profiles and identi‐

fying probable rate-controlling processes. However, model selection should be guided

by the expected physical behavior of the formulation rather than solely by the highest

coefficient of determination. Model comparison should include residual distribution, pa‐

rameter uncertainty, and information criteria where appropriate. The principal mathe‐

matical models used to interpret hydrogel-mediated release are summarized in Table 3.

Table 3. Mathematical models of drug release from hydrogels.

Model
General 

Equation

Main 

Interpretation

Appropriate 

Use

Important 

Limitation

Zero order M  = M  + k tt 0 0

Approximately 

constant release 

rate

Designed depots 

with sustained 

input

Rarely 

maintained 

throughout 

swelling and 

degradation

First order
ln(M  − M ) = 

lnM  − k t

∞ t

∞ 1

Release depends 

on drug 

remaining

Depletion-

dependent 

release

Does not 

identify the 

underlying 

transport 

process

Higuchi M  = k tt H
1/2

Diffusion-

dominated 

matrix release

Early diffusion 

from relatively 

stable matrices

Assumptions 

may fail during 

substantial 

swelling or 

erosion
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3.4. Mathematical Description of Drug Release

3.4.1. Zero-Order Model

3.4.2. First-Order Model

Model
General 

Equation

Main 

Interpretation

Appropriate 

Use

Important 

Limitation

Korsmeyer–

Peppas
M /M  = ktt ∞

n

Empirical 

distinction 

between 

diffusion and 

mixed transport

When the 

mechanism is 

uncertain

n depends on 

geometry and 

fitted data range

Peppas–Sahlin
M /M  = k t  + 

k t

t ∞ 1
m

2
2m

Apparent 

diffusion and 

relaxation 

contributions

Swelling and 

relaxing 

polymer 

networks

Parameter 

correlation can 

complicate 

interpretation

Hixson–Crowell M
​

−M
​

=k
​

t
0

1 / 3

t
1 / 3

HC

Release 

associated with 

changing 

dimensions or 

surface area

Eroding or 

dissolving 

matrices

Unsuitable for 

dimensionally 

stable diffusion 

systems

Hopfenberg
​

= 1 −(1 −
​

)
M

​

∞

M
​

t
C

​

a
​

0 0

k t
0

nSurface-erosion-

controlled 

release

Surface-eroding 

depots or 

implants

Not suitable for 

dominant bulk 

degradation

Weibull
M /M  = 1 − 

exp[−(t/α) ]

t ∞

β

Empirical 

release-curve 

description

Comparing 

complex profiles

Strong fit does 

not reveal a 

unique 

mechanism

Mathematical models provide a quantitative means of comparing formulations and

identifying release behavior consistent with diffusion, swelling, relaxation, dissolution,

or erosion. However, model fitting alone does not conclusively establish a molecular

mechanism. Similar release profiles may be described by more than one model, particu‐

larly when diffusion, swelling, and degradation occur simultaneously. Reviews of

polysaccharide-based delivery systems emphasize that multiple mechanisms may oper‐

ate in parallel and that sustained-release studies should therefore combine kinetic mod‐

elling with structural and physicochemical characterization [139].

The zero-order model describes release at an approximately constant rate:

where M  is the cumulative amount released at time t, M  is the initial amount released,

and k  is the zero-order release constant. Zero-order behavior is desirable when a nearly

constant therapeutic input is required, but it is difficult to maintain in conventional hy‐

drogels because concentration gradients, swelling, and degradation change over time.

Zero-order kinetics are associated with systems designed to provide approximately con‐

stant release rather than a release rate controlled by the amount of drug remaining [140].

M  = M  + k tt 0 0 (1)

t 0

0

The first-order model assumes that the release rate is proportional to the amount of

drug remaining in the formulation:
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3.4.3. Higuchi Model

3.4.4. Korsmeyer–Peppas Model

3.4.5. Peppas–Sahlin Model

3.4.6. Hixson–Crowell Model

where M  represents the amount released at infinite time and k  is the first-order rate

constant. This model commonly produces a relatively rapid initial release followed by a

progressively decreasing release rate.

ln(M  − M ) = lnM  − k t∞ t ∞ 1 (2)

∞ 1

The Higuchi model describes diffusion-dominated release from a matrix:

where k  is the Higuchi release constant. A linear relationship between cumulative re‐

lease and the square root of time is consistent with diffusion-controlled transport under

the assumptions of the model. However, substantial swelling, degradation, changing ge‐

ometry, or strong drug–polymer interactions can violate these assumptions. A recent hy‐

drogel study reported that its release profiles followed the Higuchi model and inter‐

preted this as Fickian diffusion, illustrating its continued application to sustained-release

hydrogel systems [141].

M  = k tt H
1/2

(3)

H

The Korsmeyer–Peppas power-law model is useful when the release mechanism is

uncertain or involves more than one transport process:

​

= kt
M

​

∞

M
​

t n
(4)

The Korsmeyer–Peppas model is generally fitted to the initial portion of the release

profile, commonly M /M ≤0.60, when appropriate. k is a kinetic constant incorporating

structural and geometric characteristics, and n is the release exponent. The value of n is

commonly used to assess whether the observed behavior is consistent with Fickian diffu‐

sion, combined diffusion and polymer relaxation, or relaxation- and erosion-dominated

transport. Interpretation of n depends on sample geometry and model assumptions;

therefore, threshold values should not be transferred uncritically among films, cylinders,

spheres, macrogels, microgels, and nanogels.

t ∞

When both Fickian diffusion and polymer relaxation contribute substantially, the

Peppas–Sahlin model can separate their apparent contributions:

where the first term represents the apparent Fickian contribution and the second term

represents polymer relaxation. This model may be particularly useful for highly swelling

hydrogels, provided that sufficient experimental time points are available for robust pa‐

rameter estimation.

​

=k
​

t +k
​

t
M

​

∞

M
​

t
1

m
2

2m
(5)

The Hixson–Crowell model evaluates release associated with changes in the dimen‐

sions or surface area of an eroding or dissolving system:
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3.4.7. Hopfenberg Model

3.4.8. Weibull Model

3.5. Model Selection and Reporting Requirements

where M  is the initial amount of drug in the formulation and k  is the Hixson–Crowell

constant. This model is more relevant when matrix dimensions and surface area change

appreciably during release than when transport occurs through a stable hydrogel net‐

work. The Hixson–Crowell law describes release associated with changes in particle di‐

ameter and surface area [140].

M
​

−M
​

=k
​

t
0

1 / 3

t
1 / 3

HC
(6)

0 HC

The Hopfenberg model is used for systems in which surface erosion controls pay‐

load release. It may be considered for hydrogels or implantable matrices that maintain

their approximate shape while progressively eroding from the external surface. It is less

appropriate for networks dominated by bulk degradation or rapid equilibrium swelling.

The Hopfenberg model describes drug release from polymeric systems in which

surface erosion is the predominant release mechanism:

where M  is the cumulative amount of drug released at time t, M  is the total releasable

amount, k  is the surface-erosion rate constant, C  is the initial drug concentration in the

matrix, and a  is the initial half-thickness or radius of the system. The geometry-depen‐

dent exponent n is 1 for a slab, 2 for a cylinder, and 3 for a sphere. This model is applica‐

ble to hydrogel depots or implantable matrices that retain their approximate geometry

while progressively eroding from the external surface. It is less appropriate for systems

dominated by bulk degradation, rapid equilibrium swelling, or diffusion through a sta‐

ble swollen network. The Hopfenberg model describes geometry-dependent drug re‐

lease from surface-eroding polymer matrices [142].

​ ​ ​ ​

​

= 1 −(1 −
​

)
M

​

∞

M
​

t

C
​

a
​

0 0

k
​

t
0

n

(7)

t ∞

0 0

0

The Weibull model is an empirical function capable of describing different release-

curve shapes:

where α is a scale parameter related to the release timescale and β describes curve shape.

Although the Weibull model can provide a strong statistical fit, its parameters do not in‐

dependently prove a specific molecular mechanism [140].

​

= 1 −exp
​

−(
​

)
​

M
​

∞

M
​

t

⎣

⎡

α

t
β

⎦

⎤
(8)

Release models should be selected according to the expected physical behavior of

the formulation rather than solely according to the highest coefficient of determination.

Model comparison should include adjusted R , residual distribution, information criteria

where appropriate, parameter uncertainty, and physical plausibility. Zero-order, first-or‐

der, Higuchi, Korsmeyer–Peppas, and Hixson–Crowell models are commonly compared

when analyzing pharmaceutical release profiles [143].

2

For hydrogel-based anticancer formulations, release studies should report:

• Hydrogel geometry and dimensions.
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3.6. Pharmaceutical Characterization of Hydrogel Formulations

3.6.1. Rheology, Gelation, and Injectability

• Polymer and crosslinker concentrations.

• Initial drug loading and encapsulation efficiency.

• Release-medium composition, volume, pH, ionic strength, and temperature.

• Sink-condition justification.

• Sampling and medium-replacement procedures.

• Analytical drug-quantification method.

• Cumulative release and mass-balance calculations.

• Swelling, mass loss, and degradation measured under the same conditions.

• The range of experimental data fitted to each model.

• Fitted parameters, residuals, and measures of model uncertainty.

• Biological relevance of the selected release medium.

Standardization is important because differences in release media, analytical meth‐

ods, sample geometry, and mathematical treatment can prevent meaningful comparison

among hydrogel studies. Current characterization guidance highlights the need to har‐

monize drug quantification, release-assay conditions, diffusion evaluation, and interpre‐

tation of release kinetics [9].

The preferred interpretation is therefore mechanistically integrated: kinetic fitting

should be evaluated alongside mesh size, swelling kinetics, rheology, mass loss, degra‐

dation products, and drug–polymer interactions. A Higuchi fit may support diffusion-

dominated release, whereas simultaneous increases in swelling and mass loss may indi‐

cate that diffusion is coupled with network relaxation or degradation. Mathematical

models should consequently be treated as tools for hypothesis testing and formulation

comparison rather than as standalone proof of release mechanism.

The principal mathematical models used to analyze drug release from hydrogels are

compared in Table 3. Model selection should consider the underlying network behavior

and experimental conditions rather than relying solely on statistical goodness of fit.

Reliable pharmaceutical characterization is required to connect hydrogel composi‐

tion and manufacturing conditions with injectability, depot stability, payload loading

and release, degradation, safety, and therapeutic performance. Comparisons among for‐

mulations remain difficult because studies often use different test conditions and analyt‐

ical methods. Characterization should therefore integrate rheological, mechanical,

swelling, degradation, payload-quality, stability, and manufacturing assessments under

conditions relevant to the intended route of administration and clinical application

[9,144,145].

Rheological analysis should quantify viscosity, storage modulus (G′), loss modulus

(G″), gelation kinetics, yield behavior, shear thinning, thixotropy, and structural recov‐

ery. The G′–G″ crossover or another predefined rheological criterion may be used to esti‐

mate gelation time, but the selected endpoint and measurement conditions must be re‐

ported. Time, frequency, and amplitude sweeps provide complementary information on

network formation, viscoelastic stability, and the linear viscoelastic range, whereas step-

strain testing can determine recovery after shear-induced network disruption [144,145].

Rheological measurements alone do not establish injectability. Direct testing should

use the intended syringe and needle or catheter at the relevant temperature, injection

rate, and formulation volume. Injection force, blockage risk, dose delivery, and post-ex‐

trusion recovery should be evaluated. For intratumoral or postoperative administration,

gelation must be sufficiently rapid to limit leakage but sufficiently slow to permit accu‐
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3.6.2. Mechanical Properties, Swelling, and Degradation

3.6.3. Payload Loading, Distribution, Release, and Integrity

rate placement and conformity to irregular tissue spaces. Payload integrity should also

be confirmed after injection when shear-sensitive proteins, nucleic acids, cells, viral vec‐

tors, liposomes, or nanoparticles are incorporated.

Mechanical testing should reflect hydrogel geometry, implantation site, and clinical

function. Compression is appropriate for bulk depots, tensile testing for films and

patches, and oscillatory rheology for soft injectable networks. Adhesive formulations ad‐

ditionally require measurement of interfacial adhesion, cohesive failure, and perfor‐

mance on wet tissue. Initial stiffness should not be interpreted independently of swelling

and degradation because water uptake, bond exchange, polymer erosion, and physiolog‐

ical loading can substantially alter mechanical performance after administration.

Swelling should be measured as a function of time under relevant temperature, pH,

ionic strength, protein concentration, and enzymatic conditions. Percentage swelling

may be calculated as:

where W  is the initial dry mass and W  is the swollen mass at time t. If swelling is re‐

ported as a dimensionless ratio rather than a percentage, multiplication by 100 should be

omitted. The calculation convention and dry- or wet-mass basis should be stated explic‐

itly. Equilibrium swelling alone is insufficient for responsive systems because transient

expansion or contraction can modify mesh size, payload diffusion, mechanical stability,

and pressure on surrounding tissues. Both the rate and extent of swelling should there‐

fore be reported.

Swelling ratio =
​

W
​

d

W
​

−W
​

s d
(9)

d s

Hydrogel degradation should be evaluated by combining mass loss with changes in

molecular weight, network chemistry, mechanical properties, and morphology.

Percentage mass loss may be calculated as:

where W  is the initial dry mass and W  is the remaining dry mass after degradation for

time t. Samples should be dried to constant mass before comparison. Mass loss alone

may underestimate degradation when polymer-chain cleavage occurs before soluble

fragments leave the network. Conversely, apparent mass changes may reflect incomplete

drying, dissolution, or sample loss rather than controlled degradation.

Mass loss (%) =
​

× 100
W

​

0

W
​

−W
​

0 t
(10)

0 t

For natural polymers, degradation testing should account for biologically relevant

enzymes, source-dependent composition, and batch variability. Degradation products

should be identified where possible and evaluated for local toxicity, inflammatory poten‐

tial, clearance, and interference with payload activity or analytical measurements.

Drug-loading capacity and encapsulation efficiency should be reported separately

because they describe different formulation attributes. Drug loading may be expressed

as:

where M  is the mass of payload retained in the hydrogel and M

Drug loading (%) =
​

× 100
Total mass of drug − loaded formulation

Mass of encapsulated drug
(11)

encapsulated loaded formulation
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3.6.4. Stability, Sterilization, and Reproducibility

is the total mass of the payload-loaded formulation. Encapsulation efficiency may be cal‐

culated as:

where M  is the payload mass initially introduced during formulation. Because alter‐

native definitions are used, particularly for drug loading, the denominator and dry- or

wet-mass basis should be reported explicitly.

Encapsulation efficiency (%) =
​

× 100
Initial mass of drug used

Mass of encapsulated drug
(12)

initial

Payload distribution should be assessed where technically feasible because surface-

associated or spatially heterogeneous loading can cause an initial burst and inconsistent

local exposure. Analytical methods used for payload quantification and release testing

should be validated in the presence of the hydrogel matrix. Accuracy, precision, selectiv‐

ity, sensitivity, extraction recovery, and matrix interference require particular attention

because polymers, degradation products, and incorporated nanomaterials can interfere

with chromatographic, spectroscopic, fluorescence, and bioassay measurements [9].

For small-molecule therapeutics, chemical identity, concentration, impurities, and

degradation should be monitored during fabrication, storage, injection, and release. For

proteins, antibodies, enzymes, nucleic acids, cells, and viral vectors, quantitative recov‐

ery must be complemented by assays of structural integrity and biological potency. Total

payload content does not demonstrate that the released cargo remains pharmacologi‐

cally active. Complex formulations containing liposomes or nanoparticles should addi‐

tionally be assessed for aggregation, leakage, carrier disruption, and changes in size or

surface properties.

Release testing should use sink conditions and sampling intervals appropriate to the

expected release duration. The test medium should reproduce relevant physiological

variables where practicable, while accelerated conditions should be clearly distinguished

from clinically representative testing. Interpretation should consider diffusion, swelling,

payload–matrix interactions, bond cleavage, and hydrogel erosion rather than assigning

release to a single mechanism solely from mathematical curve fitting. Detailed kinetic

models are summarized separately in Table 3.

Stability studies should determine whether the formulation retains its predefined

physicochemical, mechanical, pharmaceutical, and biological attributes during storage

and clinically relevant handling. Testing should reflect the proposed packaging, storage

temperature, light exposure, freeze–thaw conditions, transport, reconstitution, and pre‐

cursor-hold time. Relevant endpoints include appearance, pH, osmolality, gelation time,

rheology, swelling, degradation, payload recovery, release behavior, sterility, and biolog‐

ical potency.

Sterilization should be evaluated using the complete formulation rather than the un‐

loaded polymer alone. Heat, irradiation, filtration, or chemical treatment may alter poly‐

mer molecular weight, crosslink formation, gelation kinetics, mechanical properties,

degradation, release, or payload activity. Sterility and endotoxin control should therefore

be verified together with post-sterilization product performance [9–12].

Batch reproducibility must be demonstrated across independently manufactured

batches rather than inferred from repeated measurements of a single batch. Critical ma‐

terial attributes and process parameters should be linked to predefined product-quality

attributes and acceptance criteria. This is particularly important for natural polymers, for

which molecular-weight distribution, degree of substitution or deacetylation, purity,

moisture, residual biological material, and endotoxin burden can vary with source and
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purification.

Manufacturing variables such as component ratios, mixing sequence, temperature,

pH, ionic strength, curing time, sterilization, and filling conditions should likewise be

controlled. For hydrogels containing complex biological or particulate payloads, inter‐

batch assessment should include payload distribution, aggregation, leakage, structural

integrity, and biological potency [9–12,49].

The principal characterization parameters and their pharmaceutical relevance are

summarized in Table 4. No single measurement is sufficient to establish hydrogel perfor‐

mance. Rheology cannot replace direct injection testing, equilibrium swelling cannot de‐

fine release behavior, and mass loss alone cannot establish degradation, clearance, or

safety. Characterization should therefore use an integrated, formulation-specific test

strategy aligned with the administration route, payload, tumor location, depot function,

and intended clinical use.

Table 4. Pharmaceutical characterization of hydrogel formulations for cancer therapy.

Characterization Domain Principal Measurements Pharmaceutical Relevance

 Gelation and rheology 

Gelation time; viscosity; G′, 

G″, and tanΔ; yield stress; 

shear thinning; structural 

recovery

Defines the administration 

window, network formation, 

flow behavior, and post-

injection depot stability.

Injectability

Injection force; blockage; 

delivered volume; leakage; 

post-extrusion recovery

Confirms administration 

through the intended needle, 

catheter, or endoscopic device 

and reproducible dose 

delivery.

Mechanical and adhesive 

properties

Compression or tensile 

properties; toughness; cyclic 

stability; tissue adhesion and 

cohesion

Assesses structural integrity, 

tissue conformity, and 

retention at the application 

site.

Swelling

Time-dependent mass or 

volume change in 

physiologically relevant 

media

Indicates dimensional 

stability and changes in mesh 

size, payload diffusion, and 

mechanical properties.

Degradation and clearance

Mass loss; molecular-weight 

change; bond cleavage; 

mechanical deterioration; 

degradation-product analysis

Defines depot persistence and 

erosion-mediated release and 

supports assessment of 

degradation-product safety 

and clearance.

Payload loading and 

distribution

Loading capacity; 

encapsulation efficiency; 

content uniformity; spatial 

distribution

Establishes dose and 

identifies heterogeneous or 

surface-associated payload 

that may contribute to burst 

release.

Release performance

Cumulative release; burst 

fraction; release duration; 

mass balance; mechanism-

based kinetic analysis

Determines whether local 

exposure is compatible with 

the therapeutic window and 

identifies contributions from 

diffusion, swelling, bond 

cleavage, and erosion.
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4. Oncology-Relevant Hydrogel Platforms and Functional Properties

Payload integrity and potency

Chemical stability; binding or 

enzymatic activity; 

transfection, infectivity, or 

other cargo-specific 

functional assays

Confirms that the 

encapsulated and released 

payload remains structurally 

intact and biologically active.

Analytical-method suitability

Accuracy; precision; recovery; 

sensitivity; selectivity; matrix 

interference

Ensures reliable 

quantification in the presence 

of polymers, nanomaterials, 

release media, and 

degradation products.

Sterilization and 

microbiological quality

Sterility; endotoxin burden; 

pre- and post-sterilization 

comparison of critical 

formulation attributes

Confirms microbiological 

quality without unacceptable 

changes in network 

properties, release, or payload 

activity.

Storage stability

Appearance; pH; rheology; 

gelation; payload recovery; 

impurities; aggregation; 

release; potency

Supports specification of 

packaging, storage 

conditions, shelf life, and in-

use stability.

Batch reproducibility

Interbatch comparison of 

critical material, process, and 

product-quality attributes

Supports manufacturing 

control, scale-up, and 

consistent performance, 

particularly for source-

variable natural polymers.

Abbreviations: G′, storage modulus; G″, loss modulus; tanΔ=G″/G′, loss tangent. Note: The charac‐

terization strategy should be selected according to hydrogel architecture, payload type, adminis‐

tration route, tumor location, and intended clinical function. Measurements should be performed

under application-relevant conditions using independently manufactured batches where applica‐

ble [9–12,49,144,145].

No single parameter is sufficient to establish hydrogel performance. Rheology with‐

out injection testing may not predict administration, equilibrium swelling without ki‐

netic measurements may not predict release, and mass loss without degradation-product

analysis may not establish clearance or safety. Pharmaceutical characterization should

therefore use an integrated test battery aligned with the intended route of administra‐

tion, payload, tumor location, and clinical function.

