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Abstract: With the rising incidence and mortality rates of melanoma, the limitations of traditional treatment methods have become
increasingly evident. These approaches often lack precision, cause systemic toxicity, or fail to prevent recurrence, falling short of
current treatment needs such as efficacy, safety, and long-term tumor control. Melanoma progression involves complex biological
features such as uncontrolled proliferation, immune evasion, and metastasis, which are crucial for understanding clinical behavior and
guiding treatment design. Hydrogels have recently emerged as a promising platform in the field of cancer therapy due to their tunable
physicochemical properties, biocompatibility, and capacity for localized, controlled drug delivery. To provide a comprehensive and
methodologically sound overview, we systematically searched the PubMed database using the keywords “hydrogel” and “melanoma”
for studies published up to December 2024. Studies were screened based on relevance, originality, and experimental support. This
review focuses on hydrogel-based strategies for melanoma treatment, highlighting: (1) recent advances in hydrogel design and
functionality; (2) their integration with therapeutic approaches such as immunotherapy, chemotherapy, and photothermal therapy;
and (3) their potential in postoperative wound management. In addition, we discuss the role of material selection in hydrogel
performance and explore how the combination of distinct therapeutic approaches within hydrogel systems can synergistically improve
treatment outcomes. Finally, we address the current challenges facing clinical translation, including safety, efficacy, and regulatory
hurdles, while outlining potential pathways to overcome these barriers. This review aims to support future research and clinical

innovation by providing a structured, up-to-date overview of hydrogel applications in melanoma therapy.

Plain Language Summary:
1. Advances in hydrogel applications for melanoma treatment are reviewed.
2. Synergistic therapeutic effects of hydrogels for melanoma are summarized.
3. Improvements in hydrogel design for enhanced efficacy and reduced side effects are highlighted.
4. Challenges in clinical translation and scalability of hydrogel-based therapies are discussed.
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Introduction

Melanoma originates from the malignant transformation and uncontrolled proliferation of melanocytes, primarily
manifesting on the skin.'" However, it can also be present in other anatomical sites, including the ocular uvea,’
gastrointestinal tract,® genitourinary system,® reproductive tract,* and meninges.” Melanoma is characterized by its
high degree of malignancy and invasiveness. Despite accounting for only 1% of skin cancers, melanoma is responsible
for more than 80% of skin cancer-related fatalities,® Furthermore, the incidence of melanoma is steadily increasing
worldwide. According to the International Agency for Research on Cancer, by 2040, there will be approximately a 57%
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increase in global new cases and a 68% increase in related deaths.” The etiology of melanoma is multifaceted and not yet
fully understood. Various factors contribute to its pathogenesis, including prolonged exposure to UV radiation, skin
phototype, presence of nevi, pesticide use, geographic location, genetic predisposition, immune suppression,' and
obesity.®

Current therapeutic modalities for melanoma include five primary strategies: surgical excision, radiotherapy, che-
motherapy, targeted therapy, and immunotherapy.’ Although surgical resection is the primary treatment for early-stage
melanoma, it is associated with a high risk of recurrence and the potential for residual tumor tissue.'® The efficacy of
radiotherapy as a treatment for melanoma is limited by its insensitivity.'"' Currently, chemotherapy is the primary
therapeutic approach for advanced melanoma with metastasis, utilizing agents such as cisplatin, paclitaxel (PTX), and
dacarbazine.'®

Regarding targeted therapy, BRAF and MEK inhibitors have exhibited some efficacy. Immunotherapy is a current
research hotspot. The development of first and second-generation immunotherapies presents novel prospects for addres-
sing malignant melanoma. Immune checkpoint inhibitors have shown superior efficacy in treating metastatic
melanoma.'® Immunotherapy and targeted therapy for melanoma have been clinically investigated extensively; however,
their therapeutic outcomes remain modest. Numerous patients exhibit resistance to novel medications or experience
transient responses. Moreover, a significant subset of responsive individuals rapidly develop resistance to treatment'’
Consequently, the collective efficacy of the numerous treatment options for melanoma remains unsatisfactory. One of the
current mainstream research directions is the development of new drugs and treatment methods to achieve better
therapeutic results, including the applications of biomaterials for melanoma treatment.

