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Abstract: Multifunctional hydrogels represent an emerging technological advancement in
cancer therapeutics, integrating diagnostic imaging capabilities with therapeutic modal-
ities into comprehensive, multifunctional systems. These hydrogels exhibit exceptional
biocompatibility, biodegradability, high water retention capacity, and tunable mechanical
properties, enabling precise drug delivery while minimizing systemic side effects. Re-
cent innovations in stimuli-responsive components facilitate intelligent, controlled drug
release mechanisms triggered by various stimuli, including changes in pH, temperature,
magnetic fields, and near-infrared irradiation. Incorporating diagnostic imaging agents,
such as magnetic nanoparticles, fluorescent dyes, and radiolabeled isotopes, substantially
improves tumor visualization and real-time therapeutic monitoring. Multifunctional hy-
drogels effectively integrate chemotherapy, photothermal therapy, photodynamic therapy,
immunotherapy, and their synergistic combinations, demonstrating superior therapeutic
outcomes compared to conventional methods. Particularly, injectable and in situ-forming
hydrogels provide sustained local drug delivery postoperatively, effectively reducing tu-
mor recurrence. However, challenges persist, including initial burst release, mechanical
instability, regulatory barriers, and scalability concerns. Current research emphasizes
advanced nanocomposite formulations, biofunctionalization strategies, and innovative
manufacturing technologies like 3D bioprinting to facilitate clinical translation. This review
comprehensively summarizes recent advancements, clinical applications, and future per-
spectives of multifunctional hydrogel systems for enhanced cancer treatment, underscoring
their potential to revolutionize personalized oncology.
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1. Introduction
Cancer remains a critical global health challenge and one of the leading causes of death

worldwide, posing considerable therapeutic difficulties despite significant advancements
in clinical oncology. In 2020, approximately 19.3 million new cancer cases and nearly
10 million cancer-related deaths were reported globally, underscoring an urgent demand
for more precise, effective, and advanced therapeutic strategies [1–3]. Conventional cancer
treatment modalities, including surgical resection, chemotherapy, radiation therapy, and
immunotherapy, have substantially improved patient survival and quality of life. Neverthe-
less, these traditional approaches exhibit significant limitations, such as systemic toxicity,
insufficient specificity, multidrug resistance, recurrence, and severe side effects on healthy
tissues [4–8]. Chemotherapy and radiation treatments, for instance, often damage rapidly
dividing normal cells, causing pronounced side effects, impaired immune function, and
diminished patient well-being. Additionally, surgical interventions, despite their efficacy in
tumor removal, frequently risk incomplete resection, leaving behind residual microscopic
cancer cells that can trigger recurrence or metastasis [9–13].

In response to these clinical challenges, significant research efforts have been directed
toward developing multifunctional hydrogel-based systems capable of delivering tar-
geted and sustained therapeutic effects integrated with real-time diagnostic imaging—a
concept commonly referred to as “theranostics” [14–17]. Multifunctional hydrogels are
three-dimensional polymer networks engineered to encapsulate and release therapeutic
agents in a controlled and localized manner directly at tumor sites. This targeted approach
significantly minimizes systemic exposure and adverse effects [18–21]. Due to their advan-
tageous physicochemical properties, including excellent biocompatibility, biodegradability,
high water content, adjustable mechanical properties, and structural similarity to natural
extracellular matrices, multifunctional hydrogels are ideal biomaterials for various cancer
therapies. These hydrogels are not only effective carriers of conventional chemotherapeutic
agents but also serve as versatile platforms for advanced treatments such as photothermal
therapy (PTT), photodynamic therapy (PDT), immunotherapy, and gene therapy [22–26].

Furthermore, multifunctional hydrogels offer the unique advantage of integrating
diagnostic imaging modalities, enabling clinicians to monitor drug distribution, therapeutic
response, and tumor progression in real-time. Hydrogel-based systems incorporating
imaging agents such as magnetic nanoparticles for magnetic resonance imaging (MRI), flu-
orescent dyes for fluorescence (FL) imaging, gold nanoparticles for computed tomography
(CT), and echogenic microbubbles for ultrasound (US) imaging have been extensively ex-
plored [27–31]. Additionally, emerging imaging techniques—including photoacoustic (PA)
imaging, Raman spectroscopy, and narrow-band spectroscopy—have been successfully
integrated into hydrogel platforms. These novel approaches significantly enhance imaging
resolution, tissue penetration, and diagnostic accuracy, thereby improving tumor localiza-
tion and the monitoring of therapeutic efficacy and guiding clinical decisions [32–35].

One of the most notable advantages of multifunctional hydrogels is their stimuli-
responsive nature. Such hydrogels can dynamically alter their structure and functional
characteristics in response to internal stimuli (such as pH variations, enzymes, hypoxia,
and redox potentials) or external triggers (temperature fluctuations, magnetic fields,
US, and near-infrared (NIR) irradiation), precisely controlling drug release and ther-
apeutic activation [36–45]. For instance, thermoresponsive hydrogels based on poly(N-
isopropylacrylamide) (PNIPAAm) transform from a liquid (sol) to a solid (gel) state at
physiological temperatures, enabling minimally invasive delivery directly into tumors with
sustained local drug release [46]. Similarly, pH-responsive hydrogels exploit the acidic
tumor microenvironment to selectively release anticancer agents, enhancing therapeutic
efficacy and reducing harm to healthy tissues [47]. Magnetic-responsive hydrogels con-
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taining iron oxide nanoparticles facilitate remote, noninvasive control over drug release
while providing simultaneous imaging capabilities, dramatically improving therapeutic
precision and patient compliance [48].