Hydrogel platforms used in cancer treatment range from bulk injectable depots and

postoperative films to microgels, nanogels, and multicomponent hybrid systems. Their

dimensions and architecture influence administration route, anatomical retention, tissue

penetration, payload distribution, degradation, and clearance. Platform selection should

therefore be guided by tumor accessibility, anatomical location, treatment objective, pay‐

load properties, and intended administration route rather than by polymer origin alone.

The relationships among network structure, crosslinking, swelling, degradation, and re‐

lease are discussed in Sections 3.2–3.4; the present section focuses on their functional im‐

plications for cancer treatment [10,13,14,16,17].

The principal hydrogel architectures investigated in oncology are compared in

Figure 2.
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4.1. Oncology-Relevant Functional Requirements

Figure 2. Comparative architectures and oncology-relevant applications of hydrogel systems.

Macrogels, microgels, nanogels, and hybrid hydrogels differ in scale, administration format, and

function, supporting local retention, particulate or cellular delivery, tumor modeling, and carrier-

mediated transport. Scale ranges are approximate.

Biopolymer hydrogels can support minimally invasive administration, conformity

to irregular tumor margins or postoperative cavities, local retention of therapeutic

agents, and incorporation of chemotherapeutics, proteins, antibodies, cytokines, nucleic

acids, radionuclides, photosensitizers, immune cells, and nanoparticle formulations

[11,12,45,47,146,147]. However, these advantages are formulation- and route-specific.

Intratumoral depots must resist backflow, leakage, and rapid dispersion; postoperative

systems must conform to resection surfaces without excessive swelling or compression

of adjacent tissues; intraperitoneal formulations must remain localized under continuous

fluid movement; and transarterial systems must retain catheter compatibility and un‐

dergo controlled localization after administration.

Biological interactions may provide additional functionality. Hyaluronic acid can fa‐

cilitate CD44-associated interactions in tumors expressing this receptor, whereas anti‐

bodies, peptides, aptamers, and folate derivatives may support receptor-mediated bind‐

ing or cellular uptake [29,30]. Cyclodextrin-mediated host–guest interactions can im‐

prove the incorporation and retention of hydrophobic payloads [148]. Nevertheless, lig‐

and-mediated targeting should be distinguished from local placement, passive accumu‐

lation, and prolonged retention. Ligand functionalization may improve cellular interac‐

tions after a carrier reaches the tumor but does not necessarily overcome poor vascular

access, a dense extracellular matrix, elevated interstitial pressure, heterogeneous recep‐

tor expression, or uneven intratumoral penetration. Claims of tumor targeting should

therefore be supported by receptor-specific uptake or quantitative tumor-to-normal-tis‐

sue distribution data rather than by local retention or tumor-associated imaging signals

alone.

Biodegradation can facilitate carrier removal and contribute to payload release, but

it does not independently establish biosafety or complete biological clearance.
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4.2. Size- and Architecture-Defined Hydrogel Platforms

4.2.1. Macrogels

4.2.2. Microgels

Premature degradation may cause depot collapse, burst release, and increased systemic

payload exposure, whereas prolonged persistence may increase the risk of fibrosis,

chronic inflammation, or foreign-body responses [9,10,16,17,138].

Biological performance should therefore be evaluated across the complete disposi‐

tion pathway of the final formulation:

Administration → local retention → spatial payload distribution → systemic leak‐

age → hydrogel degradation → biodistribution of the payload and degradation products

→ organ clearance → immune response.

Local depot persistence does not establish homogeneous intratumoral or cavity-

wide distribution, and hydrogel degradation does not establish complete elimination

from the body. Studies should quantify depot residence, spatial payload distribution,

systemic exposure, tissue and organ biodistribution, degradation-product identity, renal

or hepatic elimination, local inflammation, foreign-body responses, and payload-specific

immunogenicity. Evaluation periods should be sufficient to capture both the intended

therapeutic exposure and the subsequent clearance of the hydrogel, payload, and degra‐

dation products [9,10,16,17,138].

Accordingly, the oncology-specific value of a hydrogel depends on coordinated con‐

trol of administration, anatomical conformity, retention, spatial distribution, payload re‐

lease, systemic leakage, degradation, and clearance. Evidence of sustained release or lo‐

cal retention should not be interpreted independently as proof of homogeneous tumor

exposure, molecular targeting, reduced systemic toxicity, or therapeutic superiority.

Macrogels include injectable bulk depots, films, patches, and surface-conforming

formulations intended principally for intratumoral, peritumoral, intraperitoneal, or post‐

operative administration. Their major advantages are high local payload capacity, pro‐

longed residence, and conformity to accessible tumors or resection cavities. Surface-fill‐

ing hydrogels can cover irregular anatomical regions, whereas injectable and thermosen‐

sitive formulations can form localized depots after administration [149–151].

Bulk retention, however, does not guarantee uniform release, complete coverage of

tumor margins, or deep penetration of released agents. Crosslink density, mesh size,

payload affinity, swelling, degradation, and depot geometry may produce heteroge‐

neous exposure. Clinically relevant evaluation should therefore address gelation time,

injection force, backflow, anatomical conformity, positional stability, swelling, spatial

payload distribution, systemic leakage, and degradation.

For postoperative formulations, antitumor performance should also be distin‐

guished from hemostasis, wound healing, tissue sealing, and adhesion prevention be‐

cause these are separate clinical functions requiring different endpoints.

Microgels are crosslinked hydrogel particles that provide high surface area and may

be administered as suspensions or incorporated into secondary matrices [152]. Oral mi‐

crogels have been investigated for protection of therapeutic agents during gastrointesti‐

nal transit and preferential delivery to the colon, including polysaccharide-based sys‐

tems carrying 5-fluorouracil [153]. Pulmonary microgels may support localized respira‐

tory delivery, whereas microgel-like and hydrogel-forming embolic systems can com‐

bine vascular occlusion with local therapeutic delivery.

In transarterial applications, embolization and payload delivery should be evalu‐

ated as distinct functions. Silk–elastin-like systems, for example, have demonstrated
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4.2.3. Nanogels

4.2.4. Hybrid Hydrogels

catheter-compatible gelation and potential as localized chemoembolic carriers [154,155].

Relevant parameters include particle or precursor dimensions, deformability, catheter

passage, vascular distribution, durability of occlusion, non-target embolization, payload

release, degradation, and local tissue response.

Routine intravenous use of microgels remains challenging because microscale carri‐

ers may undergo rapid phagocytic uptake or capillary entrapment. Route selection

should consequently be based on particle dimensions, deformability, biodistribution,

and clearance rather than on the assumption that all microgels are suitable for systemic

delivery.

Nanogels are nanoscale crosslinked networks capable of incorporating small mole‐

cules, proteins, nucleic acids, photosensitizers, and imaging agents [7,152]. Their dimen‐

sions and hydrated structure may support circulation, tissue transport, and cellular up‐

take, but these outcomes depend on hydrodynamic size, surface charge, deformability,

aggregation, protein adsorption, and colloidal stability.

Functionalized nanogels have demonstrated therapeutic activity in glioblastoma

models, including miR-34a delivery and near-infrared-activated biomimetic systems

[156,157]. These formulation-specific observations should not be generalized to all

nanogels. Nanoscale dimensions do not independently establish blood–brain barrier

penetration, tumor targeting, cellular uptake, or homogeneous intratumoral distribution.

Likewise, increased tumor-associated imaging signal may represent vascular retention,

extracellular accumulation, or released label rather than delivery of an intact nanogel.

Nanogel studies should therefore quantify blood pharmacokinetics, intact-carrier

distribution, tumor-to-organ ratios, intratumoral localization, cellular uptake, systemic

toxicity, degradation, and renal or hepatobiliary clearance. Where blood–brain barrier

transport is claimed, the distribution of the intact nanogel should be distinguished from

that of released payloads or imaging labels.

Hybrid systems incorporate nanoparticles, nanogels, liposomes, micelles, proteins,

synthetic polymer segments, or inorganic components within a hydrogel matrix [18,49,

158–160]. The bulk network may provide anatomical retention, whereas the incorpo‐

rated carrier controls payload solubilization, cellular uptake, imaging, energy conver‐

sion, or sequential release. Representative systems include hydrogels containing drug-

loaded liposomes, polymeric micelles, magnetic particles, photothermal agents, and

membrane-coated nanocarriers [48,49,159,160].

This added functionality increases analytical and manufacturing complexity. A sus‐

tained bulk-release profile does not establish that intact nanoparticles are released, retain

their original dimensions and potency, or reach the intended cellular compartment.

Moreover, the hydrogel matrix, incorporated carrier, payload, and degradation products

may follow different biodistribution and clearance pathways.

Hybrid formulations should therefore be evaluated at three levels: the hydrogel ma‐

trix, the incorporated carrier, and the integrated final product. Critical attributes include

component ratios, spatial homogeneity, particle aggregation, payload leakage, sequen‐

tial-release behavior, sterilization compatibility, and storage stability. Biological studies

should distinguish the distribution and safety profiles of the matrix, carrier, payload,

and degradation products. Additional components should be included only when they

address a defined clinical or pharmaceutical limitation, because increasing multifunc‐

tionality can compromise manufacturing reproducibility, analytical control, sterilization,
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4.3. Route-Specific Design and Platform Selection

5. Targeting Strategies and Stimuli-Responsive Release

5.1. Local Placement and Passive Accumulation

and regulatory development.

Administration route is a primary design constraint. Intratumoral formulations re‐

quire predictable injection, limited backflow, and reliable gelation; postoperative sys‐

tems require anatomical conformity, positional stability, and controlled swelling; in‐

traperitoneal depots require retention despite fluid movement; and transarterial systems

require catheter compatibility and controlled embolization. Oral formulations must tol‐

erate gastrointestinal transit before releasing their payload at the intended site, whereas

systemically administered nanogels require acceptable circulation, quantitative biodistri‐

bution, and organ-clearance assessment [9–12,16,17].

These requirements frequently compete. Rapid gelation may improve local reten‐

tion but increase the risk of premature gelation within a needle or catheter. Greater

crosslink density may stabilize a depot but restrict payload diffusion, tissue integration,

immune-cell migration, or degradation. Strong payload affinity may reduce initial burst

release but also reduce therapeutic availability. Clinically representative administration

conditions, including needle or catheter dimensions, injection force, preparation time,

component-mixing accuracy, formulation temperature, placement accuracy, imaging

compatibility, and operator dependence, should therefore be incorporated early in pre‐

clinical development.

No platform architecture is intrinsically superior. Macrogels are generally suited to

accessible tumors, postoperative cavities, and sustained local treatment; microgels to

mucosal, pulmonary, particulate, or transarterial delivery; nanogels to systemic or cellu‐

lar delivery; and hybrid systems to applications requiring coordinated retention and car‐

rier-mediated transport. Platform selection should integrate tumor accessibility, treat‐

ment objective, payload properties, administration route, required exposure period, and

acceptable degradation and clearance profiles.

Comparative interpretation should distinguish local retention, spatial distribution,

systemic leakage, release, tumor-volume change, tumor-growth inhibition, recurrence

control, survival, degradation, and clearance as separate outcomes. The strongest evi‐

dence arises when hydrogel architecture and administration route are explicitly con‐

nected to clinically relevant delivery, disposition, safety, and therapeutic endpoints.

Whereas Section 4 classifies hydrogel platforms according to architecture, adminis‐

tration route, disposition, and oncology-relevant function, Section 5 examines the target‐

ing and stimulus-responsive mechanisms used to control cellular interactions and pay‐

load release.

Targeting and stimulus-responsive release are related but distinct functions.

Targeting governs where a formulation or released carrier accumulates and which cells it

interacts with, whereas stimulus responsiveness governs when and under which condi‐

tions the hydrogel changes its network structure, payload affinity, or release behavior.

Neither function is intrinsic to all hydrogels, and neither should be inferred solely from

local administration, prolonged retention, or release under an experimentally selected

condition. The diffusion-, swelling-, degradation-, and affinity-controlled mechanisms

underlying release are discussed in Section 3.3; the present section focuses on their im‐

plications for localization and tumor-associated activation [16,17,45].

Direct intratumoral, peritumoral, intraperitoneal, postoperative, or transarterial ad‐
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5.2. Ligand-Mediated Targeting and Cellular Uptake

ministration can increase exposure at an anatomically defined treatment site. However,

local placement is not equivalent to molecular targeting. A hydrogel may remain near

the administration site while releasing its payload unevenly, failing to penetrate the tu‐

mor, or allowing substantial systemic leakage. Local targeting claims should therefore be

supported by quantitative depot retention, spatial payload distribution, systemic expo‐

sure, and tumor-to-normal-tissue data.

For systemically administered nanogels and hydrogel-derived nanocarriers, passive

accumulation may be influenced by abnormal tumor vasculature and impaired lym‐

phatic drainage, commonly described as the enhanced permeability and retention effect

[19–22,25–27]. Its magnitude, however, varies among tumor types, patients, lesions, and

regions within the same tumor. Perfusion, vascular permeability, elevated interstitial

pressure, stromal density, particle dimensions, surface chemistry, protein adsorption,

and clearance by the mononuclear phagocyte system can all restrict accumulation and

penetration [23,24,28,161].

The enhanced permeability and retention effect should therefore be treated as a

variable transport phenomenon rather than a universal mechanism of tumor targeting.

Particle accumulation should be distinguished from intact-carrier delivery, cellular up‐

take, and therapeutic-payload availability. Increased tumor-associated fluorescence

alone is insufficient because the signal may arise from circulating material, vascular re‐

tention, released dye, or extracellular accumulation.

Active targeting introduces ligands that recognize tumor-associated receptors or ex‐

tracellular components. Antibodies, peptides, aptamers, hyaluronic acid, folate deriva‐

tives, and related ligands have been used to facilitate receptor-associated binding or cel‐

lular uptake [29–37]. Representative targets include CD44, HER2, epidermal growth fac‐

tor receptor, integrins, transferrin receptors, and tumor-associated vascular markers.

Ligand functionalization acts mainly after the carrier has reached an accessible tar‐

get. It does not independently overcome poor perfusion, dense extracellular matrix, ele‐

vated interstitial pressure, or limited tissue penetration. Moreover, receptor abundance

may differ across patients, tumor regions, disease stages, and treatment histories.

Receptor expression should therefore be quantitatively verified in the intended indica‐

tion rather than assumed from cell-line data.

Evidence for active targeting should include appropriate non-targeted or ligand-

blocking controls, receptor-specific uptake, intact-carrier tracking, and tumor-to-normal-

tissue distribution. Greater cytotoxicity in receptor-positive cells may support receptor-

associated uptake but does not establish in vivo tumor targeting or reduced systemic

toxicity. Dual- or multiligand strategies may broaden cellular interactions, but they also

increase manufacturing, analytical, immunogenicity, and regulatory complexity [36,38].

Passive accumulation and ligand-mediated interactions operate at different stages

of delivery. Passive accumulation is influenced by circulation, vascular permeability, in‐

terstitial transport, particle properties, and systemic clearance, whereas active targeting

primarily affects receptor-associated binding and cellular uptake after the carrier reaches

an accessible target. Tumor-associated acidity, oxidative stress, hypoxia, intracellular re‐

ducing conditions, and altered enzyme activity may subsequently modify hydrogel

swelling, payload affinity, crosslink stability, or degradation, as summarized in Figure 3.
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5.3. Endogenous Stimuli-Responsive Release

5.3.1. pH-Responsive Hydrogels

5.3.2. Redox-Responsive Hydrogels

Figure 3. Targeting mechanisms and endogenous tumor-associated conditions relevant to hydro‐

gel-based drug delivery. (A) Passive accumulation is influenced by abnormal tumor vasculature,

extravasation, interstitial transport, particle properties, and systemic clearance, whereas ligand-

mediated targeting promotes receptor-associated binding or cellular uptake after the carrier

reaches an accessible target. (B) Tumor-associated conditions that may be exploited for responsive

release include extracellular acidity, hypoxia, oxidative stress, altered protease or enzyme activity,

and intracellular reducing conditions. These features are spatially and temporally heterogeneous

and are not exclusive to malignant tissues. Panels were adapted and redrawn from Refs. [45,162].

Endogenous stimuli-responsive hydrogels exploit biochemical differences associ‐

ated with tumors, including extracellular acidity, intracellular reducing conditions, ele‐

vated reactive oxygen species, hypoxia, and altered enzyme activity. These conditions

can change polymer ionization, swelling, payload–matrix affinity, crosslink stability, or

network degradation. However, tumor-associated stimuli vary spatially and temporally

and are not exclusive to malignant tissues. Inflammation, infection, ischemia, and

wound healing can reproduce several of the same biochemical conditions.

A measurable response under an extreme experimental condition does not establish

selectivity under physiological conditions. Evaluation should therefore compare healthy

physiological conditions, tumor-relevant stimulus ranges, intracellular conditions where

applicable, and relevant nonmalignant pathological controls. Baseline release in the ab‐

sence of the intended trigger, activation thresholds, response kinetics, reversibility, and

performance after repeated stimulation should also be reported.

pH-responsive hydrogels use ionizable polymer groups or acid-labile bonds to

modify swelling, network stability, or payload release. Protonation of chitosan and re‐

lated cationic polymers can increase hydration and chain repulsion, whereas imine, hy‐

drazone, acetal, and related linkages may undergo accelerated cleavage under acidic

conditions [69,86,87,163–169].

The extracellular pH of solid tumors is generally only moderately lower than that of

healthy tissues and may vary substantially within a lesion. More acidic conditions occur

in endosomal and lysosomal compartments, meaning that some systems require cellular

uptake before substantial activation. Release studies should therefore compare physio‐

logical, tumor-relevant extracellular, and intracellular-compartment conditions rather

than relying on a single extreme acidic medium.
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5.3.3. ROS-, Enzyme-, and Hypoxia-Responsive Hydrogels

5.4. Externally Triggered Release

5.4.1. Light-Responsive Hydrogels

Redox-responsive hydrogels commonly contain disulfide or related reduction-sensi‐

tive linkages that undergo cleavage under glutathione-rich intracellular conditions

[39,170,171]. An alginate-derived porous hydrogel crosslinked using a disulfide-contain‐

ing PEG linker released more than 90% of its encapsulated doxorubicin in 10 mM glu‐

tathione [172]. This formulation differs from the pH- and glutathione-responsive den‐

drimer–alginate hydrogel summarized in Table 5, which released approximately 76% of

its doxorubicin under combined 10 mM glutathione and pH 5.5 conditions [173]. Redox

responsiveness has also been combined with folate- or hyaluronic-acid-mediated cellular

interactions, fluorescence tracking, magnetic hyperthermia, and light-responsive treat‐

ment [44,171,174].

Because millimolar glutathione concentrations principally represent intracellular re‐

ducing conditions, redox-triggered release usually requires cellular internalization or

close intracellular access. Evaluation should therefore distinguish extracellular depot re‐

lease from intracellular carrier disassembly and should test physiologically relevant glu‐

tathione ranges.

Reactive-oxygen-species-responsive hydrogels use oxidation-sensitive groups, in‐

cluding thioketal and phenylboronic-ester moieties, or incorporate components that gen‐

erate or amplify oxidative stress [175–178]. Enzyme-responsive systems may contain

peptide or polysaccharide segments cleavable by matrix metalloproteinases, cathepsins,

hyaluronidase, esterases, or other disease-associated enzymes [40,42]. Hypoxia-respon‐

sive platforms can release payloads under low-oxygen conditions or incorporate oxy‐

gen-generating or oxygen-consumption-modulating components to improve oxygen-de‐

pendent treatment [40,42,179–181].

These strategies remain susceptible to biological heterogeneity. Reactive oxygen

species, enzyme activity, and oxygenation vary among patients and across tumor regions

and may change during treatment. Responses observed at a single, highly elevated stim‐

ulus concentration should not be interpreted as evidence of tumor selectivity. Testing

should include stimulus gradients, relevant pathological controls, temporal changes, and

combined conditions representative of the intended tumor microenvironment.

External stimuli, including light, magnetic fields, ultrasound, ionizing radiation,

and controlled heating, can provide greater temporal control than endogenous triggers.

Their effectiveness nevertheless depends on energy penetration, spatial distribution,

treatment geometry, exposure duration, and the position of the hydrogel relative to the

energy source. External activation should therefore be evaluated using clinically relevant

equipment and tissue depths rather than only through superficial or small-animal

models.

Light-responsive hydrogels can support photothermal heating, photosensitizer acti‐

vation, bond cleavage, or stimulus-dependent payload release. Near-infrared irradiation

is generally favored over ultraviolet or visible light because of greater tissue penetration,

although attenuation and nonuniform energy deposition remain important limitations

[182,183].

For example, a methylcellulose-based hybrid hydrogel containing IR820 and dox‐

orubicin-loaded silica nanoparticles generated local heat and enhanced drug release un‐

der near-infrared irradiation [184]. Other platforms have combined photosensitizers, im‐
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5.4.2. Magnetic-, Ultrasound-, and Radiation-Responsive Systems

5.5. Thermoresponsive Hydrogels and Hyperthermia

mune modulators, inorganic particles, or responsive prodrugs to integrate photother‐

mal, photodynamic, chemotherapeutic, and immunotherapeutic effects [185]. Such sys‐

tems should be evaluated through wavelength, power density, irradiation duration, pen‐

etration depth, intratumoral energy distribution, thermal or reactive-oxygen dose, treat‐

ment repeatability, and injury to adjacent tissues.

Magnetic hydrogels incorporate magnetic particles that can be retained within a hy‐

drogel matrix and activated by an applied magnetic field. Under an alternating magnetic

field, the particles may generate heat for magnetic hyperthermia, while field-induced

particle movement can also produce mechanical deformation or alter payload transport [

186–188]. Ultrasound-responsive hydrogels use acoustic energy to promote drug release

through mechanisms including acoustic cavitation, localized heating, pressure-induced

network deformation, erosion, or disruption of acoustically active components embed‐

ded within the matrix [189,190]. Hydrogels used with radiotherapy can localize radionu‐

clides, radiosensitizers, chemotherapeutics, or immune modulators at the treatment site,

thereby coordinating local delivery with external-beam radiotherapy or brachytherapy [

191–194].