Hydrogels are a class of biomaterials characterized by a three-dimensional porous network structure and excellent
biocompatibility.'> They are widely applied in various biomedical fields, particularly tumor treatment and tissue
engineering. In melanoma research, hydrogels have been extensively investigated for various therapeutic applications:
(1) as drug delivery systems to transport anti-tumor agents, enabling targeted accumulation, sustained release, and
improvement of the local immune microenvironment; (2) in synergistic phototherapy, including photothermal and
photodynamic therapies; and (3) in vaccine formulation, enhancing specific immune responses and other immunother-
apeutic strategies. With diverse functionalities and classifications, hydrogels offer several advantages, including
improved drug solubility, controlled release, prolonged half-life, synergy with other therapies, enhanced efficacy, reduced
dosage, and selective targeting of specific tissues to minimize side effects. Hydrogels are considered an optimal material
for treatment purposes.13

Building upon these properties, recent advances in stimuli-responsive and functional hydrogels have shown promising
potential to address existing treatment challenges. Stimuli-responsive hydrogels, which react to environmental cues such
as pH, temperature, or enzymes, enable spatiotemporally controlled drug release, enhancing therapeutic precision and
minimizing off-target effects. Functional hydrogels further incorporate bioactive components or targeting ligands to
actively modulate the tumor microenvironment or immune system, thereby overcoming drug resistance and improving
antitumor efficacy. These smart hydrogels represent a significant step forward in melanoma treatment by integrating
multifunctional capabilities to tackle the disease’s complexity. However, to date, no registered clinical trials specifically
investigating hydrogel-based therapies for melanoma are available in major databases. This gap highlights the urgent
need for advancing clinical research and translation in this promising field.

Despite increasing research interest, existing reviews on hydrogel applications in melanoma treatment often focus
narrowly on either material design or specific therapeutic strategies, lacking a comprehensive integration of hydrogel
types, modification techniques, and their multifaceted therapeutic roles. This review aims to fill this gap by providing
a systematic and updated synthesis that encompasses hydrogel compositions, functional modifications, and their
applications across diverse therapeutic modalities including drug delivery, phototherapy, immunotherapy, and combina-
tion treatments (Figure 1 and Table 1). By bridging these aspects, our work offers a holistic perspective to guide future

hydrogel design and translational efforts, addressing challenges and opportunities not fully covered in prior literature.
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Figure | Application of hydrogels with different compositions and functionalities in melanoma treatment. The category “Others” includes polysaccharide-based and metal-
based hydrogels. “Other treatments” refer to adjunctive therapies such as gene therapy involving hydrogels.

The Application of Different Types of Hydrogels in Melanoma Treatment

Various hydrogel systems have been investigated in melanoma research for their potential in diverse therapeutic
strategies (Figure 2). Researchers strategically select specific hydrogel types and, through rational design, confer them
with unique attributes and properties, including biodegradability, mechanical strength, and responsiveness to environ-
mental stimuli such as light, pH, and temperature. Herein, we will discuss the role of various hydrogels in melanoma

treatment according to their categories (Table 2).

Table | The Applications of Hydrogels in Melanoma Treatment

Type Author Year Cargo Therapeutics
Alginate Yongkui Li'* 2015 Celecoxib, Immunotherapy
aPD-1
Langtao Xu'® 2022 PDA, DOX PTT, Chemotherapy
Ping Li'® 2023 PDA, DOX PTT, Chemotherapy
Hongshi Ma'” 2019 OPC Photothermal therapy
Zhongcao Wu'® 2021 Calcium silicate nanowire PTT
Jianhui Zhou'” 2022 TPZ, GOx PDT, Chemotherapy
Anna Aihua Li'® 2006 Myoblast Gene therapy

(Continued)
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Table | (Continued).