In addition to conventional design principles, multifunctional hydrogels have also
been increasingly developed to respond to specific biological cues in the tumor microenvi-
ronment, such as hypoxia, acidic pH, and elevated enzymatic activity. Hypoxia-responsive
hydrogels incorporate functional groups that undergo cleavage or physicochemical trans-
formation under low-oxygen conditions—a hallmark of many solid tumors. These systems
exploit the overexpression of hypoxia-inducible factors and limited oxygen diffusion in
tumors to achieve spatially confined therapeutic activation. pH-responsive hydrogels are
engineered to respond to the mildly acidic extracellular environment of tumors (typically
pH 6.5–6.8) relative to normal tissues (pH 7.4) through the use of acid-labile linkers or pro-
tonatable moieties that trigger swelling, degradation, or drug release. Enzyme-responsive
hydrogels, on the other hand, are formulated to degrade in the presence of tumor-associated
proteases such as matrix metalloproteinases. These systems often incorporate cleavable
peptide-based crosslinkers or substrates, enabling site-specific hydrogel breakdown and
on-demand drug delivery. Collectively, these tumor microenvironment-responsive mech-
anisms offer enhanced selectivity and therapeutic precision, positioning multifunctional
hydrogels as attractive candidates for personalized cancer treatment.

Injectable hydrogels have gained considerable attention for their minimally invasive
administration, significantly improving patient comfort and enabling repeat administra-
tions without surgery. In situ gelation mechanisms further simplify clinical use, providing
sustained local therapeutic release postoperatively, thus reducing the risk of tumor recur-
rence, promoting wound healing, and facilitating tissue regeneration [49,50]. Despite these
promising developments, challenges such as initial burst release of drugs, maintaining
hydrogel stability and mechanical integrity under physiological conditions, regulatory
approval complexities, and scalability in manufacturing remain significant obstacles. Nev-
ertheless, ongoing advancements in bioengineering, material science, and nanotechnology,
including biofunctionalization, optimized crosslinking chemistries, advanced nanomateri-
als, 3D bioprinting, and artificial intelligence (AI)-driven personalized medicine, continue
to offer promising solutions [51–53].

This comprehensive review systematically discusses the latest advances in multifunc-
tional hydrogels for cancer theranostics, beginning with their fundamental characteristics,
classifications, and physicochemical properties (Figure 1). Subsequently, it explores recent
developments in integrating diagnostic imaging techniques for improved cancer detection
and treatment monitoring. It also evaluates various therapeutic modalities facilitated
by multifunctional hydrogels, including chemotherapy, PTT, PDT, immunotherapy, and
combination therapies. Finally, this review examines clinical applications, identifies current
challenges and limitations, and outlines future directions and opportunities, aiming to
inspire continued interdisciplinary research toward safer, more effective, and personalized
cancer management.
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Figure 1. Strategy and mechanism of a multifunctional hydrogel for advanced cancer therapy.

2. Fundamentals and Characteristics of Multifunctional Hydrogels
2.1. Definition and Classification

Hydrogels are three-dimensional polymeric networks capable of absorbing and re-
taining substantial amounts of water, closely mimicking the physical and structural char-
acteristics of biological tissues. Their exceptional biocompatibility, biodegradability, and
controlled drug-delivery capabilities position them as ideal biomaterials for various biomed-
ical applications, particularly in cancer treatment [54,55]. Multifunctional hydrogels are
broadly classified based on their polymeric origins: natural, synthetic, and hybrid hydro-
gels (Table 1). Natural hydrogels are derived from biopolymers such as alginate, hyaluronic
acid, collagen, and chitosan. These materials exhibit excellent biocompatibility, minimal im-
munogenicity, and bioactivity beneficial for tissue regeneration and wound healing [56–62].
Synthetic hydrogels, including polyethylene glycol (PEG), poly(lactic-co-glycolic acid)
(PLGA), polyvinyl alcohol (PVA), and poly(N-isopropylacrylamide) (PNIPAAm), offer tai-
lored mechanical properties, controlled degradation rates, and specific stimuli-responsive
behaviors, making them highly adaptable for targeted clinical applications [63–71]. Hy-
brid hydrogels combine the advantages of both natural and synthetic polymers, enabling
precise optimization of mechanical strength, biological performance, and responsiveness,
which are particularly valuable in precision oncology and patient-specific therapeutic
strategies [72–74].
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Table 1. Materials, properties, and applications of natural, synthetic, and hybrid hydrogels.