These externally activated systems introduce modality-specific safety and equip‐

ment requirements. Magnetic studies should report magnetic-particle concentration,

field strength, frequency, specific absorption rate or heating efficiency, exposure dura‐

tion, and spatial temperature distribution. Ultrasound studies should report frequency,

acoustic pressure, intensity, duty cycle, pulse duration, treatment time, cavitation condi‐

tions, and tissue depth. Radiation-associated systems should specify radiation type,

dose, dose rate, fractionation, treatment geometry, and dosimetry. Across all systems,

evaluation should include carrier stability, baseline and stimulus-triggered release, spa‐

tial energy distribution, adjacent-tissue exposure, systemic leakage, degradation, biodis‐

tribution, and long-term clearance. Material activation, including heating, cavitation,

network disruption, or increased release, should be distinguished from improved tumor

control.

Thermoresponsive hydrogels undergo temperature-dependent changes in swelling,

network organization, solubility, or physical state. Many injectable thermogels are liq‐

uids during preparation or administration and form localized depots near physiological

temperature [195–198]. Their performance depends on the sol–gel transition range, pre‐

cursor viscosity, gelation time, dilution resistance, post-gelation mechanical stability, and

reproducibility under clinically relevant handling conditions.

Thermoresponsive behavior should be distinguished from therapeutic hyperther‐

mia. A temperature-induced sol–gel transition does not itself generate a therapeutic ther‐

mal dose. Hyperthermia requires an external or internally activated heat source, such as

light-absorbing materials, magnetic particles exposed to an alternating magnetic field,

radiofrequency or microwave energy, or focused ultrasound [188,197–200]. A thermore‐

sponsive hydrogel may carry a heat-generating component or release a payload during

heating, but temperature responsiveness alone should not be described as hyperthermia.

Hydrogel-assisted thermal systems should report both material behavior and treat‐

ment-specific parameters. Material evaluation should include gelation temperature,

gelation time, rheology, injectability, and temperature-dependent release. Thermal evalu‐

ation should include the energy source, power density or field strength, exposure time,

heating rate, intratumoral and adjacent-tissue temperatures, thermal dose, spatial heat
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5.6. Selectivity, Validation, and Translational Limitations

6. Hydrogel-Based Therapeutic Modalities in Cancer

distribution, repeated-exposure effects, and clearance of the heat-generating component.

Hyperthermia should not be described as inherently tumor-selective because selectivity

depends on hydrogel placement, energy distribution, tissue perfusion, tumor depth, and

the thermal sensitivity of surrounding tissues.

Stimulus responsiveness should be regarded as a mechanism for modifying the

probability, rate, or timing of payload release rather than as definitive evidence of tu‐

mor-specific delivery. A formulation may respond more strongly under tumor-associ‐

ated conditions while still releasing a substantial payload in circulation or healthy tis‐

sues. Similarly, ligand-mediated targeting may increase receptor-specific binding or cel‐

lular uptake without necessarily increasing total tumor accumulation or producing ho‐

mogeneous intratumoral distribution [23,28,32,34,45].

Responsive systems should therefore be evaluated across the complete sequence:

Administration → localization → stimulus exposure → network response → pay‐

load release → tissue distribution → cellular uptake → therapeutic effect → degradation

and clearance.

Release studies should compare physiological conditions, tumor-relevant condi‐

tions, and relevant nonmalignant pathological controls, including inflammation, infec‐

tion, ischemia, and wound healing where appropriate. Baseline leakage in the absence of

the intended stimulus should also be quantified. The stimulus concentration, exposure

duration, reversibility, activation threshold, response kinetics, and performance after re‐

peated activation should be reported [9,10,45].

Multi-stimulus systems may increase activation stringency by requiring sequential

or simultaneous triggers. However, additional materials, ligands, responsive bonds,

nanocarriers, and reaction mechanisms may reduce manufacturing reproducibility and

complicate sterilization, storage stability, analytical control, degradation assessment,

scale-up, and regulatory classification [10–12,36,38].

Validation should connect hydrogel structure, mechanical properties, degradation,

and application-relevant release kinetics with clinically representative administration

and biological performance [9,10,16,17]. Where tumor targeting or systemic transport is

claimed, evidence should include intact-carrier tracking, quantitative tumor-to-organ

distribution, spatial payload mapping, pharmacokinetics, and appropriate non-targeted

or receptor-blocking controls. Tumor-associated accumulation should be distinguished

from vascular retention, extravasation, tissue penetration, cellular uptake, and release of

the imaging label or payload [23,28]. Likewise, ligand functionalization may increase re‐

ceptor-specific binding or endocytosis after a carrier reaches an accessible target but

does not necessarily increase total tumor accumulation or overcome poor perfusion,

stromal barriers, and heterogeneous receptor expression [32,34].

Section 6 examines how these localization and release-control strategies are applied

to chemotherapy, radiotherapy, immunotherapy, hyperthermia, and phototherapy.

Hydrogels can support cancer treatment by localizing therapeutic agents, modify‐

ing their release kinetics, protecting labile payloads, and coordinating complementary

treatment modalities at anatomically defined sites. Their value nevertheless depends on

the complete sequence from administration and depot formation to payload release, tis‐

sue distribution, therapeutic response, degradation, and clearance. Local retention, sus‐

tained release, or stimulus-dependent activation should not independently be inter‐

preted as evidence of homogeneous tumor exposure, reduced systemic toxicity, or supe‐
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6.1. Hydrogel-Based Chemotherapy

rior efficacy [9,10,16,17]. Representative quantitative formulation, release, retention, and

therapeutic outcomes are compared in Table 5.

The principal roles of hydrogel platforms in chemotherapy, radiotherapy, im‐

munotherapy, hyperthermia, and photothermal or photodynamic therapy are summa‐

rized in Figure 4.

Figure 4. Hydrogel-based platforms for localized cancer therapy. Hydrogels enable local retention,

controlled release, and combination delivery of therapeutic agents for chemotherapy, radiother‐

apy, immunotherapy, hyperthermia, and photothermal/photodynamic therapy.

The contribution of the hydrogel should be evaluated using modality-appropriate

controls, including the free payload, unloaded hydrogel, nonactivated formulation

where applicable, individual therapeutic components, and an appropriate standard-of-

care comparator. For externally activated treatments, material activation, such as heat‐

ing, reactive-oxygen-species generation, or accelerated release, should be distinguished

from therapeutic benefit. The following subsections examine the formulation require‐

ments, therapeutic evidence, and principal limitations associated with each modality.

Systemic chemotherapy is frequently limited by nonspecific biodistribution, rapid

clearance, dose-limiting toxicity, poor intratumoral penetration, and drug resistance.

Injectable, implantable, and in situ-forming hydrogels can retain chemotherapeutic

agents at intratumoral, peritumoral, intraperitoneal, transarterial, or postoperative sites

and regulate their release through diffusion, swelling, degradation, or drug–matrix in‐

teractions [9,15–17].
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6.2. Hydrogel-Assisted Radiotherapy

6.3. Hydrogel-Based Immunotherapy

Chemotherapeutic agents may be incorporated directly into a hydrogel or first

loaded into liposomes, micelles, nanoparticles, or other carriers embedded within the

matrix. Carrier-in-hydrogel systems can improve payload solubilization, protection, and

sequential release but introduce additional variables related to carrier size, aggregation,

distribution, leakage, stability, and manufacturing reproducibility [10–12,16,17,49]. A

sustained bulk-release profile does not establish that an intact carrier is released, retains

its original properties, or reaches the intended cellular compartment.

Evaluation should therefore include drug loading, content uniformity, burst and cu‐

mulative release, mass balance, residual drug within the depot, systemic exposure, spa‐

tial payload distribution, hydrogel degradation, and clearance. Appropriate controls

should include the free drug, unloaded hydrogel, and, where relevant, nonresponsive or

carrier-only formulations. Therapeutic benefit should be demonstrated through tumor

response, recurrence, survival, and local and systemic safety rather than inferred from

prolonged release alone [9,10,15–17].

Hydrogel-based chemotherapy is particularly relevant when local administration

addresses a defined clinical limitation, such as postoperative residual disease, peritoneal

dissemination, restricted vascular delivery, or dose-limiting systemic toxicity. Detailed

formulation-specific outcomes are presented in Table 5 and the cancer-specific

subsections.

Hydrogels may complement radiotherapy by localizing radionuclides, radiosensi‐

tizers, chemotherapeutics, antiangiogenic agents, oxygen-modulating materials, or im‐

mune modulators at the treatment site. These strategies have been investigated in exter‐

nal-beam radiotherapy, brachytherapy, postoperative irradiation, and combined

chemoradiotherapy.

An injectable hyaluronic acid–tyramine hydrogel containing endostatin was com‐

bined with radiotherapy to modulate tumor vasculature, reduce hypoxia, and improve

the radiation response in a preclinical lung-cancer model [201]. Because vascular normal‐

ization is dose- and time-dependent, the resulting changes in perfusion and oxygenation

should not be generalized beyond the evaluated formulation and treatment schedule.

Thermosensitive hydrogels containing gold nanoparticles and doxorubicin have

also been developed for localized chemoradiotherapy, with the nanoparticles acting as

radiosensitizers and doxorubicin providing complementary cytotoxicity [191].

Hydrogels can additionally localize therapeutic radionuclides. In a preclinical hepatocel‐

lular-carcinoma model, a PCL–PEG–PCL hydrogel co-delivering Re sulfur colloid and

paclitaxel-loaded micelles prolonged intratumoral radionuclide retention and improved

tumor-growth control relative to the corresponding single-modality comparators [192].

188

Radiotherapy-associated hydrogels should be evaluated using radiation type, dose,

dose rate, fractionation, treatment timing, irradiation geometry, radionuclide or ra‐

diosensitizer retention, absorbed-dose distribution, systemic leakage, organ exposure,

and adjacent-tissue toxicity. A hydrogel that delivers a radionuclide or radiosensitizer

should not automatically be described as radiation-responsive. Such terminology re‐

quires evidence of radiation-induced structural change, degradation, crosslinking, or

payload release under treatment-relevant conditions.

Cancer immunotherapy is often restricted by inadequate immune-cell infiltration,

limited tumor immunogenicity, macromolecular transport barriers, and an immunosup‐

pressive tumor microenvironment. Hydrogels can provide localized delivery of check‐
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6.4. Hydrogel-Assisted Hyperthermia

6.5. Photothermal and Photodynamic Therapy

point inhibitors, immune agonists, cytokines, antigens, enzymes, nucleic acids, immune-

modulating small molecules, or therapeutic cells [16,17,47].

Localized immunotherapy may promote antigen presentation, dendritic-cell matu‐

ration, tumor-associated macrophage repolarization, cytotoxic-lymphocyte recruitment,

checkpoint inhibition, or immunogenic cell death. These outcomes should be evaluated

individually because immune-cell recruitment does not necessarily establish activation,

and primary-tumor control does not establish systemic immunity or durable immune

memory.

A melittin–RADA32 peptide hydrogel containing doxorubicin inhibited primary

melanoma growth and was associated with natural-killer-cell recruitment, dendritic-cell

activation, cytotoxic T-cell responses, and a reduction in M2-like macrophages [88]. A

compositionally distinct melittin–(RADA)6 hydrogel containing the Ca /calmodulin-de‐

pendent protein kinase II inhibitor KN93 induced immunogenic tumor-cell death and

enhanced the response to anti-PD-1 treatment in a hepatoma-ascites model [89]. These

systems illustrate the potential to coordinate local tumor-cell killing with immune activa‐

tion, but melittin-containing formulations require rigorous evaluation of hemolysis, sys‐

temic leakage, peptide degradation, immunogenicity, and repeated-dose toxicity [202].

2+

Hydrogel-immunotherapy studies should assess immune-cell phenotypes and func‐

tional activation, cytokine profiles, antigen presentation, distant-tumor responses, recur‐

rence, rechallenge protection, survival, and systemic immune-related toxicity. Claims of

systemic immunity or immune memory require direct evidence and should not be in‐

ferred solely from local tumor suppression.

Hyperthermia uses controlled heating, generally at approximately 39–45 °C, to sen‐

sitize tumors to chemotherapy, radiotherapy, or immunotherapy. It should be distin‐

guished from thermal ablation, which uses higher temperatures to produce direct coagu‐

lative tissue destruction. Hyperthermia can impair protein homeostasis, mitochondrial

function, membrane integrity, and DNA-damage repair while modifying perfusion, oxy‐

genation, antigen release, and immune activity [199].

Thermoresponsive hydrogels and hyperthermia-generating systems are also dis‐

tinct. Thermoresponsive hydrogels undergo temperature-dependent swelling, network

reorganization, or sol–gel transition and can form local depots near physiological tem‐

perature [197,198,200]. These changes do not themselves generate a therapeutic thermal

dose. Hyperthermia requires an external or internally activated energy-conversion

mechanism, such as light absorption, magnetic particles exposed to an alternating mag‐

netic field, radiofrequency or microwave energy, or focused ultrasound.

Hydrogels can support magnetic hyperthermia by retaining magnetic particles at

the treatment site. For example, an injectable mPEG-b-PLV hydrogel containing Fe O

nanoparticles generated local heating under an alternating magnetic field and induced

ROS accumulation, lipid peroxidation, mitochondrial damage, ferroptosis, autophagy,

and apoptosis in preclinical hepatocellular carcinoma models [188].

3 4

Thermal studies should report the energy source, field strength or power density,

frequency, exposure duration, heating rate, minimum and maximum intratumoral tem‐

peratures, spatial temperature distribution, cumulative thermal dose, treatment depth,

repeated-exposure effects, and adjacent-tissue heating. Heating or temperature-triggered

release demonstrates material activation but does not independently establish improved

tumor control. Efficacy must be assessed using tumor response, recurrence, survival,

systemic exposure, and normal-tissue injury.
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6.6. Comparative Evaluation of Therapeutic Modalities

Photothermal therapy converts absorbed light into heat, whereas photodynamic

therapy activates a photosensitizer to generate reactive oxygen species, particularly sin‐

glet oxygen [182,203,204]. Hydrogels can retain photoactive agents at intratumoral or

postoperative sites and coordinate their activity with chemotherapy or immunotherapy.

Photothermal systems may incorporate organic dyes, carbon-based materials,

metallic particles, semiconductor materials, or conjugated polymers. Local hydrogel re‐

tention can reduce immediate dispersion, but it does not eliminate absorber-specific toxi‐

city, systemic leakage, uneven heating, or off-target tissue injury. Photodynamic therapy

is additionally limited by light attenuation, photobleaching, variable photosensitizer dis‐

tribution, and tumor hypoxia.

An ROS-responsive and Raman-traceable hydrogel was developed to co-deliver a

photosensitizer and an immune-checkpoint-blockade antibody. During photodynamic

treatment, the hydrogel protected the antibody from excessive ROS exposure and under‐

went ROS-mediated degradation to release its payloads. The formulation inhibited post‐

operative recurrence, metastasis, and rechallenged-tumor growth in the evaluated model

[177]. This system illustrates the dual role of ROS as both a therapeutic mediator and a

trigger for hydrogel degradation.

Photothermal and photodynamic activities can also be integrated within one mate‐

rial. An injectable hydrogel formed from amino-modified carbon dots and aldehyde-

functionalized cellulose nanocrystals used the carbon dots as both crosslinking and pho‐

toactive components. The carbon dots exhibited a photothermal-conversion efficiency of

77.6% and a singlet-oxygen quantum yield of 0.37 under 660 nm irradiation [71]. Because

660 nm light has limited penetration in deep tissues, these photophysical properties

should not be interpreted independently as evidence of broad clinical applicability.

Phototherapy studies should report wavelength, irradiance, fluence, exposure dura‐

tion, treatment geometry, tissue depth, intratumoral light and temperature distributions,

photobleaching, oxygen availability, ROS production, systemic leakage, adjacent-tissue

injury, hydrogel degradation, and clearance. Heating, fluorescence, singlet-oxygen gen‐

eration, or increased release represents activation of the formulation rather than proof of

therapeutic superiority.

Direct comparison among hydrogel-based therapeutic modalities is difficult be‐

cause studies differ in polymer composition, payload definition, administration route,

tumor model, release conditions, treatment schedule, observation period, and clinical

endpoint. Loading capacity, encapsulation efficiency, release, local retention, tumor-asso‐

ciated fluorescence, tumor-growth inhibition, regression, recurrence control, and sur‐

vival are distinct outcomes and should not be used interchangeably.

Tumor-associated fluorescence may reflect vascular retention, extracellular accumu‐

lation, carrier degradation, or release of an imaging label rather than delivery of an intact

hydrogel-associated carrier [23,28]. Similarly, ligand functionalization may increase re‐

ceptor-mediated binding or uptake after the carrier reaches an accessible target but does

not necessarily increase total tumor accumulation or overcome inadequate perfusion,

stromal barriers, elevated interstitial pressure, or heterogeneous receptor expression

[32,34].

Evaluation should therefore connect the following:

Administration → localization → treatment or stimulus exposure → network re‐

sponse → payload release → tissue distribution → cellular or biological interaction →
therapeutic effect → hydrogel degradation → systemic clearance.

The strongest evidence combines:
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6.7. Cancer-Specific Applications of Biopolymer Hydrogels

• Hydrogel composition, crosslinking, rheology, and mechanical properties;

• Payload loading, content uniformity, release kinetics, and mass balance;

• Payload stability and retained biological activity;

• Clinically representative administration;

• Intact-carrier and payload tracking;

• Quantitative tumor-to-organ distribution and pharmacokinetics;

• Spatial mapping of the payload, radiation dose, temperature, light, or other applied

energy;

• Appropriate targeted versus nontargeted, responsive versus nonresponsive, and

stimulated versus unstimulated controls;

• Tumor response, recurrence, survival, and modality-specific biological outcomes;

• Local and systemic toxicity; and;

• Degradation-product identification, biodistribution, and clearance [9,10,16,17].

Multimodal formulations should also be compared with the relevant monotherapies

and component controls to determine whether a combination provides additive or syn‐

ergistic benefit. Additional components may increase functional capability but also in‐

crease the number of critical quality attributes, manufacturing variables, analytical re‐

quirements, degradation products, and potential failure modes [10–12].

Multifunctionality should therefore be justified by clinically meaningful improvement

rather than technological complexity alone [36,38].

Representative formulation, release, retention, biodistribution, and therapeutic re‐

sults are compared in Table 5.

Loading capacity, encapsulation efficiency, cumulative release, local retention, tu‐

mor-associated signal, tumor-growth inhibition, tumor-volume change, tumor regres‐

sion, recurrence control, and survival represent distinct formulation or biological out‐

comes and should not be treated as interchangeable. Tumor-growth inhibition refers to a

calculated comparative percentage, whereas a lower increase in relative tumor volume

should not be classified as tumor regression unless tumor size decreases below its pre‐

treatment value. Similarly, increased local retention or higher tumor-associated signal

does not establish tumor targeting without quantitative tumor-to-normal-tissue distribu‐

tion data. Reduced postoperative recurrence should not be described as complete recur‐

rence prevention unless all treated subjects remain recurrence-free throughout the pre‐

defined observation period, and survival improvement should be stated only when sur‐

vival was formally evaluated. Accordingly, prolonged release or local retention alone

should not be interpreted as evidence of therapeutic superiority.

The clinical requirements of hydrogel-based treatment vary substantially with tu‐

mor anatomy, disease dissemination, accessibility, treatment stage, and standard clinical

workflow. Colorectal and gastric cancers may permit oral, endoscopic, intraperitoneal, or

postoperative delivery; hepatocellular carcinoma can be approached through intratu‐

moral or transarterial administration; pancreatic cancer requires strategies compatible

with a dense stroma and anatomically constrained delivery; and breast cancer provides

opportunities for intratumoral, neoadjuvant, and postoperative-cavity treatment.

Hydrogel selection should therefore be based on a defined disease-specific barrier rather

than on material novelty alone. Representative quantitative formulation, release, reten‐

tion, biodistribution, and therapeutic results are summarized in Table 5.

Table 5. Critical comparison of representative hydrogel systems for cancer therapy.
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Cancer/

Model
Modality

Hydrogel 

Formulation

Payload 

or 

Therapeutic 

Component

Loading 

or 

Encapsulation

Quantitative 

Release 

or 

Retention 

Outcome

Biological 

or 

Therapeutic 

Outcome

Principal 

Limitation
Ref.