Nanoparticle, IR820

Type Author Year Cargo Therapeutics

CH Wangiong L% 2021 OPBP-1 Immunotherapy
Kejia Xu?' 2022 Hydroxyapatite nanoparticles Immunotherapy
Zhengjie Meng? 2022 R837 Immunotherapy
Ludmilla David de Moura®® | 2021 DTX, Lidocaine Chemotherapy
Asif Nawaz>* 2022 5FU-alginate nanoparticle Chemotherapy
Ji Eun Won?*® 2021 DOX Chemotherapy
Zahra Pourmanouchehri* 2022 5-FU Chemotherapy
Xiugi Liang27 2021 EndoFit OVA Immunotherapy
Andrew ] Highton®® 2015 Ovalbumin protein, Quil-A adjuvant Immunotherapy
Shenqiang Wang?’ 2020 MnO2, DOX PTT, Chemotherapy
Daniela N. Céspedes- 2022 rGO-DOX PTT, Chemotherapy
Valenzuela®
Yaling Zheng®' 2023 CuO2 nanodot, Chemodynamic therapy

L-Buthionine-(S, R)-sulfoximine
Farnaz Azadikhah®? 2021 Tannic acid, N, N'-di-(L-alanine)- PDT
3,4,9,10-perylene tetracarboxylic diimide

HA Quanyin Hu* 2021 CAR-T, aPD-LI Immunotherapy
Vajihe Akbari** 2022 GM-CSF, PTX Immunotherapy
Huu Thuy Trang Duong35 2020 OVA expressing plasmid, GM-CSF Immunotherapy
Yufang Zhao®® 2016 Cripto-| receptor antibody Immunotherapy
Seungbeom Ko*” 2019 Gallic acid, Fe3+ PTT
Lidong Zhang®® 2023 | CaO2, hyaluronic acid-chlorin e6 modified PDT

nanoceria

Peptides Tianyue Jiang®’ 2018 PTX Chemotherapy
Chendan Liu* 2021 DTX Chemotherapy
Xiaomeng Dai' 2020 CAMKII Immunotherapy
Honglin Jin*? 2018 DOX Chemotherapy
Shuangjiang Yv* 2018 aPD-LI, dextro-|-methyl tryptophan Immunotherapy
Yingge Shi** 2021 aPD-LI, DOX Immunotherapy, Chemotherapy
Yuhan Zhou* 2022 HOCI-CDS Immunotherapy
Kui Yang*® 2023 CpG, Immunotherapy

tumor lysate
Huijuan Song*’ 2018 TCL,
TLR3 agonist

PEG hydrogels Qiang Lv*® 2018 DOX, IL-2, IFN-g Chemotherapy, immunotherapy
Santiago Correa® 2022 CD40 agonist Immunotherapy
Weitai Wu™® 2010 Ag-Au bimetallic NP core, TMC Chemotherapy, PTT
Mirela Kremenovic®' 2022 BCG lysate Immunotherapy
Zhu Chen®? 2022 Nano-hydroxyapatite, GM-CSF Chemotherapy, Inmunotherapy
Huitong Ruan®? 2019 aPDI, Zebularine Immunotherapy
Xilong Wu** 2017 IL-15, cisplatin Chemotherapy, Inmunotherapy
Muchao Chen®* 2021 Y27632 Immunotherapy
Juan Wang®® 2021 Adv-Flagrp170 Viral immunotherapy
Huijuan Song®” 2019 Tumor cell lysates, GM-CSF, aCTLA-4, Immunotherapy

aPD-|

Yarong Liu®® 2014 DC, macrophage, cancer antigen Immunotherapy
Bin Zheng®’ 2021 SeV Immunotherapy
Xia Dong®® 2019 CpG self-crosslinked Immunotherapy, PTT

(Continued)
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Table | (Continued).