Type Materials Key Features Applications References

Natural hydrogel
Alginate, Hyaluronic

Acid, Collagen,
Chitosan

Biocompatibility,
biodegradability, bioactivity

Drug delivery, tumor
targeting [54–60]

Synthetic hydrogel PEG, PLGA, PVA,
PNIPAm

Controlled mechanical
strength,

stimuli-responsiveness,
customizable degradation

rate

Controlled
chemotherapy,

localized
immunotherapy,

photothermal
therapy

[61–69]

Hybrid hydrogel
PEG-Collagen,

Chitosan-PLGA,
Alginate-PEG

Optimized mechanical and
biological characteristics,

enhanced stimuli
responsiveness

Advanced targeted
delivery, precision

oncology, prevention
of metastasis

[70–72]

2.2. Physicochemical Properties

The physicochemical properties of multifunctional hydrogels critically influence their
performance in cancer treatment applications. Essential properties include biocompatibility,
controlled biodegradability, stimuli responsiveness, mechanical integrity, and regulated
drug-release profiles (Table 2) [75–77]. The highly porous, hydrophilic nature of these
hydrogels allows for efficient encapsulation and prolonged release of therapeutic agents.
Stimuli-responsive hydrogels exhibit dynamic reactions to specific biological or external
stimuli, such as pH variations, temperature fluctuations, magnetic fields, or NIR irradia-
tion. This adaptability facilitates precise targeting and controlled drug delivery directly to
tumor tissues, thereby enhancing therapeutic effectiveness while minimizing systemic toxi-
city [78–92]. Additionally, hydrogel mechanical properties can be fine-tuned to emulate the
physical characteristics of tumor microenvironments, further optimizing their integration
and therapeutic efficacy in cancer management.

Table 2. Stimuli-responsive hydrogels for cancer treatment.

Type Materials Key Features Applications References

Stimuli-responsive
hydrogel

pH-sensitive,
Thermoresponsive,

Magnetic-
responsive,

NIR-responsive
hydrogels

Dynamic response to
tumor

microenvironment,
controlled drug release,

enhanced precision
targeting

Localized chemotherapy,
photother-

mal/photodynamic
therapy, imaging-guided

therapy

[78–92]

3. Preparation of Multifunctional Hydrogels
The preparation methods of hydrogels significantly influence their structural, mechan-

ical, and functional characteristics, all of which are crucial for biomedical applications,
particularly in cancer therapy. These methods are broadly classified into physical crosslink-
ing, chemical crosslinking, and emerging advanced techniques such as photo-crosslinking
and 3D bioprinting.

Physically crosslinked hydrogels are formed through non-covalent interactions, in-
cluding hydrogen bonding, ionic interactions, crystallization, and hydrophobic interactions.
These methods are attractive for biomedical use because they typically avoid the use of toxic
crosslinking agents and operate under mild conditions. For instance, ionic crosslinking
with divalent cations like calcium can induce gelation in alginate-based systems, making
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them suitable for drug encapsulation and local delivery. Similarly, freeze–thaw cycles
are commonly used to induce gelation in PVA-based hydrogels by promoting crystalline
regions [93].

Chemical crosslinking involves covalent bond formation between polymer chains,
resulting in stable, robust hydrogel networks. This approach allows precise control over the
hydrogel’s network structure, mechanical strength, and degradation rate. Common strate-
gies include radical polymerization (initiated thermally or photochemically), Schiff base
reactions, thiol-ene reactions, and enzymatic crosslinking. While chemically crosslinked
hydrogels typically exhibit enhanced stability and tunability, they may involve reactive
species or conditions that require careful optimization to maintain biocompatibility, espe-
cially when used for in vivo applications [94–96].

Photo-crosslinking has emerged as a powerful tool to spatially and temporally control
hydrogel formation. This technique uses light (usually UV or visible) in the presence of
photo-initiators to trigger rapid polymerization. It is particularly valuable in biomedical
settings requiring in situ gelation, such as injectable systems or light-guided therapeutic
delivery. Furthermore, it supports complex patterning in tissue engineering [97].

Recent developments have introduced 3D bioprinting as an advanced hydrogel fabri-
cation method. This technique allows for the precise layer-by-layer deposition of cell-laden
hydrogel bio-inks to build complex, patient-specific scaffolds with controlled architecture,
porosity, and drug distribution. The integration of 3D bioprinting and hydrogel technology
is accelerating the development of personalized cancer therapies and tumor models for
drug screening [98,99].

Overall, the selected preparation method directly impacts a hydrogel’s physicochemi-
cal properties, including its porosity, mechanical integrity, degradation kinetics, and drug
release profile. Therefore, the fabrication technique must be carefully matched with the
intended biomedical application to ensure optimal therapeutic performance.

4. Design Strategies for Diagnostic Imaging Hydrogels
The integration of multifunctional hydrogels with advanced diagnostic imaging tech-

niques significantly enhances cancer detection, diagnosis, and therapeutic monitoring
(Figure 2). Each imaging modality leverages specific hydrogel properties to improve
imaging sensitivity, resolution, and real-time visualization (Table 3).

4.1. MRI

MRI is a widely used non-invasive diagnostic modality that offers high spatial resolu-
tion and excellent soft tissue contrast, making it particularly advantageous for detecting
and monitoring tumor progression. The integration of MRI capabilities into hydrogel
systems has enabled the development of theranostic platforms that allow for real-time
imaging in conjunction with localized therapeutic delivery [100].

T1-weighted MRI contrast enhancement is commonly achieved through the incorpora-
tion of gadolinium(III) (Gd3+)-based compounds, which produce bright signal intensities
and facilitate high-resolution visualization of hydrogel depots in vivo. Hydrogel matrices
functionalized with chelating ligands, such as DTPA or Gd-DOTA, have demonstrated sta-
ble Gd3+ retention and sustained signal generation following subcutaneous or intratumoral
administration [101]. These hydrogels often exhibit favorable biodegradability, biocom-
patibility, and physical stability, enabling their long-term use for therapeutic monitoring
without eliciting adverse tissue reactions [102].
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Figure 2. Schematic representation of multifunctional hydrogel-based strategies integrating diverse
polymer platforms and imaging modalities for cancer diagnosis.