 Ovarian cancer cell model Chemotherapy

Diels–

Alder-

crosslinked 

oxaliplatin 

hydrogel, 

hydrogel–

OxPt

Oxaliplatin NR

78.8% 

released 

over 7 

days; 

release 

fitted 

the 

Higuchi 

model, 

R  = 

0.9179, 

and 

Korsmeyer–

Peppas 

model, 

R  = 

0.8924

2

2

Sustained 

oxaliplatin 

exposure 

and 

cytotoxic 

activity 

in 

ovarian-

cancer 

cells

Evidence 

was 

principally 

in vitro; 

loading, 

in vivo 

efficacy, 

biodistribution, 

degradation, 

and 

clearance 

require 

evaluation

[205]

Gastric 

cancer 

with 

peritoneal 

dissemination

Intraperitoneal 

chemotherapy

In situ-

crosslinkable 

HA–

adipic 

dihydrazide/HA–

aldehyde 

hydrogel

Cisplatin NR

Local 

cisplatin 

release 

was 

maintained 

for 

approximately 

4 days

Reduced 

peritoneal 

tumor 

burden 

relative 

to the 

comparator 

groups 

in a 

preclinical 

model

Short 

release 

period; 

loading 

was not 

quantified, 

and 

pharmacokinetics, 

survival, 

systemic 

exposure, 

and 

long-

term 

clearance 

were 

not 

assessed

[206]

Gastric 

cancer 

with 

peritoneal 

dissemination

Intraperitoneal 

chemotherapy

Cisplatin-

loaded 

HA 

nanogel 

incorporated 

into an 

injectable 

HA 

hydrogel

Cisplatin Cisplatin 

loading 

efficiency: 

17 wt%; 

administered 

dose: 20 

μg per 

treatment

87% 

release 

within 

72 h 

from 

the 1 

wt% 

HA 

formulation; 

81% 

Significantly 

fewer 

total 

peritoneal 

nodules 

than 

with 

free 

cisplatin, 

p = 

Limited 

activity 

against 

nodules 

> 1.0 

mm; the 

2 wt% 

formulation 

increased 

blood 

[207]
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or 
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Biological 

or 

Therapeutic 

Outcome

Principal 

Limitation
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release 

over 7 

days 

from 

the 2 

wt% 

formulation

0.032; 

mean 

number 

of 

nodules 

< 1.0 

mm: 1.9 

versus 

14.4 

with 

free 

cisplatin

urea 

nitrogen; 

survival 

and 

long-

term 

clearance 

were 

not 

assessed

Gastric 

cancer; 

MKN45 

subcutaneous 

xenograft 

and 

peritoneal-

dissemination 

models

Nanoparticle-

assisted 

local 

chemotherapy

Thermosensitive 

PEG-

modified 

BSA 

hydrogel 

containing 

paclitaxel-

loaded 

red-

blood-

cell-

membrane 

nanoparticles, 

PRNP-

gel

Paclitaxel

Loading 

efficiency: 

85.45 ± 

1.32%; 

loading 

content: 

22.10 ± 

0.25%

23% 

paclitaxel 

release 

at 10 h 

and 

36% at 

144 h; 

gelation 

within 

11.75 

min at 

37 °C; 

tumor-

site 

retention 

detected 

through 

day 7

Tumor-

growth 

inhibition 

was 

64.53% 

in the 

subcutaneous 

model; 

peritoneal 

nodule 

count 

was 

19.0 ± 

8.0 

versus 

34.25 ± 

11.67 

following 

free 

paclitaxel

Incomplete 

cumulative 

release, 

animal-

derived 

components, 

and 

limited 

long-

term 

and 

clinically 

representative 

safety 

data

[208]

Colorectal 

cancer; 

orthotopic 

CT26-

Luc and 

subcutaneous 

CT26 

mouse 

models

Oral 

chemo-

immunomodulatory 

therapy

Oxa@HMI 

inulin 

hydrogel 

containing 

hollow 

MnO  

nanocarriers

2

OxaliplatinEncapsulation 

efficiency: 

64.5 

wt%; 

drug-

loading 

capacity: 

45.0 

wt%

pH- 

and 

inulinase-

responsive 

release; 

approximately 

threefold 

higher 

tumor-

associated 

fluorescence 

than 

with 

Lower 

orthotopic 

tumor 

burden 

than in 

the 

control 

groups 

and 

marked 

inhibition 

of 

subcutaneous 

Performance 

may 

depend 

on 

intestinal 

transit 

and 

microbiota 

composition; 

long-

term 

MnO  

clearance, 

2

[209]
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or 
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Release 

or 
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Outcome

Biological 

or 

Therapeutic 

Outcome

Principal 

Limitation
Ref.

nanoparticle-

only 

treatment 

at 24 h

CT26 

tumor 

growth 

after 

oral 

administration 

at 20 

mg/kg/day 

for 14 

days

pharmacokinetics, 

and 

repeated-

dose 

safety 

remain 

unresolved

Colorectal 

cancer 

with 

peritoneal 

metastasis; 

CT26 

mouse 

model

Local 

chemotherapy

Thermosensitive 

methylcellulose-

based 

injectable 

hydrogel

Oxaliplatin NR

Complete 

oxaliplatin 

release 

at 

approximately 

48 h 

versus 6 

h for 

free 

oxaliplatin; 

gelation 

within 

90 s at 

37 °C; 

fluorescence-

based 

local 

retention 

detected 

through 

day 7

Reduced 

tumor-

nodule 

number 

versus 

saline, p 

< 0.01, 

and 

reduced 

nodule 

weight 

versus 

saline, p 

< 0.001, 

and free 

oxaliplatin, 

p < 0.01

Loading 

was not 

quantified; 

retention 

was 

measured 

using a 

fluorescent 

surrogate; 

pharmacokinetics, 

survival, 

and 

long-

term 

clearance 

were 

not 

assessed

[72]

HepG2 

hepatocellular 

carcinoma 

cells

Redox- 

and 

pH-

responsive 

chemotherapy

Alginate 

hydrogel 

containing 

a 

glutamic 

acid–

cysteine 

dendrimer 

with 

internal 

disulfide 

bonds 

and 

physically 

Doxorubicin NR Cumulative 

doxorubicin 

release 

was 

35% at 

pH 7.4, 

56% at 

pH 5.5, 

62% 

with 10 

mM 

GSH at 

pH 7.4, 

and 

Time- 

and 

concentration-

dependent 

cytotoxicity 

against 

HepG2 

cells; 

activity 

was 

weaker 

than 

that of 

free 

Loading 

was not 

quantified; 

evidence 

was 

limited 

to in 

vitro 

testing, 

and 10 

mM 

GSH 

primarily 

represents 

[173]
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or 

Therapeutic 

Outcome

Principal 
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crosslinked 

with 

PEG

76% 

with 10 

mM 

GSH at 

pH 5.5

doxorubicin 

at 24 h 

but 

comparable 

after 72 

h

an 

intracellular 

rather 

than 

extracellular 

tumor 

condition

Pancreatic 

cancer; 

Panc-1 

xenograft 

model

Local 

chemotherapy

Injectable 

PCLA–

PEG–

PCLA 

nanobiohybrid 

thermogel 

containing 

montmorillonite–

gemcitabine 

complexes

Gemcitabine

Initial 

gemcitabine 

content: 

10 mg/g 

hydrogel, 

approximately 

1 wt%; 

loading 

efficiency: 

NR

At 12 h, 

gemcitabine 

release 

was 

12% 

from 

the 

nanobiohybrid 

hydrogel 

versus 

approximately 

40% 

from 

the 

hydrogel 

without 

montmorillonite; 

the 

depot 

retained 

31 wt% 

of its 

initial 

dry 

mass 

after 8 

weeks 

in vivo

Tumor-

growth 

inhibition 

was 

81% 

after 8 

weeks 

versus 

65% 

with 

free 

gemcitabine; 

tumor 

volume 

increased 

approximately 

fivefold 

from 

baseline 

versus 

approximately 

tenfold 

with 

free 

gemcitabine

Small 

exploratory 

cohort, 

subcutaneous 

rather 

than 

orthotopic 

model, 

and no 

pharmacokinetic, 

biodistribution, 

or long-

term 

montmorillonite-

clearance 

data

[210]

Pancreatic 

cancer; 

PANC-

1 

xenograft 

model

NIR-II-

triggered 

chemo-

photothermal 

therapy

Thermosensitive 

15 wt% 

PDLLA–

PEG–

PDLLA 

Lip-Gel 

containing 

DG@Lips

Gemcitabine 

and 

DPP–

BTz

NR 62% 

gemcitabine 

release 

after 

120 min 

of 

intermittent 

1064 

nm 

irradiation; 

The 

reported 

tumor-

growth-

inhibition 

rate was 

91.73% 

after 

one 

intratumoral 

Encapsulation 

was not 

quantified; 

the 

study 

used a 

subcutaneous 

model, 

and 

thermal 

[211]
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or 
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Outcome

Biological 

or 

Therapeutic 

Outcome

Principal 

Limitation
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87% 

DG@Lips 

release 

from 

the 

hydrogel 

over 96 

h; gel 

formation 

within 

approximately 

1 min at 

37 °C

injection 

combined 

with 

1064 

nm 

irradiation

dosimetry, 

pharmacokinetics, 

systemic 

leakage, 

adjacent-

tissue 

injury, 

and 

long-

term 

safety 

require 

evaluation

Triple-

negative 

breast 

cancer; 

postoperative 

orthotopic 

mouse 

model

Postoperative 

NK-cell 

immunotherapy

Injectable 

oxidized 

starch/gelatin 

GOSAM 

hydrogel 

containing 

drug-

loaded 

mesoporous 

bioactive-

glass 

nanoparticles

SAHA 

and 3-

methyladenine, 

combined 

with 

UCB-

NK 

cells

NR

At day 

21, 

SAHA 

release 

was 

91.6% at 

pH 6.5 

versus 

29.6% at 

pH 7.4; 

3-

methyladenine 

release 

was 

92.3% 

versus 

28.1%, 

respectively; 

fluorescent 

drug 

signals 

persisted 

at the 

resection 

site for 

at least 

14 days

Enhanced 

UCB-

NK-

cell-

mediated 

antitumor 

activity 

and 

reduced 

postoperative 

TNBC 

recurrence 

during 

the 

reported 

observation 

period; 

the 

hydrogel 

also 

supported 

hemostasis 

and 

wound 

healing

Loading 

was not 

quantified; 

retention 

was 

measured 

using 

fluorescently 

labelled 

drugs, 

and 

long-

term 

degradation, 

biodistribution, 

systemic 

leakage, 

and 

manufacturing 

reproducibility 

require 

evaluation

[91]

TNBC 

and 

melanoma; 

4T1 and 

B16F10 

Chemo-

immunometabolic 

therapy

Injectable 

supramolecular 

p(THMA-

APMA)/HA 

hydrogel

Doxorubicin 

and 

kynureninase

NR A single 

low-

dose 

peritumoral 

administration 

Inhibited 

primary-

tumor 

growth, 

prolonged 

Loading 

and 

release 

were 

not 

[212]
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mouse 

models

provided 

concurrent 

local 

delivery; 

a 

directly 

comparable 

cumulative-

release 

percentage 

was not 

reported

survival 

relative 

to the 

control 

groups, 

produced 

a 

distant-

tumor 

response, 

and 

reduced 

postoperative 

recurrence 

in the 

evaluated 

models

standardized; 

enzyme 

stability, 

activity, 

immunogenicity, 

biodistribution, 

batch 

reproducibility, 

and 

feasibility 

of 

peritumoral 

administration 

require 

evaluation

Hepatocellular 

carcinoma; 

subcutaneous 

BNL 

hepatoma 

mouse 

model

Local 

chemo-

radionuclide 

therapy

Injectable 

25% 

PCL–

PEG–

PCL 

thermosensitive 

hydrogel 

containing 

Re 

sulfur 

colloid 

and 

paclitaxel-

loaded 

micelles

188

Re 

sulfur 

colloid 

and 

paclitaxel

188

Re 

radiolabelling 

efficiency 

> 95%; 

paclitaxel 

concentration: 

2 

mg/mL; 

paclitaxel 

encapsulation 

efficiency 

NR

188

Paclitaxel 

release 

remained 

<10%; 

tumor-

associated 

radioactivity 

was 

49.2 ± 

11.9%, 

36.6 ± 

12.4%, 

and 

36.3 ± 

11.5% 

of the 

injected 

dose at 

1, 8, 

and 48 

h, 

respectively

On day 

10, 

relative 

tumor 

volume 

was 

291.54 ± 

79.09% 

in the 

combination 

group 

versus 

642.81 ± 

113.99% 

with 

paclitaxel-

micelle 

hydrogel; 

survival 

was 

significantly 

prolonged 

relative 

to the 

corresponding 

monotherapy 

groups

Small 

cohorts, 

subcutaneous 

model, 

absence 

of a 

hydrogel-

embedded 

Re-

only 

control, 

limited 

dosimetry, 

and 

insufficient 

long-

term 

hepatic-

safety 

data

188

[192]

Note: Values were extracted under the experimental conditions reported in the original studies
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6.7.1. Hydrogels in the Treatment of Colorectal Cancer

and should not be interpreted as a direct ranking of formulation performance. Differences in hy‐

drogel composition, geometry, release conditions, administration route, tumor model, comparator,

dosing schedule, observation period, and endpoint definition limit cross-study comparability. NR,

not reported or not reliably comparable.

Colorectal cancer (CRC) is a major gastrointestinal malignancy with substantial

metastatic potential [213,214]. Surgery, chemotherapy, and radiotherapy remain central

treatment modalities, but systemic toxicity, insufficient local drug exposure, recurrence,

and peritoneal dissemination continue to limit therapeutic outcomes [215]. Hydrogel-

based formulations offer several routes for localized treatment, including oral colon-tar‐

geted delivery, rectal administration, intraperitoneal depots, and postoperative place‐

ment. The structure-dependent release mechanisms and mathematical models applicable

to these systems are discussed in Sections 3.2 and 3.3; this subsection therefore focuses

on their anatomical suitability and therapeutic performance in CRC. Representative

quantitative formulation, release, retention, and therapeutic outcomes are compared in

Table 5.

For postoperative intraperitoneal chemotherapy, oxaliplatin-loaded PLGA mi‐

croparticles have been incorporated into crosslinked hyaluronic acid/sodium car‐

boxymethyl cellulose (HA/CMCNa) hydrogels. The composite formulation prolonged

oxaliplatin release, increased intraperitoneal bioavailability and residence time, and re‐

duced postoperative peritoneal adhesion in rats [216]. This platform illustrates the po‐

tential to combine localized chemotherapy with a physical antiadhesion barrier.

However, improved peritoneal pharmacokinetics should not be equated with uniform

exposure of all metastatic nodules, and future studies should quantify spatial drug dis‐

tribution, systemic leakage, bowel adhesion, local inflammation, and hydrogel clearance.

Oral polysaccharide hydrogels have been investigated to protect therapeutic agents

during upper gastrointestinal transit and promote release in the colon. Alginate/CMC

hydrogels carrying methotrexate and aspirin provided payload protection followed by

preferential release under colonic conditions [73]. Other oral systems included folic acid-

functionalized alginate nanoparticles incorporated into a hydrogel matrix for pH-depen‐

dent delivery of curcumin (diferuloylmethane) [217]. These formulations exploit gas‐

trointestinal transit, pH variation, polymer degradation, and mucosal accessibility, but

their performance may be affected by food intake, transit time, mucus turnover, inflam‐

mation, and interpatient variability in the intestinal microbiota.

Hydrogel mechanics and interfacial properties may additionally affect tumor be‐

havior and local retention. Type I collagen hydrogels demonstrated stiffness-dependent

regulation of CRC-cell migration [218], whereas vitamin D-functionalized ABA triblock

hydrogels improved the local delivery and therapeutic activity of bevacizumab in an an‐

imal model of metastatic CRC [219]. Poly(acrylic acid)-grafted cellulose nanocrystal hy‐

drogels exhibited mucin-responsive rheology and prolonged local cisplatin delivery [74].

Chitosan–chondroitin sulfate hydrogels containing curcumin and silver nanoparticles

have also been combined with photodynamic treatment to enhance singlet-oxygen-me‐

diated cytotoxicity [220]. Collectively, these studies indicate that stiffness, mucoadhe‐

sion, rheology, payload organization, and administration route can be as consequential

as polymer identity.

A multifunctional oral platform was developed using an inulin-based hydrogel con‐

taining oxaliplatin-loaded hollow MnO  nanocarriers, designated Oxa@HMI (Figure 5

A,B) [209]. The preparation sequence is illustrated in Figure 5A: hollow MnO  nanocarri‐

ers were fabricated using a silica template, loaded with oxaliplatin, coated with inulin,

and incorporated into the hydrogel matrix. Following oral administration, the formula‐

2

2
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tion remained stable during upper gastrointestinal transit and underwent inulinase-me‐

diated degradation in the colon (Figure 5B). Fermentation of the inulin matrix generated

short-chain fatty acids, including butyrate, while microbiota modulation contributed to

regulation of the tumor immune microenvironment. Degradation of the matrix also ex‐

posed the oxaliplatin-loaded hollow MnO  nanocarriers, enabling local oxaliplatin re‐

lease and MnO -associated modulation of oxidative stress and oxygen availability [209].

2

2
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Figure 5. Representative biopolymer-based hydrogel systems for colon-targeted therapeutic appli‐

cations. (A) Preparation of the inulin-based Oxa@HMI hydrogel incorporating oxaliplatin-loaded

hollow MnO  nanoparticles. (B) Proposed mechanism of Oxa@HMI hydrogel-mediated colorectal

cancer therapy through microbiota modulation, short-chain fatty acid (SCFA) production, immune

microenvironment regulation, and enhanced antitumor activity [209]. (C) Sodium alginate–metal–

organic framework hybrid hydrogel (SA@MOF-siRNA) for pH-responsive oral delivery of TNF-α-

2
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targeting siRNA in an inflammation-associated colorectal disease model [221].

The Oxa@HMI strategy is particularly relevant to CRC because it combines colon-

oriented delivery with the prebiotic and immunomodulatory properties of inulin. Its

performance, however, may vary with gastrointestinal transit, diet, antibiotic exposure,

microbiota composition, inulinase activity, and disease-associated dysbiosis. Evidence of

stability in simulated gastric and intestinal fluids should therefore be supplemented by

quantitative measurement of colonic retention, intact-nanocarrier distribution, oxali‐

platin exposure, systemic leakage, microbiota changes, degradation products, and thera‐

peutic outcomes. The corresponding quantitative results are summarized in Table 5.

Chitosan-based microbead hydrogels have similarly been evaluated for oral beva‐

cizumab delivery. Their mucoadhesive and pH-responsive properties protected the pay‐

load during gastrointestinal transit and facilitated release in the colonic region, produc‐

ing antitumor activity in cellular and murine CRC models [222]. For local rectal or

colonic administration, poloxamer P407/P188–alginate hydrogels underwent gelation

near physiological temperature and exhibited shear-thinning behavior, potentially facili‐

tating administration and retention at the treatment site [223]. Drug release from these

formulations was predominantly diffusion-controlled under the reported experimental

conditions [223]. Clinical translation will require assessment under dynamic conditions

that reproduce intestinal fluid flow, mucus renewal, motility, fecal contact, and repeated

mechanical deformation.

Hydrogels have also been investigated for multimodal CRC treatment. Injectable

PDLLA–PEG–PDLLA hydrogels co-delivering oxaliplatin and the TLR7/8 agonist R848

promoted immunogenic tumor-cell death, dendritic-cell maturation, and T-cell activa‐

tion in preclinical models of advanced CRC with peritoneal metastasis [224]. Other sys‐

tems combined copper-dependent cell death, immune regulation, and radiotherapy

through localized delivery of copper-associated therapeutic components [225,226].

Supramolecular hydrogels containing indocyanine green and bortezomib supported

combined chemotherapy, photothermal therapy, and photodynamic therapy [227].

Although such multifunctional systems may enhance treatment activity, the contribution

of each component should be established using relevant monotherapy and component-

control groups. Added complexity also increases the requirements for sterilization, pay‐

load-stability testing, sequential-release analysis, batch reproducibility, degradation as‐

sessment, and quality control.

Sodium alginate–metal–organic framework composites have been investigated for

oral delivery of TNF-α-targeting siRNA (SA@MOF-siRNA; Figure 5C) [221]. As illus‐

trated in Figure 5C, siRNA-loaded MOF particles were encapsulated within a Ca -

crosslinked sodium alginate matrix to protect the nucleic-acid payload during gastroin‐

testinal transit and facilitate release in the colon. The formulation increased colonic de‐

livery, reduced TNF-α expression, and alleviated disease severity in a murine ulcerative

colitis model [221]. However, the system was not evaluated in an established CRC

model. This panel should therefore be interpreted as demonstrating an inflammation-as‐

sociated colorectal delivery strategy with possible relevance to CRC prevention or in‐

flammation-driven carcinogenesis, not as direct evidence of antitumor efficacy.

2+

Overall, polysaccharide-based hydrogels are particularly suited to colorectal cancer

because the gastrointestinal tract permits oral, rectal, endoscopic, intraperitoneal, and

postoperative administration. Oral and rectal systems can exploit regional pH changes,

colonic microbiota or enzyme-mediated degradation, mucoadhesion, and prolonged

mucosal residence, whereas intraperitoneal and postoperative depots are more appro‐

priate for residual disease and peritoneal dissemination. These advantages do not neces‐

sarily produce tumor-selective exposure, because gastrointestinal transit, mucus re‐
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newal, motility, fecal contact, microbiota variability, and lesion depth can alter hydrogel

retention and release. Future studies should therefore use clinically representative gas‐

trointestinal, postoperative, and metastatic models and quantify spatial payload distri‐

bution, local toxicity, systemic exposure, microbiota-dependent variability, recurrence,

degradation, and long-term clearance.

Gastric cancer (GC) remains a major cause of cancer-related morbidity and mortal‐

ity, particularly in East Asia. Surgery, chemotherapy, and radiotherapy remain the princi‐

pal treatment modalities, but drug resistance, systemic toxicity, postoperative recur‐

rence, and peritoneal dissemination continue to limit treatment outcomes [228].

Hydrogel formulations are therefore being investigated as intraoperative and intraperi‐

toneal depots that can maintain therapeutic agents near primary tumors, disseminated

peritoneal lesions, or postoperative residual disease. The structure-dependent release

mechanisms and mathematical models applicable to these formulations are discussed in

Sections 3.2 and 3.3; this subsection focuses on their anatomical suitability, biological in‐

teractions, and therapeutic relevance in GC. Representative quantitative loading, release,

retention, and therapeutic outcomes are compared in Table 5.