Type Author Year Cargo Therapeutics

NON-PEG synthetic polymer Mario Casolaro®' 2011 CISPLATIN Chemotherapy

hydrogels Hongmei Xu®? 2020 PTX Chemotherapy
Xing Huang®? 2023 Timosaponin Alll Chemotherapy
Sergey V. Abkin®* 2015 Phloretin, HSP70 Immunotherapy
Sushma Havanur®® 2019 DOX Chemotherapy
Hui Wang®® 2014 Bifunctional nanoparticle, curcumin PTT, chemotherapy
Syed Baseeruddin Alvi®’ 2021 DOX Chemotherapy
Cong Wang®® 2016 Tungsten PTT

oxide

COS and LA Menggqi Jia® 2023 LA, COS Chemotherapy

Dialdehyde starch and - Behzad Pourbadi’® 2023 Azobenzene derivative, N-isopropyl PTX

cyclodextrin acrylamide

Oxidativedextran and Xiaoran Ding’' 2023 TPZ Glutathione consumption-enhanced

diselenide cancer therapy

5-amino-1,10- Sourabh Bera’? 2023 5-amino-1,10- Chemotherapy

phenanthroline, NSAIDs and Phenanthroline, Zn(NOs),

Zn(NO,),

Abbreviations: aPD-1, anti-programmed cell death protein | checkpoint inhibitor; PTT, Photothermal therapy; PDT, Photodynamic therapy; PDA, Polydopamine; DOX,
doxorubicin; OPC, oligomeric proanthocyanidins; TPZ, tirapazamine; Gox, glucose oxidase; CH, Chitosan; OPBP-1, an anti-protein hydrolysis D peptide; R837, imiquimod;
DTX, docetaxel; 5-FU, 5-fluorouracil; rGO-DOX, doxorubicin-functionalized reduced graphene oxide; HA, Hyaluronic acid; CAR-T, chimeric antigen receptor T cell
immunotherapy; GM-CSF, granulocyte-macrophage colony-stimulating factor; PTX, paclitaxel; CAMKII, calmodulin-dependent protein kinase Il; aPD-L1, anti-PDLI blocking
antibody; HOCI-CDS, Hypochlorous acid-treated cell-derived secretions; CpG, Cytosine—phosphate—guanine; TCL, tumor cell lysates; PEG, Polyethylene glycol; BCG,
intralesional Mycobacterium bovis; Y27632, rho-associated kinase inhibitor; DC, dendritic cell; SeV, Sendai virus; IR820, new Indocyanine Green; HSP70, heat-shock protein
70 kDa; LA, lipoic acid; COS, chitosan oligosaccharides; NSAIDs, Nonsteroidal anti-inflammatory Drugs.

Alginate

Alginate is a naturally derived polyanionic hydrophilic polysaccharide primarily obtained from seaweed and microbes. It

is renewable and easy to prepare.”
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Table 2 Advantages and Disadvantages of Different Types of Hydrogels Used in Melanoma Research

Hydrogel Type

Advantages

Disadvantages

Alginate

CH

HA

Peptide

Synthetic Polymer Hydrogels

Other Hydrogels

Naturally derived, easy to prepare, excellent
biocompatibility and biodegradability; high
hydrophilicity improves drug efficacy and safety.
Cationic natural polysaccharide, excellent
biocompatibility and biodegradability; hemostatic,
antibacterial, cost-effective, and easy to process.
Major component of ECM with high bioactivity and
modifiability; rich in functional groups for chemical
tailoring.

High biocompatibility and low toxicity; can self-
assemble in response to pH, temperature, or
ultrasound; properties can be tailored by amino acid
sequences.

Adjustable physicochemical properties with excellent
mechanical strength; PEG offers strong hydrophilicity,
functional versatility, and stimuli-responsiveness.
Diverse novel systems with natural sources, low

immunogenicity, and tunable mechanical properties.