In addition to conventional T1-weighted imaging, Chemical Exchange Saturation
Transfer (CEST) MRI has emerged as a promising label-free imaging technique. CEST MRI
enhances image contrast based on the exchange of protons between water and endogenous
or exogenous metabolites. Hydrogels containing exchangeable functional groups, such as
hydroxyl or amine moieties, can generate CEST contrast without requiring external contrast
agents [103,104]. These CEST-active hydrogels enable sensitive tracking of hydrogel degra-
dation, spatial localization, and drug release behavior under physiological conditions [105].
Furthermore, MRI-compatible hydrogels have been engineered to avoid imaging arti-
facts in T2-weighted sequences, particularly in soft tissue environments such as the brain.
Hydrogels with optimized composition and mechanical properties conform to complex
anatomical surfaces while maintaining imaging fidelity. These systems not only support di-
agnostic imaging but also offer functionalities such as electrical conductivity or therapeutic
agent loading, extending their utility beyond passive imaging substrates [106,107].

Altogether, MRI-responsive hydrogels offer a powerful tool for image-guided cancer
management, combining diagnostic imaging, spatial tracking, and therapeutic delivery
within a single platform. Their ability to provide dynamic feedback in real time enhances
precision in cancer treatment and supports the development of responsive, minimally
invasive theranostic systems.
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4.2. FL and Optical Imaging

FL and optical imaging modalities offer high sensitivity and real-time visualization for
intraoperative guidance and cancer diagnosis. Hydrogel platforms have been increasingly
engineered to incorporate fluorescent probes, enabling site-specific visualization of tumors
and real-time tracking of hydrogel degradation. Injectable hydrogels embedded with
quantum dots or small molecule dyes enable stable, long-term fluorescence imaging in vivo.
These systems are especially effective for monitoring drug release, surgical margins, and
tissue regeneration. Dual-channel fluorescent hydrogels have demonstrated the ability
to simultaneously track material degradation and host tissue response, offering valuable
insight for therapeutic applications [108–110]. To enhance spatial resolution and specificity,
some hydrogel formulations utilize carbon dots or supramolecular nanofibers, such as
fluorophores, which improve optical stability and biocompatibility. Furthermore, the
integration of NIR dyes such as indocyanine green has enabled deeper tissue imaging with
reduced background interference, making these hydrogels especially useful for FL-guided
surgery [111–116].

Overall, fluorescence-integrated hydrogels represent a versatile and highly sensitive
modality for cancer imaging, offering customizable visualization profiles and compatibility
with multimodal theranostic approaches.

4.3. CT Imaging

CT provides high spatial resolution and rapid acquisition times, allowing detailed
anatomical visualization. The incorporation of radiopaque materials into hydrogels has
enabled their effective use as CT-visible imaging platforms.

Iodinated contrast agents or metallic nanoparticles such as gold and ytterbium have
been successfully integrated into hydrogel matrices to enhance X-ray attenuation and visi-
bility. These contrast-enhanced hydrogels allow precise localization of tumor boundaries
and can be used preoperatively for image-guided interventions [117–119]. The use of spec-
tral photon-counting CT and dual-energy techniques has further enabled the differentiation
of hydrogel-embedded agents from surrounding tissues, facilitating more accurate diagno-
sis and treatment planning. These CT-responsive hydrogels are particularly advantageous
for applications requiring both structural fidelity and real-time imaging.

4.4. US and PA Imaging

US imaging is a widely accessible, non-ionizing modality ideal for real-time im-
age guidance. Hydrogel systems incorporating microbubbles or nanobubbles enhance
echogenic contrast, enabling more precise localization and monitoring of drug delivery
in tumor environments. Recent developments in ultrasound-responsive hydrogels have
utilized bursting nanobubble agents that respond to acoustic pressure, enabling both di-
agnostic imaging and ultrasound-triggered therapeutic release. This dual functionality
supports real-time feedback and controlled treatment delivery [120,121].

PA imaging, which combines optical and ultrasound modalities, benefits from hydro-
gels embedded with photo-absorbers such as carbon nanotubes or organic dyes. These
hydrogels provide strong optical absorption and generate acoustic signals upon laser stim-
ulation, enabling high-contrast imaging at greater tissue depths. This hybrid modality is
particularly promising for neural stimulation and deep-tissue tumor imaging [122–126].

Together, ultrasound and PA-responsive hydrogels expand the functional landscape
of cancer diagnostics, offering minimally invasive, image-guided, and stimuli-responsive
therapeutic systems.
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4.5. Others Imaging Techniques

Beyond traditional imaging methods, multifunctional hydrogels have been integrated
with advanced imaging modalities such as Raman spectroscopy and narrow-band imaging.
Raman spectroscopy-based hydrogels incorporate Raman-active nanoparticles (e.g., gold
nanorods), enabling highly sensitive, label-free molecular imaging [127–129].

Table 3. Imaging modalities using multifunctional hydrogels for cancer treatment.