Biodegradable PDLLA–PEG–PDLLA thermogels have been developed for the intra‐

operative co-delivery of cisplatin and 5-fluorouracil. Following administration, these for‐

mulations form localized depots that prolong drug exposure within the surgical region.

In preclinical GC models, the combination hydrogel induced tumor-cell apoptosis, re‐

duced residual and metastatic tumor growth, and improved survival relative to the cor‐

responding free-drug treatment (Figure 6A) [229]. This approach is relevant to postoper‐

ative GC because direct placement can expose residual disease and peritoneal tumor de‐

posits that may receive insufficient drug concentrations after systemic administration. Its

clinical feasibility will nevertheless depend on depot distribution across irregular surgi‐

cal surfaces, gelation under diluted physiological conditions, burst release, interference

with wound healing, and systemic leakage.
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Figure 6. Representative hydrogel-related strategies for gastric cancer therapy. (A)

Thermosensitive PDLLA–PEG–PDLLA hydrogel for intraoperative co-delivery of 5-fluorouracil

and cisplatin in gastric cancer [229]. (B) Immunosuppressive characteristics of the gastric cancer

microenvironment that limit anti-PD-1 therapy and provide a rationale for locally delivered im‐

munomodulatory treatments [230].

Hyaluronic acid (HA)-based hydrogels have also been investigated as intraperi‐

toneal cisplatin depots. An in situ-crosslinkable matrix formed from HA–adipic dihy‐
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drazide and HA–aldehyde sustained cisplatin release for more than four days and re‐

duced the weight of disseminated peritoneal tumor nodules in a murine GC model,

whereas free cisplatin showed no significant antitumor effect under the reported condi‐

tions [206]. A subsequent hybrid system incorporated cisplatin-loaded HA nanogels

within an injectable HA hydrogel, thereby introducing an additional barrier to payload

diffusion and extending nanogel release [207]. The hybrid formulation showed substan‐

tial activity against small disseminated nodules but lower activity against larger lesions

[207]. This size-dependent outcome indicates that prolonged peritoneal residence does

not necessarily provide deep or homogeneous drug penetration into established tumor

nodules.

A PEG-modified bovine serum albumin hydrogel containing paclitaxel-loaded red-

blood-cell-membrane nanoparticles provided another localized chemotherapeutic strat‐

egy [208]. The nanoparticle component increased paclitaxel incorporation and retention,

whereas temperature-induced gel formation limited rapid dispersion from the adminis‐

tration site. The composite system inhibited tumor growth in subcutaneous-xenograft

and peritoneal-dissemination models [208]. However, translation would require stan‐

dardized red-blood-cell-membrane sourcing, control of bovine-serum-albumin variabil‐

ity, assessment of immunogenicity, complete accounting of released and retained pacli‐

taxel, and evaluation of long-term intraperitoneal degradation and safety. The principal

quantitative results are summarized in Table 5.

Other polymeric systems have been explored for gastric retention and local chemo‐

therapy. Gelatin microsphere–alginate networks have been investigated for prolonged 5-

fluorouracil delivery [231]. However, gastric retention alone should not be interpreted as

evidence of anticancer efficacy unless the formulation is evaluated in an appropriate GC

model. Poly(organophosphazene)-based hydrogels provide an alternative platform in

which thermogelation and matrix erosion can be adjusted to support local docetaxel de‐

livery [232]. These systems demonstrate that therapeutic performance depends not only

on release duration but also on depot distribution, payload availability, degradation, and

contact with tumor deposits.

Thermosensitive formulations have shown particular relevance to GC with peri‐

toneal dissemination. A docetaxel-loaded poly(organophosphazene) hydrogel reduced

tumor burden and peritoneal metastasis and improved survival in a preclinical GC

model [233]. A docetaxel-loaded Pluronic–conjugated linoleic acid hydrogel similarly in‐

duced tumor-cell apoptosis and reduced peritoneal metastatic nodules [234]. Another

thermosensitive hydrogel containing gambogic acid-loaded nanoparticles functionalized

with the tumor-penetrating peptide iRGD further combined local depot formation with

integrin-associated cellular uptake [235]. These systems illustrate that thermogelation

can improve intraperitoneal residence, while nanoparticle incorporation and ligand

functionalization may influence tumor-cell interactions. However, ligand-mediated up‐

take should not be treated as evidence that the hydrogel overcomes heterogeneous inte‐

grin expression, stromal barriers, or uneven peritoneal distribution.

Injectable hydrogels have also been developed for localized GC immunotherapy. A

shear-thinning PEG/polylysine hydrogel co-delivering polyphyllin II and the Toll-like re‐

ceptor 7/8 agonist resiquimod promoted repolarization of tumor-associated

macrophages toward an M1-like phenotype, dendritic-cell activation, and CD8-positive

T-cell infiltration [236]. The resulting immune remodeling improved tumor-growth con‐

trol relative to the evaluated free-drug treatment [236]. Nevertheless, changes in im‐

mune-cell abundance or marker expression should be distinguished from sustained

functional antitumor immunity, which requires evaluation of cytokine activity, distant-

tumor responses, recurrence, rechallenge protection, and systemic immune-related
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toxicity.

The immunosuppressive gastric-cancer microenvironment can limit the response to

immune-checkpoint blockade. Single-cell analysis of humanized gastric-cancer patient-

derived xenografts showed that nivolumab induced CXCL5 expression in proliferating

malignant epithelial cells, promoting recruitment of CXCR2-positive protumor tumor-

associated neutrophils and reinforcing inflammation-associated immunosuppression.

Anti-PD-1 treatment also increased the relative abundance of immunosuppressive SPP1-

positive tumor-associated macrophages. Combination treatment with apatinib sup‐

pressed epithelial CXCL5 upregulation, reduced protumor neutrophil recruitment, re‐

modeled the myeloid-cell ecosystem, and enhanced sensitivity to anti-PD-1 therapy.

These findings provide a mechanistic rationale for hydrogel-based local co-delivery of

checkpoint inhibitors and microenvironment-modulating agents to sustain tumor-site

exposure while limiting systemic dispersion (Figure 6B) [230].

Local nucleic-acid delivery has likewise been investigated using in situ-forming hy‐

drogels containing siRNA/polyethylenimine complexes. These formulations prolonged

local siRNA availability, enhanced intracellular delivery, and suppressed inhibitor-of-

DNA-binding-1 expression in preclinical GC models [237]. Because polyethylenimine

can produce molecular-weight- and dose-dependent cytotoxicity, clinical development

would require evaluation of uncomplexed polymer, siRNA-complex stability, local in‐

flammation, systemic leakage, degradation, and repeated-dose safety.

Overall, gastric cancer is accessible to endoscopic injection or placement, while in‐

traperitoneal and in situ-forming hydrogels may support treatment of postoperative

residual disease and peritoneal dissemination. Mucoadhesive and thermosensitive sys‐

tems can improve local retention, but gastric acidity, digestive enzymes, mucus turnover,

peristalsis, food-dependent changes, and rapid luminal dilution may destabilize the for‐

mulation or alter payload release. Intraperitoneal residence likewise does not establish

uniform exposure of disseminated nodules or penetration into larger lesions. Future

studies should reproduce clinically relevant gastric and peritoneal conditions and quan‐

tify retention, peritoneal pharmacokinetics, lesion-size-dependent penetration, spatial

payload distribution, systemic leakage, postoperative adhesion, local inflammation,

degradation, clearance, recurrence, and survival.

Hepatocellular carcinoma (HCC), the predominant form of primary liver cancer, re‐

mains difficult to treat because of frequent recurrence, therapeutic resistance, and under‐

lying hepatic dysfunction [238]. These limitations have encouraged the development of

injectable, postoperative, intraperitoneal, and transarterial hydrogels for locoregional

treatment [239]. Because hydrogel release mechanisms are discussed in Sections 3.2 and

3.3, this subsection focuses on HCC-specific applications. Representative formulations

and therapeutic outcomes are compared in Table 5.

Hydrogels based on hyaluronic acid, poloxamers, PEG-containing copolymers,

gelatin, cellulose derivatives, κ-carrageenan, and PNIPAm derivatives have been investi‐

gated for HCC treatment [240–244]. A PDLLA–PEG–PDLLA thermogel containing pacli‐

taxel-loaded nanoparticles prolonged local drug exposure and suppressed liver

metastatic tumors [245]. For postoperative treatment, PEG–poly(glutamic acid) micelles

embedded within a fibrinogen–thrombin hydrogel coordinated hemostasis with local

immunotherapy, reducing postoperative recurrence while promoting dendritic-cell mat‐

uration and T-cell activation [246]. Such systems require separate evaluation of hemo‐

static performance, therapeutic release, immune activation, degradation, and hepatic

safety.
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Hydrogels have also been designed to remodel the HCC microenvironment. The

supramolecular PLDX-PMI hydrogel combined lenvatinib-containing nanoparticles with

mannose-functionalized polyTLR7/8a nanoregulators (Figure 7A) [247]. Lenvatinib in‐

hibited VEGFR-associated angiogenic signaling, whereas the nanoregulators promoted

repolarization of proangiogenic M2-like macrophages toward an M1-like phenotype (

Figure 7B). In an orthotopic HCC model, the formulation reduced microvessel density

and M2-like macrophage abundance, promoted vascular maturation, and inhibited tu‐

mor progression [247]. Glycyrrhetinic-acid-modified curcumin hydrogels have similarly

been investigated for receptor-associated uptake and stimulus-dependent release [248].

However, ligand functionalization alone does not establish uniform tumor accumulation

or tissue penetration.
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Figure 7. Representative hydrogel-based strategies for hepatocellular carcinoma therapy. (A)

Composition of the PLDX-PMI supramolecular hydrogel containing PCN-Len nanoparticles, an

oxidized-dextran hydrogel network, and macrophage-targeting polyTLR7/8a nanoregulators. (B)

Proposed antiangiogenic and immunomodulatory mechanism involving VEGFR inhibition and

M2-to-M1 tumor-associated macrophage repolarization [247]. (C) Construction of the PPA/CD

host–guest hydrogel. (D) Local ABHD5 gene delivery for modulation of PD-L1-associated signal‐

ing and enhancement of T-cell-mediated antitumor immunity [249].

Thermosensitive PCL–PEG–PCL hydrogels have been used to co-localize Re sul‐

fur colloid and paclitaxel-loaded micelles within hepatoma tumors [192]. Intratumoral

administration prolonged local radioactivity retention, reduced systemic dispersion, and

improved tumor control relative to the evaluated comparator groups. Nevertheless, the

limited cumulative paclitaxel release may indicate either prolonged confinement or in‐

sufficient payload availability. Because the study used a subcutaneous BNL hepatoma

model, confirmation in orthotopic HCC models with radiation dosimetry, normal-liver

toxicity, and long-term clearance remains necessary.

188

Responsive hydrogels have also been evaluated for local chemotherapy. PNIPAm-

co-PAAm hydrogels provided pH- and temperature-dependent curcumin release [250],

while self-healing N-carboxyethyl chitosan/PEGDA hydrogels showed acid-accelerated

doxorubicin release [164]. Porous PNIPAm-based particles enabled co-delivery of 5-fluo‐

rouracil and metformin [251], and TPGS-modified Pluronic F127 hydrogels reduced P-

glycoprotein-associated drug efflux in resistant HCC cells [252]. These findings demon‐

strate responsive release and pharmacological activity but do not independently estab‐

lish tumor-selective delivery.

Immune-evasive mechanisms have been addressed using gene-, virus-, and ferrop‐

tosis-based hydrogel systems. The PPA/CD host–guest hydrogel provided sustained lo‐

cal ABHD5 gene delivery, increased transfection, reduced PD-L1-associated immuno‐

suppression, and promoted tumor-cell apoptosis and immune-mediated killing (Figure 7

C,D) [249]. Because the formulation contained branched polyethylenimine, its develop‐

ment requires careful evaluation of cationic-polymer toxicity, inflammation, off-target

transfection, and hepatic clearance.

V-Navo@gel co-delivered the IDO1 inhibitor navoximod and herpes simplex virus

type 1, creating a local reservoir that enhanced viral replication, oncolysis, and antitu‐

mor immunity [253]. The formulation prolonged disease-free survival and reduced post‐

operative recurrence in HCC-bearing mice and was also evaluated in an orthotopic rab‐

bit liver-tumor model. Translation will require assessment of viral shedding, extra-tu‐

moral replication, antiviral immunity, and environmental biosafety.

For malignant ascites associated with advanced HCC, a chitosan-

hydrochloride/oxidized-dextran hydrogel containing sulfasalazine induced immuno‐

genic ferroptosis, M1-like macrophage repolarization, and dendritic-cell activation [254].

Combined with anti-PD-1 treatment, the system produced more than 50% ascites regres‐

sion and treatment-associated immune memory in the evaluated model. These findings

apply specifically to peritoneal dissemination and malignant ascites and should not be

generalized to established intrahepatic tumors.

Hydrogel depots may additionally protect nucleic-acid therapeutics and prolong lo‐

cal exposure. GalNAc-conjugated siRNA/DP7-C nanoparticles embedded within a ther‐

mosensitive hydrogel improved siRNA stability and suppressed the oncogenic regulator

Pin1 [255]. An alginate/polyethylenimine nanohydrogel delivering miR-192 inhibited

WNT10B-associated Wnt/β-catenin signaling, reduced CD90, EpCAM, and CD133 ex‐

pression, and suppressed tumor growth and metastasis [256]. These systems require

quantitative assessment of intact nucleic-acid delivery, off-target gene regulation, innate
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immune activation, and carrier clearance.

Overall, liver tumors are amenable to image-guided intratumoral, transarterial, and

intraoperative hydrogel delivery because of established interventional access and the

need to concentrate treatment within diseased tissue while limiting systemic exposure.

Hydrogel systems can support chemotherapy, radionuclide delivery, antiangiogenic

therapy, ferroptosis, gene delivery, oncolytic virotherapy, and immunomodulation. Their

performance may nevertheless be compromised by cirrhosis, impaired liver function,

heterogeneous arterial perfusion, portal hypertension, vascular shunting, and proximity

to major vessels, which can affect placement, retention, distribution, and clearance.

Future studies should quantify intratumoral coverage, tumor-to-normal-liver exposure,

hepatic and extrahepatic biodistribution, treatment-specific dosimetry, liver-function

changes, non-target delivery, degradation, and clearance using orthotopic and clinically

representative models [257].

Pancreatic cancer, particularly pancreatic ductal adenocarcinoma, remains highly

lethal because of late diagnosis, early metastasis, treatment resistance, and limited eligi‐

bility for surgical resection [238,258–260]. Its dense desmoplastic stroma, poor perfusion,

elevated interstitial pressure, and immunosuppressive microenvironment restrict drug

penetration [261,262]. Injectable and implantable hydrogels are therefore being investi‐

gated as local depots that can partially bypass vascular barriers and sustain therapeutic

exposure within or adjacent to pancreatic tumors. Because hydrogel release mechanisms

are discussed in Sections 3.2 and 3.3, this subsection focuses on pancreatic-cancer-spe‐

cific applications. Representative quantitative outcomes are compared in Table 5.

Protein-containing hydrogels have been developed to prolong the local activity of

apoptosis-inducing agents. An injectable hydrogel formed through thiol–maleimide

crosslinking between thiolated human serum albumin and four-arm PEG-maleimide

provided sustained delivery of TNF-related apoptosis-inducing ligand. In a Mia PaCa-2

xenograft model, the TRAIL-loaded hydrogel reduced tumor growth relative to the com‐

parator hydrogel and untreated control [263]. Translation requires confirmation of re‐

tained TRAIL activity, reproducible gelation, storage stability, immunogenicity, and

degradation-product safety.

Localized radionuclide therapy has been investigated using thermoresponsive

elastin-like polypeptides conjugated with iodine-131. Following intratumoral injection,

the biopolymer formed a depot through temperature-induced phase separation and ra‐

diation-associated stabilization. Combined with systemically administered nanoparticle

albumin-bound paclitaxel, I–ELP brachytherapy produced marked tumor regression

in subcutaneous and orthotopic pancreatic-tumor models and altered stromal collagen

and junctional proteins in association with increased paclitaxel accumulation [264].

Clinical development will require radiochemical-stability testing, individualized

dosimetry, assessment of radionuclide leakage, and measurement of radiation exposure

to adjacent organs.

131

Hydrogel–nanocarrier composites have also been designed for local chemotherapy.

PR -functionalized liposomes containing gemcitabine and paclitaxel were incorporated

into a biodegradable PVLA–PEG–PVLA thermogel [265]. The hydrogel prolonged drug

release, while the PR -peptide promoted integrin α5β1-associated cellular interactions.

The formulation inhibited PANC-1 tumor spheroids more effectively than the corre‐

sponding nontargeted systems, although these findings do not establish deep tumor

penetration or in vivo targeting [265]. Similarly, a PCLA–PEG–PCLA hydrogel contain‐

ing montmorillonite–gemcitabine complexes reduced initial drug diffusion, prolonged

b

b
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depot persistence, and improved tumor-growth inhibition in a subcutaneous pancreatic-

cancer model [210]. Long-term montmorillonite biodistribution and clearance remain to

be established.

Hydrogels have further been combined with ablation and immunotherapy. An in‐

terventional hydrogel microsphere vaccine was administered after irreversible electropo‐

ration and released Fms-like tyrosine kinase 3 ligand and CD40 ligand within the rela‐

tively acidic post-ablation tumor bed (Figure 8A,B) [266]. The formulation promoted mi‐

gration of tumor-resident type 1 conventional dendritic cells to tumor-draining lymph

nodes, enhanced antigen cross-presentation and endogenous CD8-positive T-cell re‐

sponses, inhibited distant lesions, and prolonged survival in an orthotopic pancreatic-

cancer model (Figure 8C,D) [266]. This approach demonstrates the potential to reinforce

ablation-induced antigen release with localized immune stimulation, although device–

hydrogel compatibility and efficacy in larger models remain to be established.
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Figure 8. Representative hydrogel-based strategies for pancreatic-cancer therapy. (A) Preparation

of an interventional hydrogel microsphere vaccine for administration after irreversible electropo‐

ration. (B) pH-responsive release of Fms-like tyrosine kinase 3 ligand and CD40 ligand within the

post-ablation tumor bed. (C) Amplification of type 1 conventional dendritic-cell-mediated antigen

cross-presentation and endogenous CD8  T-cell activation. (D) Suppression of local and distant

pancreatic tumors [266]. (E) Construction of an injectable thermosensitive Lip-Gel containing gem‐

citabine and DPP–BTz within thermosensitive liposomes. (F) NIR-II-triggered photothermal heat‐

ing, liposomal disruption, gemcitabine release, and combined chemo-photothermal treatment

[211]. Panels (A–D) reproduced from Ref. [266] under its respective Open Access Creative

Commons license, and Panels (E,F) reproduced/adapted from Ref. [211] with permission;

Copyright © 2021 American Chemical Society.

+
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6.7.5. Hydrogels in the Treatment of Breast Cancer

Postoperative hydrogels have been designed to combine surgical-site sealing with

local immunotherapy. A dual-crosslinked adhesive hydrogel comprising methacrylated

and sulfhydryl-modified hyaluronic acid–dopamine contained polydopamine-coated in‐

terleukin-15 and anti-TIGIT-conjugated platelets [267]. The formulation sealed the pan‐

creatic stump and limited postoperative increases in amylase and lipase in rodent fistula

models. In pancreatic-cancer models, the hydrogel activated CD8-positive T cells and

natural-killer cells and reduced residual-tumor regrowth and distant metastasis [267].

Fistula prevention, wound healing, immune activation, recurrence control, and

metastatic suppression should nevertheless be evaluated as distinct outcomes.

Thermosensitive liposomal hydrogels provide another combination strategy. An in‐

jectable 15 wt% PDLLA–PEG–PDLLA Lip-Gel contained thermosensitive liposomes co-

encapsulating gemcitabine and the NIR-II photothermal agent DPP–BTz [211].

Physiological temperature induced depot formation, whereas 1064 nm irradiation gener‐

ated heat, disrupted the liposomes, and promoted gemcitabine release (Figure 8E,F). The

resulting chemo-photothermal treatment suppressed tumor growth in a PANC-1

xenograft model [211]. Translation requires clinically feasible light delivery, spatial ther‐

mal dosimetry, pharmacokinetic analysis, and evaluation of injury to adjacent pancreatic

and gastrointestinal tissues.

Overall, localized hydrogels are relevant to pancreatic cancer because they can sus‐

tain chemotherapy, radionuclide therapy, photothermal treatment, immune stimulation,

or postoperative treatment despite poor perfusion and rapid systemic clearance of many

therapeutic agents. However, the dense desmoplastic stroma, high interstitial pressure,

heterogeneous vascularization, immunosuppressive microenvironment, and proximity

to the duodenum, stomach, bile duct, and major vessels can restrict hydrogel placement

and payload penetration. Local retention should therefore not be interpreted as homoge‐

neous intratumoral exposure. Future studies should assess endoscopic-ultrasound-

guided, intraoperative, and image-guided percutaneous delivery and quantify injection

coverage, stromal penetration, spatial payload distribution, systemic leakage, degrada‐

tion, clearance, and adjacent-organ toxicity in orthotopic and clinically representative

models.