Weak mechanical properties and poor drug retention
under shear stress; functional research is still early
with reproducibility, cost, and long-term safety issues.
Soft texture with moderate mechanical strength;
poor stability, requiring modification or cross-linking,
potentially increasing cost and complexity.

Limited application in melanoma field; still under

exploration.

Poor mechanical stability; strengthening requires
aromatic residues or chemical crosslinking, which

may increase complexity and cost.

Poor native tissue adhesion; mainly passive drug
carriers lacking intrinsic bioactivity, requiring
combination with responsive systems.

Mostly experimental, complex formulations, and high
cost; need scalable and cost-effective formulations.

biocompatibility, water absorption capacity, and biodegradability compared to many synthetic polymer-based
hydrogels.”® These properties can enhance drug efficacy and reduce adverse reactions. Consequently, they are extensively
used in the management of melanoma.

For drug delivery, Li et al loaded celecoxib and anti-programmed cell death protein 1 checkpoint inhibitor (aPD-1)
into alginate hydrogels and achieved excellent anti-tumor effects by reshaping the tumor microenvironment (Figure 3a).'*
Additionally, the researchers integrated photothermal therapy (PTT), photodynamic therapy (PDT), and gene therapy into
the hydrogel system to achieve multifunctionality. Specifically, Xu et al constructed an alginate-based hydrogel
composed of sodium alginate, gelatin, and polydopamine (PDA) nanoparticles. PDA, a biomimetic polymer with
excellent photothermal conversion efficiency, was used in this system to enable synergistic photothermal therapy
alongside the delivery of doxorubicin (DOX) for melanoma treatment. Xu et al developed hydrogels combining sodium
alginate, gelatin, and PDA nanoparticles, enabling the simultaneous delivery of DOX and the implementation of
photothermal therapy for melanoma treatment.'> Furthermore, Ma et al fabricated hydrogels using calcium silicate
nanowires and sodium alginate as precursors, incorporating oligomeric proanthocyanidins (OPC) as photothermal agents
to enhance photothermal regulation capabilities (Figure 3b).”* In addition to their application in photothermal therapy,
alginate hydrogels can be combined with PDT. Zhou et al developed photoresponsive hydrogels incorporating sodium
alginate solution with nanoparticles, hypoxia-responsive tirapazamine (TPZ), and glucose oxidase (GOx). These semi-
conductor nanoparticles mediated photodynamic reactions and oxygen depletion, while GOx further depleted oxygen,
collectively activating TPZ for chemotherapy.'” Anna Aihua Li et al used sodium alginate hydrogels with non-viral gene
therapy to protect exogenous myoblasts from host immune system attacks while allowing the diffusion of nutrients and
therapeutic gene products.'”

Due to their unique biocompatibility, water absorption capacity, and biodegradability, alginate-based hydrogels have
become attractive carriers in melanoma treatment research. However, several limitations remain to be addressed. For
example, their intrinsic mechanical weakness may hinder retention and sustained drug delivery at the tumor site,
especially under physiological shear stress. Furthermore, efforts to integrate alginate with functional components—
such as immune adjuvants, gene vectors, or phototherapeutic agents—are still at an early stage and require optimization
to ensure therapeutic synergy and stability. For clinical translation, issues such as batch-to-batch reproducibility, cost-
efficient fabrication, and long-term biosafety must also be systematically investigated in the context of melanoma
therapy.
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Figure 3 Alginate hydrogel in treating melanoma: photothermal therapy (PTT) and photodynamic therapy (PDT). (a) C57BL/6 Mice treated with hydrogels loaded with
celecoxib and aPD1 (anti-PD-| antibody) had significantly reduced tumor size and significantly increased survival. Reproduced from Li Y, Fang M, Zhang | et al. Hydrogel dual
delivered celecoxib and anti-PD-1 synergistically improve antitumor immunity. Oncoimmunology. 2015 Aug 12;5(2):e1074374. © 2016 Taylor & Francis Group, LLc.'*
Copyright @ Taylor & Francis (b) The controlled high temperature induced by OPC-containing hydrogel scaffolds under NIR (near-infrared) laser irradiation could effectively
kill melanoma cells and suppress tumor growth. Reproduced from Ma H, Zhou Q, Chang ], Wu C. Grape Seed-Inspired Smart Hydrogel Scaffolds for Melanoma Therapy and
Wound Healing. ACS Nano. 2019;13(4):4302-4311.7* Copyright @ 2019, American Chemical Society.