Imaging
Modality Hydrogel Types Key Features Materials References

MRI (T1-weighted,
CEST) imaging

Gd3+-DTPA/DOTA
hydrogels, CEST-active

hydrogel

High spatial resolution,
real-time imaging,
label-free options,

artifact minimization

Gadolinium
compounds,

hydroxyl/amine-
functional hydrogels

[100–107]

FL and Optical
imaging

Quantum dot or
dye-loaded injectable

hydrogels; NIR
dye-integrated systems

High sensitivity,
real-time visualization,

FL-guided surgery
compatibility

Quantum dots,
carbon dots,

indocyanine green
[108–116]

CT imaging

Radiopaque hydrogels
with metallic

nanoparticles or
iodine-based agents

High resolution,
accurate tumor

localization, spectral CT
compatibility

Gold, ytterbium,
iodinated

compounds
[117–119]

US and PA imaging

Bubble-encapsulated
hydrogels,

photo-absorber
embedded systems

Non-ionizing, dual
diagnostic and

therapeutic capabilities,
deep-tissue imaging

Microbubbles,
carbon nanotubes,

organic dyes
[120–126]

Raman imaging
Raman-active hydrogel
systems with embedded

nanoparticles

Molecular specificity,
label-free detection Gold nanorods [127–129]

5. Therapeutic Modalities Using Hydrogels
Multifunctional hydrogels function as sophisticated platforms for controlled, sustained

therapeutic delivery, substantially enhancing cancer treatment outcomes. These hydrogels
effectively support diverse therapeutic modalities, including chemotherapy, PTT, PDT,
immunotherapy, and combination therapies (Table 4).

5.1. Chemotherapy

Chemotherapy-loaded hydrogels have emerged as a promising strategy to enhance
the efficacy and specificity of conventional chemotherapeutics while minimizing systemic
toxicity. These hydrogels provide sustained, localized release of anticancer agents such
as doxorubicin (DOX), paclitaxel, and docetaxel (DTX), thereby maintaining therapeutic
concentrations at tumor sites and reducing off-target effects. Thermosensitive and pH-
responsive hydrogel systems, particularly those based on polypeptides, PLGA, and chitosan
derivatives, have been developed to facilitate injectable in situ gelation and controlled
drug release.

Multidrug delivery platforms combining hydrophilic and hydrophobic agents within
a single hydrogel matrix have also been shown to significantly improve chemotherapeutic
synergy and tumor suppression. For example, hydrogels incorporating DOX with micellar-
encapsulated DTX have demonstrated enhanced antitumor efficacy and prolonged local
retention, making them suitable for post-surgical cancer therapy [130–135].
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Table 4. Therapeutic modalities using multifunctional hydrogels for cancer treatment.

Therapuetic
Modality Cancers Hydrogel Types Activations References

Chemotherapy Breast, Lung,
Ovarian

Doxorubicin,
Paclitaxel-loaded

hydrogels

Passive diffusion,
biodegradation [130–135]

PTT Skin, Breast, Liver
Gold nanoparticles,

Polydopamine-based
hydrogels

NIR irradiation [136–140]

PDT Skin, Oral cavity Photosensitizers
(Chlorin e6, porphyrins) Light irradiation [141–145]

Immunotherapy Melanoma, Lung
Hydrogels with

checkpoint inhibitors,
cytokines

Biological interaction,
controlled release [146–154]

Synergistic Chemo-
Photothermal

Therapy

Breast, Liver,
Pancreatic

Hydrogels with
chemotherapeutics +
photothermal agents

NIR irradiation,
biodegradation [136,137]

Combined
Immunotherapy and

Phototherapy

Melanoma, Lung
cancers

Immunotherapeutic
agents +

photosensitizers or
photothermal agents

NIR irradiation,
biodegradation,

immune activation
[144,150]

5.2. PTT

Hydrogels designed for PTT integrate photo-absorbing agents, such as gold nanorods,
polydopamine, or carbon-based nanomaterials, that convert NIR irradiation into localized
heat. This thermal effect induces tumor ablation while sparing surrounding healthy tissues.
Thermo-sensitive hydrogels serve as both delivery matrices and activatable therapeutic
agents, enabling minimally invasive intra-tumoral injection and NIR-triggered activation.

These systems often achieve dual functionality, facilitating both PTT and controlled
drug release. The spatial and temporal precision of hydrogel-mediated PTT contributes to
improved safety profiles and treatment outcomes in localized solid tumors [136–140].

5.3. PDT

PDT utilizes light-activated photosensitizers to generate reactive oxygen species (ROS)
that induce oxidative damage and apoptosis in tumor cells. Injectable hydrogels incorporat-
ing photosensitizers such as chlorin e6 (Ce6) or porphyrins have been designed to enhance
ROS generation and treatment selectivity upon NIR light exposure.

These hydrogel systems offer the advantage of localized delivery and prolonged reten-
tion of photosensitizers at tumor sites, thereby improving light penetration efficiency and
minimizing systemic side effects. Moreover, some hydrogels co-deliver photosensitizers
with chemotherapeutics, enabling synergistic photo-chemo therapeutic approaches for
enhanced tumor inhibition [141–145].

5.4. Immunotherapy

Multifunctional hydrogels have shown great potential in enhancing cancer im-
munotherapy by enabling localized, sustained delivery of immune checkpoint inhibitors
(ICIs), cytokines (e.g., IL-2, IFN-γ), and tumor vaccines. These systems improve immune ac-
tivation at tumor sites while reducing systemic toxicity and immune-related adverse events.