Breast cancer remains a major therapeutic challenge, particularly triple-negative

breast cancer (TNBC), which lacks established hormone or HER2-directed targets and is

associated with therapeutic resistance, metastatic progression, and postoperative recur‐

rence. Injectable, peritumoral, and postoperative-cavity hydrogels are attractive because

breast tumors and resection beds are comparatively accessible for local treatment. Such

systems can coordinate chemotherapy with metabolic regulation, epigenetic remodeling,

immune-cell activation, and tissue repair. Because hydrogel release mechanisms are dis‐

cussed in Sections 3.2 and 3.3, this subsection focuses on breast-cancer-specific applica‐

tions. Representative quantitative outcomes are compared in Table 5.

A hybrid supramolecular hydrogel composed of p(THMA-APMA) and hyaluronic

acid was developed for concurrent delivery of doxorubicin and kynureninase (Figure 9

A) [212]. Doxorubicin induced immunogenic tumor-cell death, whereas kynureninase

degraded the immunosuppressive metabolite kynurenine. A single low-dose peritu‐

moral administration remodeled the tumor immune microenvironment, suppressed pri‐

mary-tumor growth, prolonged survival, produced an abscopal response, and reduced

postoperative recurrence in preclinical TNBC and melanoma models [212]. The original

study described this strategy as a locally administered chemo-immunometabolic ther‐

apy. Translation will require confirmation of enzyme activity during manufacture, steril‐
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ization, storage, residence, and release, together with evaluation of immunogenicity,

biodistribution, degradation, and batch reproducibility.

Figure 9. Representative injectable hydrogel platforms for localized treatment of triple-negative

breast cancer. (A) Hybrid p(THMA-APMA)/hyaluronic acid supramolecular hydrogel for concur‐

rent delivery of doxorubicin and kynureninase, combining immunogenic tumor-cell death with

kynurenine depletion and metabolic remodeling of the tumor immune microenvironment [212].

(B) Oxidized starch/gelatin-based GOSAM hydrogel containing SAHA- and 3-MA-loaded meso‐

porous bioactive-glass nanoparticles, used in combination with UCB-NK-cell infusion to enhance

tumor-cell killing and reduce postoperative TNBC relapse [91].
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A complementary neoadjuvant strategy used a supramolecular hydrogel formed

from abemaciclib-loaded peptide–NLG919 prodrug nanofibers [268]. Following local ad‐

ministration, the hydrogel remained at the tumor site for at least seven days and pro‐

vided sustained release of abemaciclib and the indoleamine 2,3-dioxygenase 1 inhibitor

NLG919. The treatment promoted immunogenic tumor-cell death, dendritic-cell matura‐

tion, macrophage activation, cytotoxic T-cell infiltration, and effector-memory T-cell gen‐

eration. A single administration reduced postoperative TNBC recurrence and pulmonary

metastasis while limiting systemic lymphopenia and hepatic toxicity [268]. This formula‐

tion should be classified as a peptide–drug supramolecular hydrogel rather than a con‐

ventional natural-biopolymer network.

Natural-polymer composite hydrogels have also been developed for postoperative

immunotherapy. The injectable GOSAM hydrogel consisted of oxidized starch and

gelatin crosslinked through Schiff-base reactions and reinforced with mesoporous bioac‐

tive-glass nanoparticles carrying suberoylanilide hydroxamic acid (SAHA) and 3-methy‐

ladenine (3-MA) (Figure 9B) [91]. SAHA increased expression of the natural-killer-cell

activation ligands MICA/B, whereas 3-MA limited autophagy-mediated degradation of

natural-killer-cell-derived granzyme B. In combination with umbilical-cord-blood-de‐

rived natural-killer-cell infusion, the hydrogel reduced postoperative TNBC relapse and

provided hemostatic and wound-healing functions [91]. Long-term degradation, sys‐

temic drug leakage, immune responses to the composite components, and manufactur‐

ing reproducibility remain important translational considerations.

The three systems represent distinct material and therapeutic strategies. The

p(THMA-APMA)/hyaluronic acid formulation is a hybrid synthetic–natural supramolec‐

ular hydrogel, the abemaciclib/NLG919 formulation is a peptide–prodrug supramolecu‐

lar hydrogel, and GOSAM is a natural-polymer composite hydrogel. These classifica‐

tions should remain explicit because composition affects degradation, manufacturing,

analytical control, and regulatory assessment.

Hydrogel patches have also been developed to address tumor-cell plasticity and

multidrug resistance. A tumor-microenvironment-responsive patch released an LSD1 in‐

hibitor and a chemotherapeutic agent following ROS-mediated linker cleavage [269].

Inhibition of LSD1 shifted tumor-initiating cells from self-renewal toward differentia‐

tion, restored chemosensitivity, enhanced tumor immunogenicity, and reduced postop‐

erative recurrence and metastasis in chemoresistant TNBC models [269]. Because epige‐

netic modulation may produce prolonged or off-target effects, payload leakage, treat‐

ment duration, reversibility, and gene-expression changes in normal tissues require

evaluation.

Chitosan-, alginate-, gelatin-, and related natural-polymer systems have addition‐

ally been investigated for pH-responsive breast-cancer drug delivery [270]. Chitosan-

coated nanocarriers containing curcumin, for example, inhibited MCF-7-cell prolifera‐

tion in vitro [271]. Such findings support the use of chitosan to disperse and deliver hy‐

drophobic compounds but do not establish tumor-selective accumulation or in vivo effi‐

cacy. Nanoparticles and liposomes should also not be classified as hydrogels unless a

continuous hydrated polymer network is present.

Overall, breast cancer is well suited to localized hydrogel treatment because pri‐

mary tumors and postoperative resection cavities are comparatively accessible through

intratumoral or peritumoral injection and intraoperative placement. Hydrogels can con‐

form to irregular surgical cavities and combine local chemotherapy with metabolic regu‐

lation, epigenetic remodeling, immunotherapy, hemostasis, and wound support.

Performance may nevertheless vary with molecular subtype, stromal organization, im‐

mune status, vascularization, cavity geometry, and the spatial distribution of residual tu‐
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7. Marketed and Clinically Evaluated Hydrogel Products Relevant to
Oncology

7.1. Marketed Hydrogel Products Relevant to Oncology

mor cells. Future studies should use clinically representative postoperative models and

quantify cavity-wide payload distribution, systemic leakage, local tissue compatibility,

degradation, immunogenicity, recurrence, and distant metastasis.

The clinical maturity of hydrogel technologies relevant to oncology varies markedly

according to product function. Marketed products are predominantly radiotherapy

spacers, tissue markers, embolic materials, adhesion barriers, and surgical sealants. Their

principal functions are physical or procedural rather than pharmacological; accordingly,

they should not be presented as marketed anticancer drug-delivery systems. Therapeutic

hydrogels carrying chemotherapeutics, biologics, immune modulators, nucleic acids,

cells, or radionuclides remain primarily at the preclinical, patent, or clinical-investiga‐

tion stage.

This distinction is important because supportive hydrogel devices and therapeutic

combination products differ in primary mode of action, critical quality attributes, manu‐

facturing controls, nonclinical evidence, clinical endpoints, and regulatory pathway. The

following subsections therefore separately examine marketed hydrogel-related products,

the patent landscape, and clinically evaluated systems.

Representative marketed hydrogel and hydrogel-related products are summarized

in Table 6. These products are used principally for adhesion prevention, tissue marking,

radiotherapy spacing, embolization, or surgical sealing. Their oncology relevance arises

from their use during cancer surgery, radiotherapy, image-guided intervention, or sup‐

portive care rather than from direct delivery of anticancer agents.

Table 6. Marketed hydrogel and hydrogel-related devices relevant to oncology.

Product 

Name
Company

Composition/Material 

Form

Primary 

Clinical 

Application

Product 

Category/Regulatory 

Function

Relevance 

to 

Oncology

Refs.

Seprafilm  

Adhesion 

Barrier

®

Baxter 

Healthcare 

Corporation 

(Deerfield, 

IL, USA)

Chemically 

modified 

sodium 

hyaluronate 

and 

carboxymethylcellulose; 

bioresorbable 

membrane

Reduction 

in 

postoperative 

adhesions 

following 

abdominal 

or pelvic 

laparotomy

Non-

medicated, 

bioresorbable 

surgical 

adhesion-

barrier 

device

May 

support 

abdominal 

or pelvic 

oncological 

surgery; it 

does not 

deliver an 

anticancer 

agent

[272]

GYNECARE 

INTERCEED  

Absorbable 

Adhesion 

Barrier

®

Ethicon, 

Johnson & 

Johnson 

MedTech 

(Raritan, 

NJ, USA)

Oxidized 

regenerated 

cellulose; 

absorbable 

knitted 

fabric

Reduction 

in 

postoperative 

pelvic 

adhesions 

following 

open 

gynecological 

surgery

Absorbable 

surgical 

adhesion-

barrier 

device

May 

support 

open 

pelvic 

oncological 

surgery 

when used 

within its 

labeled 

[273]
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Product 

Name
Company

Composition/Material 

Form

Primary 

Clinical 

Application

Product 

Category/Regulatory 

Function

Relevance 

to 

Oncology

Refs.

indication; 

it is not an 

anticancer 

drug-

delivery 

system

Oxiplex®

FzioMed, 

Inc. (San 

Luis 

Obispo, 

CA, USA)

Polyethylene 

oxide and 

sodium 

carboxymethylcellulose 

dual-

polymer 

absorbable 

gel

Protection 

of neural 

structures 

and 

reduction 

in 

postoperative 

symptoms 

following 

lumbar 

spinal 

surgery

Synthetic, 

absorbable 

spinal-

surgery 

barrier 

device

Limited 

indirect 

oncology 

relevance; 

it may 

support 

applicable 

spinal 

procedures 

but has no 

therapeutic 

anticancer 

function

[274]

Oxiplex/AP®

FzioMed, 

Inc. (San 

Luis 

Obispo, 

CA, USA)

Polyethylene 

oxide and 

carboxymethylcellulose-

based 

absorbable 

gel

Temporary 

separation 

of 

traumatized 

tissue 

surfaces 

during 

abdominal 

and pelvic 

surgery

Bioresorbable 

abdominopelvic 

anti-

adhesion 

device

May 

support 

applicable 

abdominal 

or pelvic 

oncological 

procedures; 

it does not 

deliver an 

anticancer 

agent

[274,275]

Oxiplex/SP
®

FzioMed, 

Inc. (San 

Luis 

Obispo, 

CA, USA)

Polyethylene 

oxide and 

sodium 

carboxymethylcellulose-

based 

absorbable 

gel

Reduction 

in epidural 

fibrosis 

and 

postoperative 

symptoms 

following 

spinal 

surgery

Bioresorbable 

spinal anti-

adhesion 

device

Limited 

indirect 

relevance 

to spinal 

oncological 

procedures; 

it should 

not be 

assigned 

specifically 

to 

pancreatic 

or liver 

resection

[274]

Hyalobarrier  

Gel and 

Hyalobarrier  

®

®

Anika 

Therapeutics, 

Inc. 

Autocrosslinked 

hyaluronic 

acid gel

Prevention 

or 

reduction 

Bioresorbable 

abdominopelvic 

adhesion-

May 

support 

abdominal, 

[276]
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Product 

Name
Company

Composition/Material 

Form

Primary 

Clinical 

Application

Product 

Category/Regulatory 

Function

Relevance 

to 

Oncology

Refs.

Gel Endo (Bedford, 

MA, USA)

in 

adhesions 

after open, 

laparoscopic, 

or 

hysteroscopic 

abdominopelvic 

surgery, 

depending 

on product 

version

barrier 

device

pelvic, or 

gynecological 

oncological 

surgery 

when 

consistent 

with the 

labeled 

indication

Adcon  

Gel

®

Leader 

Biomedical 

(Groningen, 

The 

Netherlands)

Polydextran 

sulfate or 

polyglycan 

ester 

combined 

with 

absorbable 

porcine-

derived 

gelatin in 

phosphate-

buffered 

saline

Reduction 

in 

postoperative 

peridural 

fibrosis 

after 

laminotomy, 

laminectomy, 

or spinal 

decompression 

surgery

Resorbable 

spinal anti-

adhesion 

device

Limited 

indirect 

oncology 

relevance; 

it is not 

indicated 

generally 

for 

gastrointestinal 

or 

abdominal 

oncological 

surgery

[277]

TraceIT  

Tissue 

Marker

®

Augmenix, 

Inc. / 

Boston 

Scientific 

Corporation 

(Marlborough, 

MA, USA)

Crosslinked, 

polymerized 

polyethylene 

glycol 

hydrogel

Radiographic 

marking of 

soft tissue 

for 

treatment 

localization 

and 

subsequent 

imaging

Implantable 

Class II 

radiopaque 

tissue-

marker 

device

Supports 

image-

guided 

radiotherapy 

and 

treatment 

localization; 

it contains 

no 

therapeutic 

drug 

payload

[278]

Barrigel  

Rectal 

Spacer

® Palette Life 

Sciences 

(Santa 

Barbara, 

CA, USA), 

now part 

of Teleflex 

(Wayne, 

PA, USA)

Non-

animal 

stabilized 

hyaluronic 

acid gel

Temporary 

separation 

of the 

rectal wall 

from the 

prostate 

during 

prostate 

radiotherapy

Absorbable 

perirectal 

spacer 

device

Reduces 

rectal 

radiation 

exposure 

during 

prostate-

cancer 

radiotherapy; 

it is not a 

colorectal-

cancer 

[279]
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7.2. Patent Landscape

Product 

Name
Company

Composition/Material 

Form

Primary 

Clinical 

Application

Product 

Category/Regulatory 

Function

Relevance 

to 

Oncology

Refs.

treatment

DuraSeal  

Dural 

Sealant 

System

® Integra 

LifeSciences 

(Princeton, 

NJ, USA)

Crosslinked 

hydrogel 

formed 

from 

polyethylene 

glycol ester 

and 

trilysine 

amine 

precursors

Adjunct to 

sutured 

dural 

repair for 

watertight 

closure 

during 

cranial 

surgery

Synthetic, 

absorbable 

cranial 

dural-

sealant 

device

May 

support 

applicable 

cranial 

neuro-

oncology 

procedures; 

it is not 

indicated 

for breast 

reconstruction 

or 

anticancer-

drug 

delivery

[280]

Note: Inclusion indicates relevance to an oncology-related procedure or treatment pathway and

does not imply that the product delivers an anticancer agent or possesses direct antitumor activity.

Indications and regulatory status may vary by jurisdiction; product descriptions should be inter‐

preted according to the cited labeling and access date.

The experience gained from these products demonstrates that hydrogel-based de‐

vices can be manufactured, sterilized, packaged, stored, and administered under con‐

trolled conditions. However, such experience cannot be directly extrapolated to drug-

loaded or biologic-loaded hydrogels. Incorporation of an active therapeutic component

changes the product’s analytical requirements, release behavior, systemic-exposure pro‐

file, biological risks, clinical endpoints, and regulatory status. Therefore, commercial use

of a polymer as a spacer, marker, or barrier supports the feasibility of that material class

but does not establish the safety or efficacy of a new therapeutic formulation.

Recent patent publications describe injectable depots, postoperative matrices, im‐

age-guided systems, stimuli-responsive networks, cell-capturing materials, and hydro‐

gels designed for localized combination therapy. Representative examples are summa‐

rized in Table 7.

Table 7. Representative patents for hydrogel-based technologies relevant to localized cancer

treatment.

Patent 

Publication
Title

Applicant 

or 

Assignee

Priority; 

Filing; 

Publication 

Dates

Hydrogel 

System

Intended 

Therapeutic 

Function

Claimed 

or 

Described 

Cancer 

Application

Developmental 

Significance
Ref.

 US20230094016A1 (2023) Injectable 

shear-

thinning 

hydrogel 

Mayo 

Foundation 

(Rochester, 

MN, 

Priority: 

29–30 

September 

2021; 

Shear-

thinning 

gelatin-

based 

Catheter-

assisted 

local 

delivery 

Local 

treatment 

of solid 

tumors; 

Combines 

catheter 

deliverability 

with 

[281]
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containing 

a 

polypeptide 

therapeutic 

agent 

for 

enhanced 

tumor 

therapy

USA); 

Boston 

Scientific 

Scimed, 

Inc.

(Maple 

Grove, 

MN, 

USA); 

University 

of 

California, 

San 

Diego 

(La 

Jolla, 

CA, 

USA); 

Obsidio, 

Inc. 

(Columbia, 

MD, 

USA)

filed: 29 

September 

2022; 

published: 

30 

March 

2023

polymer–

silica 

nanoparticle 

biomaterial 

containing 

a 

polypeptide 

therapeutic 

agent

of 

biologics, 

including 

anti-

PD-1 

agents, 

as an 

intratumoral 

depot

no 

cancer-

specific 

clinical 

indication 

established

rapid 

recovery 

of a 

cohesive 

local 

depot 

after 

injection

WO2019092049A1 

(2019)

A 

thermo-

responsive 

hydrogel 

for 

intratumoral 

administration 

as a 

treatment 

in solid 

tumor 

cancers

Royal 

College 

of 

Surgeons 

in 

Ireland 

(Dublin, 

Ireland)

Priority: 

7 

November 

2017; 

filed: 7 

November 

2018; 

published: 

16 May 

2019

Poloxamer 

P407, 

chitosan, 

genipin, 

and 2-

hydroxypropyl-

β-

cyclodextrin; 

injectable 

at room 

temperature 

with in 

situ 

gelation

Intratumoral 

retention 

and 

local 

release 

of one 

or more 

chemotherapeutic 

agents

Solid 

tumors; 

individual 

cancer 

indications 

should 

be 

reported 

only 

when 

explicitly 

identified 

in the 

patent

Integrates 

thermogelation 

with a 

genipin-

crosslinked 

chitosan 

scaffold 

intended 

to 

prolong 

local 

drug 

delivery

[282]

WO2022040612A1 

(2022)

Injectable 

hydrogels 

and 

methods 

of 

capturing 

cells 

using 

the 

same

Virginia 

Tech 

(Blacksburg, 

VA, 

USA)

Priority: 

21 

August 

2020; 

filed: 21 

August 

2021; 

published: 

24 

February 

2022

Stimuli-

responsive 

injectable 

hydrogel 

designed 

to 

attract 

or 

capture 

target 

cells

Postoperative-

cavity 

placement 

followed 

by 

externally 

triggered 

manipulation 

or 

ablation 

of 

captured 

cells

Post-

resection 

cancer 

applications; 

specific 

indications 

depend 

on the 

patent 

claims 

and 

embodiments

Proposes 

cell 

capture 

as an 

alternative 

to 

payload-

release-

driven 

postoperative 

treatment

[283]
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US20220177703A1 

(2022)

“Smart” 

hydrogel 

for the 

radiosensitization 

and 

sustained 

delivery 

of 

therapeutics 

triggered 

by 

irradiation

Trustees 

of the 

University 

of 

Pennsylvania 

(Philadelphia, 

PA, 

USA)

Priority: 

31 

March 

2019; 

filed: 30 

March 

2020; 

published: 

9 June 

2022

Biodegradable 

polyphosphazene 

hydrogel 

containing 

radiation-

responsive 

diselenide 

components

Radiation-

responsive 

release 

and 

radiosensitization 

during 

radiotherapy

Tumors 

treated 

with 

radiotherapy; 

colorectal 

applicability 

should 

not be 

claimed 

unless 

explicitly 

stated 

in the 

patent

Couples 

therapeutic 

release 

to the 

radiation-

treatment 

event; 

the 

application 

was 

subsequently 

granted 

as 

US12486401B2

[284]

US20250032676A1 

(2025)

3D 

hydrogel 

composite 

with 

cancer-

cell 

apoptotic 

effect 

and 

preparation 

method 

thereof

Dongguk 

University 

Industry–

Academic 

Cooperation 

Foundation 

(Seoul, 

Republic 

of 

Korea)

Priority: 

20 April 

2022; 

filed: 14 

October 

2024; 

published: 

30 

January 

2025

Three-

dimensional 

hydrogel 

composite 

containing 

photothermally 

active 

liquid-

metal 

particles 

and 

chemically 

immobilized 

anticancer 

agents

Combination 

photothermal 

therapy 

and 

chemotherapy

Multiple 

cancer-

cell 

types; 

no 

specific 

gastrointestinal 

cancer 

indication 

should 

be 

inferred 

without 

explicit 

patent 

support

Integrates 

near-

infrared-

responsive 

liquid-

metal 

particles 

with 

immobilized 

anticancer 

agents 

in one 

composite

[285]

US11938186B2 

(2024)

Thermosensitive 

hydrogel 

for 

cancer 

therapeutics 

and 

methods 

of 

preparation 

thereof

Indian 

Institute 

of 

Technology 

Hyderabad 

(Hyderabad, 

India)

Priority: 

20 May 

2021; 

filed: 23 

December 

2021; 

granted: 

26 

March 

2024

Thermosensitive 

polymer–

protein 

hydrogel 

containing 

polyvinyl 

alcohol, 

poloxamer 

407, 

and 

bovine 

serum 

albumin, 

with 

optional 

therapeutic 

components

Temperature-

triggered 

local 

drug 

delivery, 

with 

potential 

combination 

photothermal 

treatment

Solid 

tumors; 

a 

gastric-

cancer 

indication 

should 

be 

retained 

only if 

explicitly 

claimed 

or 

exemplified

Uses a 

polymer–

protein 

matrix 

to 

support 

thermoresponsive 

gelation 

and 

local 

combination 

treatment

[286]

US20250082787A1 

(2025)

Alginic 

acid-

based 

National 

Cancer 

Center, 

Priority: 

21 

November 

Injectable 

alginic-

acid-

Lesion 

localization 

and 

Disease-

lesion 

localization, 

Combines 

lesion 

marking, 

[287]
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injectable 

hydrogel 

system

Korea 

(Goyang-

si, 

Gyeonggi-

do, 

Republic 

of 

Korea)