Chitosan

Chitosan (CH) is the only natural cationic polysaccharide with excellent biocompatibility and biodegradability,” and it
possesses desirable properties, including adsorption, hemostasis, and antibacterial effects.”® Due to these properties, CH
is considered an optimal biomaterial for formulating hydrogels, which have been extensively investigated for their
potential in melanoma research. CH hydrogels are applied in various treatment scenarios by grafting different functional
groups to modify the gel’s properties.

Chitosan hydrogels are frequently employed for drug delivery melanoma treatment, with the primary goal of reducing
systemic drug-related adverse effects and achieving targeted therapy. Xu et al developed a chitosan/alginate hydrogel
incorporating rod-shaped hydroxyapatite nanoparticles (HANPs) for the treatment of cutaneous malignant melanoma
(CMM). In vitro studies demonstrated that HANPs selectively induced apoptosis in melanoma cells by disrupting
mitochondrial function and increasing reactive oxygen species (ROS), while exhibiting minimal toxicity to normal
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cells. In vivo, the hydrogel significantly inhibited tumor growth in a CMM mouse model, and histological analysis
confirmed its good biocompatibility, with no signs of damage to major organs or systemic toxicity (Figure 4a).>' Building
on these foundational applications, recent advances have focused on the development of smart chitosan hydrogels
capable of precise and stimuli-responsive drug release. Nawaz et al showcased that temperature-sensitive chitosan-
gelatin hydrogels can effectively deliver 5-fluorouracil (5-FU)-sodium alginate particles. These hydrogels undergo
a phase transition (sol-gel transition) at 34 °C, effectively preventing premature and burst release of 5-FU
(Figure 4b).>* Furthermore, this approach facilitates temperature-controlled drug release. In addition to the temperature-
controlled drug release system, Won et al developed chitosan hydrogel systems that enable the controlled release of DOX
under near-infrared (NIR) irradiation, enhancing the retention time of DOX in tumor tissues.”> Pourmanouchehri et al
designed a pH-sensitive hydrogel incorporating deoxycholic acid micelles and carboxymethyl chitosan, enabling optimal
5-FU release at an environmental pH of 9.2
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a novel chitosan-based composite hydrogel containing hydroxyapatite nanoparticles, Regenerative Biomaterials, Volume 9, 2022, rbac050. Copyright © 2022, © The Author(s)
2022. Published by Oxford University Press. Creative Commons CC BY licens.?' (b) Sol—gel transition of 5FU-Alg-Np-HG hydrogel. Reproduced from Nawaz A, Ullah S, Alnuwaiser
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hydrogel can release DOX (doxorubicin) while alleviating the tumor hypoxic microenvironment (TME). It can also be combined with photothermal therapy, promoting
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simultaneous melanoma therapy and multidrug-resistant bacteria-infected wound healing. Biomaterials. 2020;260:120,314. © 2020 Elsevier Ltd. Al rights reserved.?’
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In addition to drug delivery, hydrogels have many other applications. Melanoma tumor vaccines have been
extensively developed using chitosan hydrogels. Liang et al introduced a CH hydrogel-based vaccine that enhances
innate immune responses, leveraging them to initiate and sustain robust adaptive immunity (Figure 4c).”” CH hydrogels
can be combined with other treatment modalities to improve therapeutic effects by serving as effective carriers for
specific sensitizers, including photosensitizers. Wang et al prepared a hybrid hydrogel containing MnO, for photothermal
treatment of melanoma (Figure 4d).>” Zheng et al demonstrated that CH thermosensitive hydrogels enhance chemother-
apy and sonodynamic therapy and have potential applications in photothermal therapy.>' Furthermore, Farnaz Azadikhah
et al developed antioxidant-photosensitive CH hydrogels to regulate the intensity of PDT in cancer therapy.*?