Hydrogels co-loaded with ICIs and chemotherapeutics or immune adjuvants have
demonstrated enhanced antitumor immune responses through both direct cytotoxicity and



Gels 2025, 11, 426 11 of 24

immune modulation. Smart hydrogels that are responsive to tumor microenvironment
stimuli (e.g., ATP levels or pH) further allow the synchronized release of immunothera-
peutic agents to occur in response to biological cues, thereby maximizing immune engage-
ment [146–154].

Collectively, hydrogel-based immunotherapeutic platforms represent a versatile ap-
proach to enhance cancer immunotherapy through localized, sustained, and stimuli-
responsive delivery of immuneactive agents.

5.5. Combination Therapy

Combination hydrogels integrate multiple therapeutic strategies, such as chemo-
photothermal or immunotherapy-phototherapy combinations, achieving synergistic effects
beyond single-modality treatments [136,137,142–144,150]. This approach comprehensively
addresses cancer heterogeneity, significantly improving therapeutic outcomes.

6. Applications of Multifunctional Hydrogels in Cancer Theranostics
Multifunctional hydrogels have significantly enhanced clinical cancer management by

facilitating precise and minimally invasive therapeutic interventions, addressing challenges
such as tumor recurrence, metastasis, and targeted drug delivery (Table 5) [155,156].

6.1. In Situ Injectable Hydrogels for Localized Cancer Therapy

Injectable hydrogels capable of in situ gelation allow minimally invasive application
directly at tumor sites, providing sustained localized drug delivery (Figure 3) [157–161].
These systems enhance therapeutic specificity, minimize systemic exposure, and improve
patient compliance and treatment outcomes.

Figure 3. Schematic illustration of an injectable theranostic hydrogel composed of PVA integrated
with fluorescent polydopamine for cancer FL imaging and PTT [162].

6.2. Hydrogels for the Prevention of Tumor Recurrence and Metastasis

Multifunctional hydrogels have effectively reduced postoperative tumor recurrence
and metastasis by locally delivering chemotherapeutics or immunotherapeutic agents,
maintaining high local drug concentrations, and effectively inhibiting residual tumor cell
proliferation [163–167].

6.3. Hydrogels for Minimally Invasive Localized Treatment

Minimally invasive hydrogel systems, integrating both imaging and therapeutic
agents, significantly improve treatment precision and patient comfort. This approach



Gels 2025, 11, 426 12 of 24

enables accurate tumor localization, real-time therapeutic monitoring, and controlled thera-
peutic release, which are particularly beneficial for sensitive or difficult-to-reach anatomical
locations [168,169].

Table 5. Application of multifunctional hydrogel in cancer theranostics.

Application Area Cancers Key Features Advantages References

In Situ Injectable
Hydrogels for

Localized Cancer
Therapy

Breast, Liver,
Prostate

Thermo-responsive,
pH-responsive hydrogels
(e.g., chitosan, hyaluronic

acid-based)

Minimally invasive,
reduced systemic
toxicity, targeted

therapy

[158–162]

Prevention of Tumor
Recurrence and

Metastasis

Colorectal, Breast,
Lung

Biodegradable hydrogels
(e.g., PLGA, alginate-based)

Effective prevention
of recurrence and

metastasis, reduced
side effects

[163–167]

Minimally Invasive
Localized Treatment

Skin, Pancreatic,
Head and Neck

Photo-responsive,
Magnetic-responsive
hydrogels (e.g., gold

nanoparticles, iron oxide
nanoparticles embedded)

Enhanced
therapeutic accuracy,

reduced
invasiveness,

real-time monitoring

[168,169]

7. Challenges and Future Perspectives
7.1. Current Limitations in Multifunctional Hydrogel Systems

Multifunctional hydrogels have demonstrated great potential in preclinical models
for integrated cancer therapy and diagnosis. However, despite rapid advancements in
their design and laboratory-scale performance, clinical translation remains limited. One
of the primary obstacles is the lack of comprehensive clinical trial data validating their
safety, efficacy, and reproducibility in human populations. Most systems remain confined
to early-stage development, with only a few progressing beyond small animal models.

In particular, challenges related to regulatory approval, long-term biocompatibility,
and scalable manufacturing significantly hinder the path toward clinical application. A few
injectable hydrogel systems have successfully crossed the translational gap—most notably,
Feraheme® (ferumoxytol), a polysaccharide-based iron oxide nanoparticle formulation
approved by the FDA for MRI contrast enhancement, and Tisseel®, a fibrin-based hydrogel
widely employed for surgical tissue sealing. These examples demonstrate the clinical
promise of hydrogel platforms but also underscore the stringent regulatory and safety
standards that must be met for approval.

Beyond the need for clinical data, several intrinsic limitations of multifunctional
hydrogels complicate their clinical readiness. Among the most pressing is the burst re-
lease phenomenon, where therapeutic agents are rapidly discharged immediately after
administration. This uncontrolled release can reduce the intended sustained delivery
profile, compromise therapeutic efficacy, and elevate systemic toxicity—particularly in
chemotherapy-based applications.

Another concern is the in vivo mechanical and chemical stability of hydrogels. Many
current formulations are prone to premature degradation or exhibit inconsistent behavior
under physiological conditions, compromising their long-term therapeutic reliability. Effec-
tive cancer therapy demands hydrogels that can withstand mechanical stresses, maintain
predictable degradation profiles, and ensure sustained drug release.