2024

; filed: 

21 

November 

2024; 

published: 

13 

March 

2025

based 

hydrogel 

capable 

of 

lesion 

marking, 

local 

payload 

delivery, 

and 

imaging 

detection

localized 

delivery 

of 

drugs 

or 

contrast 

agents

including 

potential 

minimally 

invasive 

oncologic 

procedures; 

gastric 

specificity 

should 

be 

confirmed 

from 

the 

claims

image 

visibility, 

and 

local 

delivery 

within 

an 

injectable 

formulation

US20250177532A1 

(2025)

Temperature-

sensitive 

hydrogel 

for 

cancer 

treatment 

capable 

of 

photothermal 

therapy 

and 

preparation 

method 

therefor

Korea National University of Transportation Industry–

Academic Cooperation Foundation ((Chungju-

si, Republic of Korea)) 

Priority: 

2 March 

2022; 

filed: 11 

April 

2022; 

published: 

5 June 

2025

Thermosensitive 

hydrogel 

containing 

gold 

nanostars, 

S-

nitrosocysteine, 

and an 

immunotherapeutic 

agent

Photothermal 

heating, 

temperature-

induced 

nitric-

oxide 

release, 

improved 

intratumoral 

penetration, 

and 

immunotherapy

Cancer 

treatment 

broadly; 

gastric- 

or liver-

specific 

claims 

should 

be 

reported 

only 

when 

explicitly 

stated

Integrates 

photothermal 

therapy, 

nitric-

oxide-

mediated 

effects, 

and 

immunotherapy 

in one 

temperature-

responsive 

platform

[288]

US20130022545A1 

(2013)

Drug-

delivery 

system 

for the 

treatment 

of liver 

cancer 

based 

on 

interventional 

injection 

of 

temperature- 

and 

pH-

sensitive 

hydrogel

Research 

& 

Business 

Foundation, 

Sungkyunkwan 

University 

(Suwon-

si, 

Republic 

of 

Korea)

Priority: 

18 July 

2011; 

filed: 18 

July 

2012; 

published: 

24 

January 

2013

Temperature- 

and 

pH-

sensitive 

block-

copolymer 

hydrogel 

designed 

to gel 

after 

arterial 

administration

Hepatic 

arterial 

administration, 

local 

embolic 

action, 

and 

sustained 

drug 

release

Liver 

cancer

One of 

the 

table’s 

most 

disease-

specific 

systems, 

designed 

for 

catheter-

based 

locoregional 

treatment 

of liver 

tumors

[289]

US20240139104A1 

(2024)

Micelle-

releasing 

thermosensitive 

hydrogels 

as a 

Georgia 

Tech 

Research 

Corporation 

(Atlanta, 

Priority: 

5 March 

2021 

and 19 

January 

Thermosensitive 

polymer–

polypeptide 

hydrogel 

capable 

Selective 

and 

controlled 

delivery 

of 

Broad 

therapeutic 

and 

diagnostic 

applications; 

Combines 

a 

thermosensitive 

depot 

with 

[290]
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therapeutic 

delivery 

system

GA, 

USA)

2022; 

filed: 4 

March 

2022; 

published: 

2 May 

2024

of 

releasing 

micellar 

assemblies

therapeutic 

or 

diagnostic 

agents 

to 

specified 

tissues

hepatic-

tumor 

use 

should 

not be 

inferred 

unless 

claimed 

or 

exemplified

controlled 

release 

of 

micelle-

associated 

agents

WO2024013354A1 

(2024)

Hydrogels 

for 

drug 

delivery

Adocia 

SAS 

((Lyon, 

France))

Priorities: 

13 July, 

19 

September, 

and 28 

December 

2022; 

filed: 13 

July 

2023; 

published: 

18 

January 

2024

Crosslinked 

anionic 

dextran 

hydrogel 

containing 

an 

active 

pharmaceutical 

ingredient

Implantable 

depot 

for 

sustained 

drug 

delivery

Broad 

drug-

delivery 

applications; 

liver- 

and 

pancreatic-

cancer 

indications 

should 

not be 

assigned 

without 

explicit 

patent 

support

Provides 

a 

chemically 

defined 

dextran-

based 

implant 

platform 

for 

sustained 

release 

of 

active 

pharmaceutical 

ingredients

[291]

US20240165071A1 

(2024)

Methods 

of 

treating 

pancreatic 

cancer

PanTher 

Therapeutics, 

Inc. 

(Cambridge, 

MA, 

USA)

Priority: 

17 

November 

2022; 

filed: 26 

October 

2023; 

published: 

23 May 

2024

Implantable 

biodegradable, 

multilayer 

local 

drug-

delivery 

device 

with an 

active-

pharmaceutical-

ingredient 

layer 

positioned 

in direct 

contact 

with 

tumor 

tissue

Sustained, 

direct 

local 

drug 

delivery 

to 

pancreatic 

tumor 

tissue

Pancreatic 

cancer

Disease-

specific 

implant 

intended 

to 

address 

poor 

drug 

penetration 

and 

systemic 

toxicity; 

subsequently 

granted 

as 

US12605356B2 

in April 

2026

[292]

WO2025139283A1 

(2025)

Nanocomposite 

hydrogel 

for 

radiosensitization 

after 

breast-

Hangzhou 

Biotech 

Biomedical 

Technology 

Co Ltd. 

(China)

Priority: 

25 

December 

2023; 

filed: 24 

October 

Injectable 

modified 

chitosan–

hyaluronic-

acid 

hydrogel 

Postoperative 

sustained 

therapeutic 

delivery, 

immunotherapy, 

and 

Residual 

disease 

following 

breast-

conserving 

surgery

Explicitly 

designed 

for 

postoperative 

placement 

at the 

[293]
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7.3. Clinically Evaluated Hydrogel Systems

conserving 

surgery 

for 

breast 

cancer 

and 

preparation 

method 

therefor

2024; 

published: 

3 July 

2025

containing 

mesoporous 

gold 

nanoparticles

enhancement 

of local 

radiation-

energy 

deposition

breast 

tumor 

bed to 

combine 

radiosensitization 

with 

sustained 

local 

therapy

US20230172851A1 

(2023)

Deformable 

hydrogel 

particles 

and 

pharmaceutical 

composition 

for 

cancer 

treatment 

comprising 

the 

same

Korea 

University 

Research 

and 

Business 

Foundation; 

Scholar 

Foxtrot 

Co., 

Ltd. 

(Seoul, 

Republic 

of 

Korea)

Priority: 

16 

March 

2020; 

filed: 12 

March 

2021; 

published: 

8 June 

2023

Deformable 

polymeric 

hydrogel 

particles 

containing 

polycaprolactone-

related 

components 

and 

capable 

of 

carrying 

proteins 

or 

antibodies

Delivery 

of 

antibody 

or 

biologic 

therapeutics 

using 

deformable 

hydrogel 

particles

Cancer 

treatment 

broadly; 

breast-

cancer 

specificity 

should 

not be 

inferred 

without 

explicit 

claims 

or 

examples

Particle 

deformation 

may 

support 

transport 

through 

confined 

biological 

environments 

and 

delivery 

of 

macromolecular 

therapeutics

[294]

Note: Patent publication or grant does not establish experimental validation, clinical efficacy, regu‐

latory approval, commercial availability, or freedom to operate. Applications and granted patents

were interpreted according to their published claims and embodiments. Product-development sta‐

tus should be independently verified.

Patent publications should be interpreted cautiously. A published or granted patent

defines intellectual-property claims and does not establish technical reproducibility,

peer-reviewed validation, regulatory approval, clinical efficacy, commercial availability,

or freedom to operate. The table therefore reports claimed or described functions with‐

out treating them as confirmed therapeutic outcomes.

The patent landscape indicates substantial interest in integrating hydrogel forma‐

tion with catheter delivery, postoperative treatment, immunotherapy, radiotherapy, cell

capture, or stimulus-triggered release. Nevertheless, increased formulation complexity

may also expand the requirements for component characterization, manufacture, steril‐

ization, stability, biological evaluation, and regulatory control. Patent activity should

therefore be viewed as evidence of technological exploration rather than clinical

maturity.

Hydrogel systems entering clinical evaluation encompass distinct product types, in‐

cluding radiotherapy spacers and markers, radionuclide-containing depots, topical or

endoscopically administered drug-delivery gels, and embolic formulations. These prod‐

ucts should not be grouped under a single maturity category because a completed feasi‐

bility study of a spacer or marker is not equivalent to evidence of therapeutic efficacy

from a drug-loaded hydrogel.

Representative clinically evaluated systems are summarized in Table 8. Registered

or authorized studies should be described according to their stated objective, enrollment
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status, and reported results. Trial registration, regulatory authorization, or

Investigational Device Exemption approval confirms permission to investigate a product

but does not establish safety or efficacy.

Table 8. Representative clinical and regulatory-stage hydrogel technologies for therapeutic and

supportive applications in oncology.

Hydrogel 

System

Clinical 

Condition

Intended 

Function 

and 

Administration

Study 

Objective 

or 

Reported 

Outcome

Development 

Status

Trial or 

Regulatory 

Identifier

Refs.

RadioGel  

yttrium-90 

hydrogel

®

Non-

resectable 

papillary 

thyroid 

carcinoma

Intratumoral 

radionuclide 

delivery

First-in-

human 

safety and 

feasibility 

evaluation 

authorized; 

clinical 

outcomes 

not yet 

reported

FDA 

feasibility 

IDE 

approved, 

6 July 2026

FDA IDE; 

trial ID NR
[295]

TraceIT  

radiopaque 

PEG 

hydrogel 

spacer

®

Localized 

pancreatic 

cancer

EUS-

guided 

placement 

between 

the 

pancreas 

and 

duodenum 

before 

radiotherapy

Feasibility, 

anatomical 

separation, 

dosimetric 

performance, 

and 

procedural 

safety 

evaluated

Completed NCT03998566 [296]

TraceIT  

radiopaque 

hydrogel 

marker

®

Borderline-

resectable 

or locally 

advanced 

pancreatic 

adenocarcinoma

Injection at 

the 

pancreas–

duodenum 

interface 

for 

radiotherapy 

localization

Marker 

visibility 

and image-

guided 

localization 

evaluated

Completed NCT03307564 [297]

Poloxamer 

thermogel 

containing 

5-

fluorouracil

Colorectal 

cancer

Transendoscopic 

colonic 

delivery 

for 

enhanced 

local drug 

adhesion

Phase 2 

evaluation 

of 

feasibility, 

safety, and 

preliminary 

efficacy

Recruiting NCT06385418 [298]

DC Bead™ 

doxorubicin-

loadable 

hydrogel 

Hepatocellular 

carcinoma

Transarterial 

chemoembolization 

for arterial 

embolization 

Randomized 

comparison 

of 

doxorubicin-

Completed 

randomized 

clinical 

trial, 

NCT00261378 [299]
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Hydrogel 

System

Clinical 

Condition

Intended 

Function 

and 

Administration

Study 

Objective 

or 

Reported 

Outcome

Development 

Status

Trial or 

Regulatory 

Identifier

Refs.

microspheres and 

localized 

doxorubicin 

delivery

loaded DC 

Bead 

TACE with 

conventional 

TACE, 

evaluating 

tumor 

response 

and 

treatment 

safety

PRECISION 

V

Embrace™/Instylla 

HES

Hypervascular 

tumors

Catheter-

directed 

arterial 

embolization 

using an in 

situ-

forming 

PEG 

hydrogel

Prospective 

randomized 

multicenter 

pivotal 

trial versus 

standard-

of-care 

transarterial 

embolization 

(TAE) or 

conventional 

transarterial 

chemoembolization 

(cTACE)

Pivotal 

study 

completed; 

FDA-

approved 

for 

embolization 

of 

hypervascular 

tumors

NCT04523350; 

IDE 

G200149

[300]

AceGel 

alginate–

calcium 

lactate 

hydrogel

Esophageal, 

gastric, 

and 

colorectal 

neoplasms

Submucosal 

injection 

during 

EMR or 

ESD

Adequate 

mucosal 

elevation 

and 

wound 

healing, 

with no 

serious 

adverse 

events 

reported in 

a 12-

patient 

feasibility 

study

Completed NCT03321396 [301]

Note: The table distinguishes study objectives from reported clinical outcomes. Status reflects the

cited registry or regulatory information and may change over time. , drug-eluting bead irinotecan;

EMR, endoscopic mucosal resection; ESD, endoscopic submucosal dissection; EUS, endoscopic ul‐

trasonography; FDA, U.S. Food and Drug Administration; HES, Hydrogel Embolic System; IDE,

Investigational Device Exemption; NR, not reported; PEG, polyethylene glycol; TACE, transarte‐

rial chemoembolization.
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7.4. Current Clinical Landscape and Translational Interpretation

8. Regulatory Considerations for Biopolymer-Based Hydrogel Products

8.1. Product Classification and Regulatory Pathways

The available evidence shows a clear difference between supportive hydrogel de‐

vices and therapeutic drug-delivery systems. Clinically established or comparatively ad‐

vanced products are predominantly radiotherapy spacers, tissue markers, embolic mate‐

rials, sealants, and adhesion barriers. Their performance can be assessed using defined

procedural endpoints, including placement accuracy, geometric stability, imaging visibil‐

ity, dosimetric improvement, vascular occlusion, sealing, or prevention of postoperative

adhesion. By contrast, therapeutic hydrogel depots must demonstrate payload identity

and potency, local and systemic pharmacokinetics, controlled release, therapeutic bene‐

fit, degradation, clearance, and formulation-specific safety [9–12,302].

Marketed use of a hydrogel-forming polymer does not establish the safety or effec‐

tiveness of a new therapeutic formulation. Chemical modification, crosslinking, thera‐

peutic loading, administration route, tissue exposure, and degradation can substantially

alter material performance and biological response. Marketed products should therefore

be interpreted as evidence that hydrogel technologies can satisfy defined manufacturing

and clinical requirements, not as direct validation of experimental anticancer depots.

Patent activity is greater than clinical validation. Many patented systems introduce

multiple responsive linkages, targeting ligands, nanoparticles, imaging functions, or

therapeutic components, but relatively few have advanced to clinical testing. This gap

reflects the added difficulty of establishing component identity, payload integrity, re‐

lease reproducibility, sterilization compatibility, degradation, biodistribution, clinical ad‐

ministration, and manufacturing consistency for multicomponent formulations [10–12].

The most credible translational opportunities are applications that address a specific

local-treatment limitation and can be delivered through an established clinical workflow.

These include postoperative treatment of accessible resection beds, image-guided intra‐

tumoral delivery, catheter-based embolization or local therapy, endoscopic administra‐

tion, and temporary protection of adjacent tissues during radiotherapy. Advancement

should depend on measurable benefit relative to the free payload, conventional systemic

administration, existing local-delivery approaches, or current procedural alternatives.

Product classification, manufacturing controls, biological evaluation, clinical-evidence

requirements, and lifecycle oversight are discussed in Section 8.

The physicochemical, pharmaceutical, stability, sterilization, and reproducibility as‐

sessments described in Section 3.4 provide the analytical basis for regulatory develop‐

ment. These measurements must be translated into product-specific critical quality at‐

tributes, acceptance criteria, manufacturing controls, and clinical-performance require‐

ments. Regulatory expectations depend on the final formulation, intended use, adminis‐

tration route, duration of exposure, primary mode of action, therapeutic payload, and

delivery device rather than on the hydrogel-forming polymer alone [9–12].

Biopolymer hydrogels may be regulated as medicinal products, biological products,

medical devices, or combination products. Classification depends principally on the

product’s intended use and primary mode of action. Hydrogels used predominantly as

radiotherapy spacers, tissue markers, sealants, adhesion barriers, or embolic matrices

may follow medical-device pathways, whereas formulations whose principal therapeu‐

tic action is mediated by an incorporated drug or biologic may be regulated as medicinal

or biological products. Systems in which the hydrogel matrix, therapeutic payload, and

administration device make distinct contributions may fall within combination-product

Gels 2026, 12, 1009 78 of 105

https://doi.org/10.3390/gels12111009

https://doi.org/10.3390/gels12111009


8.2. Quality, Manufacturing, and Risk Management

frameworks [303–306].

In the United States, single-entity or co-packaged combination products are subject

to the applicable requirements for their constituent parts and to the current good manu‐

facturing practice provisions of 21 CFR Part 4. Device-led products are also subject to the

Quality Management System Regulation in 21 CFR Part 820, whereas drug or biologic

constituents remain subject to the applicable pharmaceutical or biological-product re‐

quirements. The responsible lead center and development pathway depend on the pri‐

mary mode of action and the relative contribution of the constituent parts [303,304,307].

In the European Union, the applicable pathway depends on whether the hydrogel is

regulated as a medical device, a medicinal product incorporating a device component, or

a device containing an ancillary medicinal substance. Regulation (EU) 2017/745 estab‐

lishes the requirements for medical devices, while Directive 2001/83/EC applies to

medicinal products. For integral drug–device products regulated as medicines, Article

117 may require evidence of conformity of the device component with the applicable

general safety and performance requirements, including a notified-body opinion where

relevant [305,306,308].

Classification should be resolved before pivotal development because it influences

the quality-management system, nonclinical evidence, clinical endpoints, submission

route, manufacturing controls, and post-market obligations. Early engagement with the

relevant regulatory authority is particularly important for stimuli-responsive, biologic-

loaded, cell-containing, radionuclide-containing, and multimodal hydrogels whose ther‐

apeutic performance cannot be attributed to a single constituent [303–306].

Regulatory development should convert the characterization parameters described

in Section 3.4 into formulation-specific critical material attributes, critical process param‐

eters, and critical quality attributes. Depending on the product, these may include poly‐

mer identity, molecular-weight distribution, purity, degree of substitution or deacetyla‐

tion, crosslinker content, gelation time, viscosity, injection force, rheological recovery,

mechanical performance, payload content and uniformity, release, degradation, sterility,

endotoxin burden, packaging integrity, and storage stability [9–12].

Natural and biologically derived polymers require particular attention because their

composition may vary with biological source, harvesting conditions, purification, molec‐

ular-weight distribution, residual proteins or nucleic acids, microbial contamination, en‐

dotoxin burden, moisture content, and supplier-specific processing. Material specifica‐

tions should be linked to final-product performance rather than based solely on general

compendial identity or prior use of the unmodified polymer [10–12].

Manufacturing controls should address precursor preparation, component ratios,

mixing order and time, temperature, pH, ionic strength, crosslinking conditions, pay‐

load incorporation, filling, sterilization, packaging, and storage. These parameters can

affect network homogeneity, gelation, injectability, payload distribution, degradation,

and release. Rapidly crosslinking, thermoresponsive, enzyme-mediated, particulate, and

biologic-loaded formulations may be particularly sensitive to changes in equipment,

batch size, heat and mass transfer, pumping, and shear exposure [10–12].

Process validation should demonstrate that the proposed manufacturing process

consistently produces material meeting predefined specifications. Reproducibility must

be established across independently manufactured batches rather than inferred from re‐

peated measurements of a single preparation. Scale-up studies should evaluate mixing

and mass-transfer differences, component homogeneity, filling accuracy, gelation kinet‐

ics, payload distribution, sterilization exposure, and packaging performance. The result‐
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8.3. Sterility, Endotoxin Control, and Stability

8.4. Biological Evaluation

ing data should support batch release, stability commitments, process comparability,

change control, and lifecycle management [10–12,309].

Risk management should extend across the complete product lifecycle and consider

material variability, administration failure, premature gelation, device blockage, leakage,

incomplete depot formation, dose-delivery errors, payload instability, degradation-prod‐

uct toxicity, systemic exposure, and delayed clearance. Risk controls should be linked to

design verification, process validation, usability evaluation, clinical evidence, and post-

market surveillance [310–312].

Injectable and implantable hydrogel products require a formulation-specific steril‐

ity-assurance strategy. Terminal sterilization may alter polymer molecular weight,

crosslink integrity, gelation kinetics, rheology, mechanical properties, degradation, re‐

lease, or payload activity. The effects of heat, irradiation, and chemical sterilants should

therefore be assessed using the complete formulation rather than the unloaded polymer

alone [9–12].

When terminal sterilization is incompatible with the formulation, separately steril‐

ized or filtered components followed by aseptic compounding, filling, and assembly

may be required. High-viscosity precursors, particles, cells, viral vectors, liposomes, and

preformed networks may not be compatible with sterilizing filtration. The selected man‐

ufacturing strategy should therefore address cleanroom controls, environmental moni‐

toring, personnel qualification, container-closure integrity, process simulation, and the

maximum allowable precursor-hold and in-use periods [11,313,314].

Sterility and bacterial endotoxin control should be evaluated separately because

elimination of viable microorganisms does not necessarily remove or inactivate endotox‐

ins. Polymers, surfactants, salts, nanoparticles, proteins, and degradation products may

interfere with endotoxin-detection or microbial-recovery methods. Raw-material con‐

trols, method-suitability testing, appropriate dilution or interference controls, and vali‐

dated product-specific procedures are therefore required [315,316].

Stability studies should reflect the proposed packaging, storage temperature, light

exposure, freeze–thaw conditions, transport, preparation, and clinical handling.

Relevant endpoints may include appearance, pH, osmolality, polymer molecular weight,

gelation time, rheology, mechanical performance, payload recovery and potency, impuri‐

ties, aggregation, release, sterility, and container-closure integrity. Complex formulations

should also be evaluated for interactions among the hydrogel matrix, payload, incorpo‐

rated carrier, packaging components, and delivery device [9–12].