Navigating the regulatory landscape presents additional hurdles. Agencies such as
the FDA and EMA require a clear classification of the hydrogel product, whether as a drug,
device, or combination product, which significantly affects the scope of required clinical
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evidence and regulatory strategy. Multifunctional hydrogels must also undergo rigorous
in vivo evaluations addressing biocompatibility, immunogenicity, degradation kinetics,
and pharmacokinetics, all of which are critical for regulatory approval.

Furthermore, meeting Good Manufacturing Practice (GMP) standards is particularly
challenging due to the complex architecture of these systems. Incorporating nanomaterials
or stimuli-responsive components demands sterile, reproducible, and large-scale fabrication
processes. Ensuring batch-to-batch consistency, quality control, and long-term storage
stability remains a significant technical barrier. The inclusion of nanostructures often
intensifies regulatory scrutiny, necessitating additional toxicological assessments and risk
mitigation strategies [170–172].

In conclusion, while multifunctional hydrogels offer exciting opportunities for person-
alized and integrated cancer care, their clinical adoption depends on overcoming substantial
barriers in regulatory classification, manufacturing scalability, biocompatibility validation,
and clinical efficacy. Addressing these issues through standardized protocols and collabo-
rative regulatory frameworks will be crucial for advancing multifunctional hydrogels from
the bench to the bedside.

7.2. Future Directions
7.2.1. Material Science Innovations and Advanced Hydrogel Designs

To overcome current barriers in the clinical translation of multifunctional hydro-
gels, continuous innovation in materials science and hydrogel design is essential. Future
re-search should focus on finely tuning degradation kinetics, mechanical strength, and
swelling behavior to ensure predictable and sustained drug release under physiological
conditions. Recent advances in crosslinking strategies, including dynamic covalent bonding
and supramolecular interactions, offer promising solutions for enhancing mechanical ro-
bustness, imparting self-healing properties and improving responsiveness to both internal
and external stimuli. These features collectively support prolonged therapeutic efficacy
and structural stability in vivo [173–178].

A particularly promising area involves the incorporation of stimuli-responsive cross-
linkers, such as those sensitive to enzymes or pH. These elements are engineered to de-
grade progressively in the tumor microenvironment, facilitating localized, on-demand
drug release. This approach minimizes premature drug leakage while enabling site-specific
therapeutic activation aligned with pathological cues.

In addition to chemical control, spatial compartmentalization strategies are gaining
attention. Innovations such as layered or core–shell hydrogel architectures which consist of
multiple hydrogel layers, each with distinct functionalities or release profiles, allow the
spatially and temporally regulated delivery of therapeutic agents to occur. These designs
limit early stage burst release and enhance the long-term control of therapeutic availability,
improving efficacy and safety compared to homogenous systems.

Furthermore, covalent drug hydrogel conjugation represents a robust method for
ex-tending drug retention. By linking therapeutic agents to the hydrogel backbone via
cleavable chemical bonds, these systems require specific biochemical triggers (e.g., enzy-
matic activity or chemical stimuli) for drug activation. This adds a layer of precision to the
re-lease profile, which can be tailored to disease-specific environments.

Self-healing hydrogel networks are also emerging as a transformative approach. These
hydrogels can autonomously reassemble their polymeric structures following mechanical
or chemical disruption, thereby preserving structural integrity and sustained drug release
even under dynamic biological conditions.

Finally, the integration of advanced nanomaterials and biomimetic design principles
is rapidly expanding the functional landscape of theranostic hydrogels. Incorporating
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engineered nanoparticles, such as biocompatible quantum dots or targeted imaging agents,
not only enhances imaging contrast and therapeutic precision but also enables real-time
monitoring of treatment efficacy. These multifunctional platforms support adaptive therapy
based on tumor-specific responses, advancing the clinical potential of hydrogel systems in
the era of personalized medicine [179–181].

7.2.2. Integration with Advanced Technologies (AI-Driven Drug Delivery, Nanotechnology,
and 3D Printing)

The convergence of multifunctional hydrogel technologies with cutting edge computa-
tional and fabrication tools holds substantial promise for clinical translation and precision
medicine. Among these, AI and machine learning are emerging as powerful tools for
optimizing hydrogel design and therapeutic performance. AI-based algorithms can predict
drug release kinetics, model polymer degradation profiles, and identify optimal hydrogel
compositions based on preclinical performance data. Furthermore, these systems facilitate
the high-throughput screening of hydrogel formulations by simulating polymer drug and
hydrogel tissue interactions in silico. Critically, AI can also support the personalization of
hydrogel therapies by integrating patient specific parameters, such as tumor heterogeneity,
gene expression profiles, and real-time imaging data, thereby enabling the development of
tailored treatment regimens with enhanced efficacy and safety [182–185].

Integration with nanotechnology further enhances hydrogel functionality. Multi-
functional nanomaterials embedded within hydrogels enable synchronized drug delivery,
responsive behavior to environmental stimuli, and advanced imaging capabilities, thus
amplifying their theranostic value. These platforms allow for simultaneous tumor targeting,
real-time visualization, and feedback-regulated therapeutic activation—all critical features
for adaptive cancer treatment.