Biological safety cannot be inferred solely from the natural origin, biodegradability,

or prior use of a polymer. Evaluation should address the final formulation, including

chemical modifications, crosslinkers, residual reagents, therapeutic payloads, nanoparti‐

cles or other incorporated carriers, degradation products, and processing-related impuri‐

ties. The biological evaluation plan should reflect the administration route, tissue con‐

tact, exposure duration, degradation profile, systemic distribution, and intended clinical

function [312,317].

Relevant endpoints may include cytotoxicity, sensitization, irritation or intracuta‐

neous reactivity, acute and repeated-dose systemic toxicity, implantation response, geno‐

toxicity, hemocompatibility, immunotoxicity, inflammatory responses, and degradation-

product safety, as applicable to the product. Blood-contacting or intravascular systems

may additionally require formulation-specific assessment of hemolysis, coagulation,
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8.5. Clinical Evidence, Administration, and Lifecycle Oversight

platelet interactions, and complement-related responses [317,318].

Degradation should be evaluated as a biological-disposition process rather than

only as bulk mass loss. Polymer fragments, residual crosslinkers, payload carriers, and

inorganic or nanoscale components may persist locally or redistribute to other organs.

Evaluation should therefore integrate degradation-product identification, local tissue re‐

sponse, systemic exposure, biodistribution, and renal or hepatobiliary clearance. Testing

should extend beyond the period of therapeutic release when substantial residual mate‐

rial remains [9,10,317].

Animal-derived polymers may require additional controls related to species and tis‐

sue source, transmissible agents, viral inactivation or removal, traceability, and immuno‐

genic impurities. Changes in biological source, purification process, or supplier should

be assessed through risk-based comparability studies rather than treated as routine ma‐

terial substitutions [317,319].

Clinical evidence should correspond to the product’s intended function, regulatory

classification, administration route, and anticipated risks. Therapeutic depots may re‐

quire evaluation of local pharmacokinetics, systemic exposure, tumor response, recur‐

rence, progression-free or overall survival where appropriate, and treatment-associated

toxicity. Clinical benefit should be demonstrated relative to an appropriate comparator,

such as the free payload, conventional administration, another local-delivery approach,

or the current standard of care [10,12].

Supportive hydrogel devices require different endpoints. Radiotherapy spacers and

markers may require assessment of placement success, geometric persistence, imaging

visibility, dosimetric benefit, adjacent-organ protection, and procedural complications.

Embolic systems require evidence of catheter deliverability, vascular distribution, dura‐

bility of occlusion, non-target embolization, and compatibility with interventional work‐

flows. Sealants and adhesion barriers require function-specific evaluation of sealing,

leakage, adhesion prevention, tissue compatibility, and procedural safety [10,302].

Usability and human-factors evaluation should reproduce the intended clinical

workflow. Relevant variables may include preparation time, mixing accuracy, device as‐

sembly, injection force, catheter or needle blockage, premature gelation, leakage, place‐

ment accuracy, delivered volume, operator training, and use-related errors. For combina‐

tion products, the hydrogel formulation and delivery device should be evaluated as an

integrated system because each can affect delivered dose and clinical performance

[12,304].

Premarket studies should be complemented by lifecycle controls where long-term

degradation, migration, repeat administration, or delayed adverse effects cannot be fully

characterized before approval. Post-market surveillance and, where applicable, post-

market clinical follow-up should address uncommon procedure-related complications,

local inflammation, fibrosis, migration, degradation-product accumulation, repeat-ad‐

ministration risks, and long-term clinical performance [303–305].

Material-specific quality controls should reflect the source, chemical modification,

and biological variability of each hydrogel-forming polymer. Relevant attributes may in‐

clude identity, molecular-weight distribution, purity, degree of substitution or deacetyla‐

tion, residual biological materials, endotoxin burden, gelation, degradation, and interac‐

tions with the incorporated payload. However, regulatory classification is determined by

the intended use, route and duration of administration, primary mode of action, and

composition of the final product rather than by the polymer alone. Biological evaluation,

manufacturing controls, and acceptance criteria should therefore be established for the
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9. Critical Discussion and Translational Priorities

9.1. Material Variability, Biological Safety, and Clearance

complete formulation using a risk-based, product-specific strategy [304,312,317,320].

Compliance with regulatory and product-quality requirements does not by itself es‐

tablish translational readiness. Clinical development also depends on reproducible man‐

ufacturing, feasible administration, formulation-specific biological safety, relevant pre‐

clinical models, and clinically meaningful endpoints. These unresolved issues are exam‐

ined in Section 9.

Biopolymer hydrogels provide adaptable platforms for localized cancer treatment,

but favorable biocompatibility, biodegradability, or stimulus-responsive release does not

establish translational readiness. Clinical development requires a clearly defined thera‐

peutic or procedural function, reproducible manufacturing, clinically feasible adminis‐

tration, formulation-specific safety, and evidence that the hydrogel improves outcomes

beyond those achievable with the unencapsulated payload or existing treatment. The

pharmaceutical tests supporting these assessments are described in Section 3.4, while

product classification and regulatory control strategies are addressed in Section 8. This

section focuses on the principal barriers connecting preclinical performance with clinical

implementation [9–12].

Natural origin should not be treated as evidence of uniform composition or biologi‐

cal safety. Molecular-weight distribution, degree of substitution or deacetylation, resid‐

ual proteins and nucleic acids, endotoxin burden, moisture content, and source-depen‐

dent impurities can change gelation, mechanical stability, degradation, payload release,

and tissue response. Chemical modification and incorporation of nanoparticles, syn‐

thetic polymer segments, crosslinkers, or biologically active payloads introduce addi‐

tional variables that may alter cytotoxicity, complement activation, immunogenicity, in‐

flammation, and foreign-body reactions [9–12,310,318,320].

Biological evaluation should therefore be performed on the final formulation rather

than inferred from the unmodified polymer or from historical use of the material

through another administration route. This distinction is especially important for intra‐

tumoral, intraperitoneal, transarterial, and implantable systems, whose local concentra‐

tion and residence time may substantially exceed those associated with conventional ex‐

cipient use. The safety of the hydrogel matrix, therapeutic payload, incorporated carrier,

residual reagents, and degradation products should be assessed both individually and

as an integrated product [9,10,317,320].

Degradation is likewise a dynamic biological process rather than a simple decline in

bulk mass. Polymer-chain cleavage may precede measurable mass loss, while soluble

fragments or detached nanoparticles may redistribute to the liver, spleen, kidneys, lym‐

phatic system, or other tissues. Premature degradation can destabilize the depot and in‐

crease systemic payload exposure, whereas prolonged persistence may promote fibrosis,

chronic inflammation, granuloma formation, or foreign-body encapsulation. Evaluation

should therefore integrate mass loss, molecular-weight change, mechanical deteriora‐

tion, degradation-product identity, local tissue response, systemic biodistribution, and

renal or hepatobiliary clearance [9,10,317,320].

Tumor-associated acidity, oxidative stress, reducing conditions, enzyme activity, in‐

flammation, and tissue ischemia may further alter degradation and immune responses.

Results obtained only in physiological buffer or healthy subcutaneous tissue may conse‐

quently fail to predict behavior within tumors, postoperative cavities, or chronically in‐

flamed sites. Claims of complete biodegradation, non-immunogenicity, or long-term
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9.2. Sterility, Manufacturing, Scale-Up, and Clinical Logistics

9.3. Preclinical Relevance and Clinically Meaningful Evidence

safety require route-specific and duration-appropriate evidence extending beyond the

period of therapeutic release to the eventual clearance of the hydrogel, payload, and

degradation products.

Sterility assurance should be established early because conventional terminal steril‐

ization may damage the hydrogel network or therapeutic cargo. Heat, irradiation, and

chemical sterilants can alter polymer molecular weight, crosslinking, gelation, rheology,

degradation, and release, while biologics, nucleic acids, liposomes, cells, and viral vec‐

tors may lose structural integrity or potency. If terminal sterilization is incompatible with

the complete product, separately sterilized or filtered components followed by aseptic

compounding and filling may be required, increasing manufacturing complexity, valida‐

tion requirements, contamination risk, and cost [9–11,313,314,321].

Sterility and endotoxin control should not be treated as interchangeable. A process

that removes viable microorganisms may not eliminate bacterial endotoxins, and hydro‐

gel components can interfere with endotoxin-detection and microbial-recovery assays.

Raw-material controls, method-suitability assessment, environmental monitoring, and

product-specific acceptance criteria are therefore required. High-viscosity precursors

and formulations containing particles, cells, viruses, or preformed networks may also be

incompatible with sterilizing filtration, making the sterility-assurance strategy a poten‐

tial determinant of formulation feasibility rather than a late-stage manufacturing deci‐

sion [9,11,313–316,321].

Laboratory-scale reproducibility does not guarantee manufacturing-scale consis‐

tency. Changes in vessel geometry, mixing efficiency, shear exposure, heat and mass

transfer, pumping, filling, and precursor-hold time can alter crosslinking kinetics, com‐

ponent distribution, injectability, payload stability, and final network structure. Rapidly

crosslinking, thermoresponsive, enzymatically gelled, and particle-containing systems

are particularly sensitive to scale-dependent processing changes [10–12].

Reproducibility must consequently be demonstrated across independently manu‐

factured batches rather than inferred from repeated measurements of one preparation.

Critical material attributes and process parameters should be linked to predefined prod‐

uct-quality attributes, including gelation time, injection force, rheological recovery, pay‐

load content and distribution, release, degradation, sterility, endotoxin burden, and bio‐

logical potency. Source-variable natural polymers require tighter incoming-material

specifications, supplier qualification, traceability, and formal comparability assessment

after changes in supplier, production scale, equipment, or sterilization process [10–12].

Clinical logistics may impose additional constraints. Thermoresponsive precursors,

proteins, nucleic acids, cells, viruses, and radionuclides may require controlled-tempera‐

ture transport, short in-use periods, specialized preparation, radiation handling, or ad‐

ministration at designated treatment centers. A formulation that performs well under

tightly controlled laboratory conditions may have limited clinical value if it requires

complicated mixing, narrow temperature control, rapid multistep preparation, or highly

operator-dependent placement. Packaging, storage, preparation time, delivery-device

compatibility, and ease of use should therefore be incorporated into the target product

profile from early development.

A major translational limitation is the frequent reliance on subcutaneous tumor

models that do not reproduce the anatomy, stromal organization, perfusion, immune en‐

vironment, or delivery constraints of human disease. Small tumors in mice can often be
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9.4. Standardization and Translational Roadmap

covered by a single injection volume that would be impractical or unsafe in a large, ir‐

regular, fibrotic, or poorly perfused human lesion. Subcutaneous models may also un‐

derestimate resistance to distribution within pancreatic desmoplasia, cirrhotic liver, dis‐

seminated peritoneal disease, postoperative cavities, or heterogeneous breast-tumor

margins [9,10,16,17,45].

Experimental design should therefore progress from initial feasibility studies to or‐

thotopic, immunocompetent, postoperative, metastatic, and, where justified, large-ani‐

mal models. The selected model should reproduce the proposed clinical route, anatomi‐

cal scale, treatment schedule, and relevant biological barriers. For example, postopera‐

tive hydrogels should be applied to realistic resection surfaces, pancreatic formulations

should be assessed through clinically feasible image-guided or intraoperative delivery,

and transarterial systems should be evaluated for catheter passage, vascular distribution,

embolic performance, and non-target delivery.

Hydrogel distribution and therapeutic exposure should also be distinguished.

Depot retention does not establish homogeneous payload distribution, tissue penetra‐

tion, cellular uptake, or reduced systemic exposure. Similarly, tumor-associated fluores‐

cence may reflect vascular retention, extracellular accumulation, carrier degradation, or

release of an imaging label rather than delivery of an intact formulation. Studies claim‐

ing tumor targeting or barrier penetration should include quantitative pharmacokinetics,

intact-carrier tracking, spatial payload mapping, tumor-to-organ distribution, systemic

leakage, and appropriate nontargeted or stimulus-independent controls

[9,10,16,17,23,28,32,34].

Clinical endpoints must correspond to the product’s intended function. Therapeutic

depots should be evaluated using payload exposure, tumor response, recurrence, pro‐

gression-free or overall survival where appropriate, and local and systemic toxicity.

Immune-modulating formulations additionally require evidence of functional immune

activation, distant-tumor responses, recurrence control, rechallenge protection, and im‐

mune-related adverse effects. Apparent improvements in immune-cell abundance or

biomarker expression should not substitute for durable therapeutic outcomes.

Supportive hydrogel devices require different endpoints. Radiotherapy spacers and

markers should be assessed through placement success, geometric stability, imaging vis‐

ibility, dosimetric improvement, adjacent-organ protection, and procedural complica‐

tions. Embolic systems require evaluation of delivery control, durability of occlusion,

non-target embolization, local payload release, and compatibility with interventional

workflows. Sealants, barriers, and postoperative materials similarly require function-

specific evidence of sealing, adhesion prevention, wound compatibility, or hemostatic

performance. These outcomes should not be presented as equivalent to anticancer effi‐

cacy [10,12,302].

Long-term studies should extend beyond the treatment period to capture delayed

inflammation, fibrosis, depot migration, immunogenicity, degradation-product accumu‐

lation, organ distribution, and clearance. Repeat administration should also be consid‐

ered when clinically plausible because immune responses, tissue remodeling, or residual

material may alter the safety and performance of subsequent doses.

The diversity of hydrogel compositions and clinical functions makes a universal test

battery inappropriate. Standardization should instead establish a common core of mate‐

rial, pharmaceutical, biological, and manufacturing information supplemented by appli‐

cation-specific assessments. Common reporting should include polymer identity and

variability, composition, geometry, crosslinking, gelation, injectability, rheology, swelling
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kinetics, degradation, payload distribution, release, sterilization, stability, and interbatch

reproducibility [9,11,12,310,312,320].

Acceptance criteria should remain product-specific. Injectable depots require ad‐

ministration, gelation, placement, and release testing; radiotherapy spacers require geo‐

metric and dosimetric stability; embolic systems require catheter delivery and occlusion

testing; and films, barriers, and sealants require mechanical, adhesive, and conformabil‐

ity assessments. Harmonized terminology, physiologically relevant test conditions, com‐

mon reporting principles, and minimum datasets would improve comparison without

imposing identical performance limits on products with different functions [317,318,320,

322–324,].

A staged framework for translating biopolymer-based hydrogel systems from for‐

mulation design to clinical and lifecycle evaluation is summarized in Figure 10.

Figure 10. Translational roadmap for biopolymer-based hydrogel products in oncology.

Development begins with definition of the clinical need and target product profile, followed by se‐

lection of essential formulation components, clinically representative characterization, repro‐

ducible manufacturing and sterility assurance, integrated evaluation of disposition and safety,

comparative evidence, and function-specific clinical and lifecycle controls.

The translational process should begin with a defined clinical or procedural limita‐

tion rather than with material selection alone. The target product profile should specify

the intended use, patient population, administration route, delivery device, anticipated

exposure duration, and probable regulatory classification. Formulation complexity

should then be restricted to components that provide a demonstrated and measurable

contribution to administration, payload stability, local exposure, safety, or therapeutic

performance. Additional polymers, nanoparticles, targeting ligands, responsive linkages,

or imaging agents should not be incorporated solely to increase multifunctionality be‐

cause every component expands the analytical, manufacturing, toxicological, and regu‐

latory burden [58,62,63].

Characterization should reproduce the intended conditions of clinical use, including

formulation temperature, preparation procedure, delivery hardware, administration
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10. Conclusions

rate, anatomical environment, and physiologically relevant stimulus range.

Manufacturing readiness requires reproducibility across independently produced

batches, control of critical material attributes and process parameters, validated steriliza‐

tion or aseptic manufacture, and suitable packaging, storage, transportation, and in-use

procedures. These requirements should be established before pivotal efficacy studies

rather than deferred until late-stage development.

Disposition and safety should be investigated as integrated outcomes. Local reten‐

tion and spatial payload distribution should be evaluated together with systemic expo‐

sure, degradation-product identity, biodistribution, immunogenicity, inflammatory re‐

sponses, and eventual clearance. Hydrogel retention at the administration site should

not be interpreted as evidence of homogeneous drug exposure, effective cellular uptake,

or reduced systemic toxicity without direct pharmacokinetic and disposition data. Safety

monitoring should extend beyond the therapeutic-release period when residual polymer

networks, particulate components, or degradation products remain in the body.

Comparative studies should include the free payload, unloaded hydrogel, relevant

component controls, and the current standard of care or established procedural alterna‐

tive. Added formulation complexity is justified only when it produces a measurable im‐

provement in therapeutic efficacy, safety, administration, or procedural performance.

Function-specific clinical endpoints, usability assessment, post-market surveillance, and

long-term follow-up should reflect the product’s actual therapeutic or procedural claim.

Biopolymer-based hydrogels are most likely to advance when material design is

subordinated to a defined clinical need and supported by reproducible manufacturing,

clinically feasible administration, complete biological-disposition data, and function-spe‐

cific evidence. The central translational question is therefore not whether a hydrogel can

provide sustained or stimulus-responsive release under laboratory conditions, but

whether the final product can be manufactured consistently, administered reliably, pre‐

serve payload activity, improve clinically meaningful outcomes, and degrade or clear

without unacceptable local or systemic effects.

Biopolymer-based hydrogels provide a versatile framework for localized cancer

treatment because their composition, crosslinking, degradation, and payload–matrix in‐

teractions can be adjusted to regulate administration, tissue retention, and therapeutic

release. Polysaccharide-, protein-, peptide-, and nucleic-acid-based hydrogels have been

investigated for delivering small-molecule drugs, biologics, nucleic acids, cells, and par‐

ticulate carriers across chemotherapy, immunotherapy, radiotherapy, phototherapy, and

combination treatments. Their principal value lies not in multifunctionality alone, but in

the possibility of coordinating the payload, administration route, anatomical site, and re‐

quired duration of exposure within a single formulation.

Most therapeutic hydrogel systems, however, remain at the preclinical stage.

Favorable release profiles in simplified media or tumor suppression in small-animal

models do not establish clinical performance. Tumor heterogeneity can limit the selectiv‐

ity of pH-, redox-, enzyme-, and temperature-responsive systems, while dense stroma,

irregular anatomy, necrosis, interstitial pressure, and treatment-induced tissue changes

can restrict hydrogel placement, payload distribution, and tissue penetration. Hydrogel

retention should therefore not be interpreted as evidence of homogeneous drug expo‐

sure, cellular uptake, or reduced systemic toxicity without quantitative pharmacokinetic

and biodistribution data.

Translation is further constrained by variability in natural polymers, scale-depen‐

dent manufacturing, sterilization incompatibility, payload instability, incomplete charac‐
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terization of degradation products, and limited evidence of reproducibility across inde‐

pendently manufactured batches. Claims of biocompatibility, biodegradability, targeting,

or controlled release should be supported by formulation-specific evidence obtained un‐

der clinically representative conditions. Evaluation should extend beyond the therapeu‐

tic-release period to address local inflammation, fibrosis, systemic distribution, degrada‐

tion-product safety, and eventual clearance of the hydrogel and its incorporated

components.

Future development should prioritize formulations that address a defined clinical

limitation and provide measurable benefit over the free payload, conventional adminis‐

tration, or existing procedural alternatives. Polymer selection and crosslinking should be

guided by payload dimensions and affinity, administration hardware, tumor anatomy,

required depot residence, and acceptable degradation and clearance profiles. Clinically

relevant disease models, realistic administration procedures, quantitative disposition

studies, long-term safety, manufacturing reproducibility, and function-specific endpoints

should be incorporated before pivotal development. Progress will depend less on

adding multiple responsive, targeting, or imaging functions than on demonstrating that

the final product can be manufactured consistently, administered reliably, preserve pay‐

load activity, improve therapeutic or procedural outcomes, and degrade or clear without

unacceptable local or systemic effects.
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Abbreviation Full Term

ACS American Cancer Society
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ATP Adenosine Triphosphate

BBB Blood–Brain Barrier

BSA Bovine Serum Albumin

CAFs Cancer-Associated Fibroblasts

CAMKII
Calcium/Calmodulin-Dependent Protein 

Kinase II

CMC Carboxymethyl Cellulose

CPT Camptothecin

CSCs Cancer Stem Cells

CT Computed Tomography

cTACE
Conventional Transarterial 

Chemoembolization

DC Dendritic Cell

DEBIRIs Drug-Eluting Beads Loaded with Irinotecan

DMSO Dimethyl Sulfoxide

DNA Deoxyribonucleic Acid

DOX Doxorubicin

ECM Extracellular Matrix

EPR Enhanced Permeability and Retention

FDA U.S. Food and Drug Administration

FITC Fluorescein Isothiocyanate

GCO Global Cancer Observatory

GSH Glutathione

HA Hyaluronic Acid

HCC Hepatocellular Carcinoma

HES Hydrogel Embolic System

HIFU High-Intensity Focused Ultrasound

ICD Immunogenic Cell Death

IL Interleukin

MMP Matrix Metalloproteinase

MRI Magnetic Resonance Imaging

NK Natural Killer

NP Nanoparticle

PEG Poly(Ethylene Glycol)

PDT Photodynamic Therapy

PTT Photothermal Therapy

PVA Poly(Vinyl Alcohol)

RGD Arginine–Glycine–Aspartic Acid

RNA Ribonucleic Acid

ROS Reactive Oxygen Species

SCFA Short-Chain Fatty Acid

SF Silk Fibroin

siRNA Small Interfering RNA

TACE Transarterial Chemoembolization

TAM Tumor-Associated Macrophage

TDLN Tumor-Draining Lymph Node
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TNBC Triple-Negative Breast Cancer

TNF-α Tumor Necrosis Factor-α

Treg Regulatory T Cell

VEGF Vascular Endothelial Growth Factor
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