Equally transformative is the application of 3D bioprinting technologies to hydrogel
fabrication. This technique enables spatially resolved patterning of therapeutic agents, imag-
ing contrast materials, and structural domains within a single hydrogel matrix. Bioprinted
hydrogels can be anatomically matched to individual tumor morphologies, improving
therapeutic localization and reducing off-target exposure. Additionally, 3D bioprinting
facilitates improved manufacturing scalability and reproducibility by standardizing the
spatial distribution and structural integrity of hydrogel-based implants.

Recent studies have demonstrated the clinical relevance of this approach. For example,
a 3D bioprinted glioblastoma model using patient-derived glioma stem cells embedded
in brain ECM-based bioinks enabled the assessment of drug responses to temozolomide,
accurately reflecting tumor-specific therapeutic outcomes. Similarly, breast cancer models
incorporating bioprinted co-cultures of tumor and stromal cells within alginate–gelatin hy-
drogels have successfully recapitulated tumor heterogeneity and cellular migration behav-
iors under chemical gradients. These models provide valuable platforms for real-time drug
screening, tumor behavior analysis, and the development of precision therapies [186–188].

These systems have also been successfully used to fabricate implantable scaffolds for
localized chemotherapy, phototherapy, and immunomodulation at resected tumor margins,
demonstrating their potential for clinical application [189,190].

Incorporating these advanced technologies not only accelerates the design and opti-
mization of multifunctional hydrogels but also strengthens their translational potential by
enabling personalized, scalable, and precision-guided cancer therapy platforms.

7.2.3. Personalized and Precision Medicine Approaches

Advancing personalized medicine strategies using multifunctional hydrogels repre-
sents a transformative future direction in cancer therapy. Given the inherent heterogeneity
of cancers, treatments precisely tailored to patient-specific genetic profiles, tumor subtypes,
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or microenvironmental characteristics are essential for maximizing therapeutic success.
Multifunctional hydrogels capable of dynamically responding to specific biomarkers or
tumor-specific stimuli can achieve unprecedented therapeutic precision, significantly im-
proving clinical outcomes and minimizing adverse effects [191,192].

Additionally, developing multifunctional hydrogels that are simultaneously respon-
sive to multiple physiological and external stimuli can facilitate highly precise spatiotem-
poral control over therapeutic agent delivery. Coupled with integrated real-time diagnostic
imaging capabilities, such advanced hydrogel systems can provide immediate clinical
feedback on therapeutic efficacy, enabling prompt adjustments to treatment protocols and
substantially enhancing patient prognosis [193–196].

In summary, overcoming current challenges through interdisciplinary collaboration
among material scientists, biomedical researchers, clinicians, regulatory authorities, and
industry partners will accelerate the successful clinical translation of multifunctional hy-
drogels. By leveraging recent technological advancements and personalized medicine
approaches, multifunctional hydrogels hold exceptional promise as transformative tools in
cancer diagnosis and therapy [197].

7.2.4. Ethical and Socioeconomic Considerations

The clinical application of multifunctional hydrogels raises several ethical and so-
cioeconomic considerations that must be addressed for equitable implementation. One
key concern is the high cost associated with advanced hydrogel design, particularly when
incorporating nanomaterials, bioresponsive components, or patient-specific features. These
factors can limit accessibility, especially in low-resource healthcare settings. Moreover, the
long-term biocompatibility of embedded nanostructures or responsive agents remains a
topic of active investigation, raising ethical questions about patient safety and informed
consent. Regulatory disparities between regions may further impact global accessibility. To
address these challenges, future development should prioritize scalable, cost-effective pro-
duction strategies and transparent safety reporting. Policies ensuring fair access, especially
for underrepresented or economically disadvantaged populations, are essential to ensure
that the benefits of hydrogel-based cancer therapies are universally distributed.

8. Conclusions
Multifunctional hydrogels represent a promising and innovative solution to overcome

the significant limitations associated with conventional cancer diagnostic and therapeutic
approaches. Their intrinsic biocompatibility, biodegradability, stimuli-responsive proper-
ties, and capacity to integrate advanced diagnostic imaging modalities enable simultaneous
cancer diagnosis and precise, targeted therapeutic intervention. By dynamically respond-
ing to internal biological stimuli (such as pH, enzymes, or hypoxia) and external triggers
(including temperature, magnetic fields, or near-infrared irradiation), multifunctional hy-
drogels facilitate localized, sustained drug release directly at tumor sites, significantly
minimizing systemic toxicity and enhancing patient outcomes.

Integrating multifunctional hydrogels with diverse therapeutic modalities—including
chemotherapy, photothermal therapy, photodynamic therapy, immunotherapy, and combi-
nation strategies—markedly improves therapeutic precision, efficacy, and patient tolerance.
Injectable and in situ-forming hydrogels offer minimally invasive, patient-friendly treat-
ment options which are particularly beneficial for postoperative cancer management,
effectively reducing recurrence risk and enhancing recovery.

Despite these substantial advancements, persistent challenges remain, notably burst
drug release, hydrogel stability, reproducibility in manufacturing, stringent regulatory
requirements, and scalability concerns. Addressing these issues necessitates continued



Gels 2025, 11, 426 16 of 24

interdisciplinary research, innovative materials development, the integration of AI-driven
personalized therapeutic systems, nanotechnological advancements, and sophisticated
manufacturing techniques such as 3D bioprinting.

In conclusion, multifunctional hydrogels possess substantial transformative potential
as advanced platforms in cancer management, paving the way toward safer, more effective,
personalized oncology treatments.
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