CH hydrogels have been extensively used in treating malignant melanoma due to their unique three-dimensional
network structure, excellent hydrophilicity, good biocompatibility, processability, and low cost. However, CH hydrogels
do have some inherent limitations, such as relatively soft texture, moderate mechanical strength, and variable gel
stability. Fortunately, many of these aspects can be effectively improved through various modification techniques due
to the versatile chemical nature of chitosan. While excessive modifications or addition of materials may increase
experimental complexity and cost, a balanced optimization can be achieved between performance and feasibility.
Although a multifaceted approach that combines different treatment modalities is essential for tumor therapy, the current
applications of most CH hydrogels remain focused on basic drug delivery. Therefore, additional research is warranted to
develop stimuli-responsive hydrogels, synergistic photothermal therapy, tumor vaccines, and other innovative
applications.

Hyaluronic Acid

Hyaluronic acid (HA), a major component of the extracellular matrix in nearly all mammalian tissues,”’ is a linear
glycosaminoglycan composed of alternating units of glucuronic acid and N-acetylglucosamine.”® Tts remarkable bio-
compatibility, bioactivity, and ease of modification make it widely used in tissue engineering.””

Hu et al conducted a study utilizing chimeric antigen receptor T cell (CAR-T cells) immunotherapy and anti-PDL1
blocking antibody (aPD-L1) delivered via HA hydrogels to prevent tumor recurrence after surgery (Figure 5a).>* In
addition, composite hydrogels were synthesized by mixing oxidized HA grafted with the 2B11 antibody and adipic
dihydrazide, facilitating the delivery of cripto-1 receptor antibodies. This created an embryonic-like microenvironment
that effectively suppressed melanoma growth and transformed B16 melanoma cells into melanocyte-like cells
(Figure 5b).*° Researchers have further advanced the field by creating intelligent HA hydrogel-controlled release
systems. HA photoresponsive hydrogels were developed, demonstrating the ability to completely eradicate melanoma
under near-infrared light irradiation.®” Although PDT-mediated oxygen therapy exhibits potential for melanoma ablation,
its efficacy is impeded by challenges, including the hydrophobicity of photosensitizers, low tumor selectivity, and oxygen
consumption. Researchers have turned to HA hydrogels as a potential solution to overcome these limitations. Zhang et al
developed a multifunctional oxygen-producing HA hydrogel, which exhibited significant phototoxicity against BI6F10
tumors under near-infrared radiation, effectively alleviating the tumor hypoxic microenvironment and improving PDT
efficiency.*®

HA hydrogels are widely studied in melanoma research due to their inherent biocompatibility and biodegradability.
Their molecular structure contains reactive functional groups that facilitate diverse chemical and physical modifications,
enabling tailored properties to meet specific therapeutic needs. These properties position HA hydrogels as a promising
material for malignant melanoma treatment. However, current research into their application in melanoma therapy
remains limited. To fully realize their potential, it is essential to explore and expand the therapeutic use of HA hydrogels
in addressing melanoma.

Peptides

Peptide hydrogels are widely used in the biomedical field due to their high biocompatibility and low toxicity. Certain
peptide substances can be transformed into hydrogels through simple methods, including thermal manipulation, ultra-
sonication, and pH adjustment. By manipulating the number of peptide (-CONH-) bonds and the properties of amino
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Figure 5 Applications of HA hydrogels in melanoma treatment. (a) A hyaluronic acid hydrogel can release chimeric antigen receptor T cell (CAR-T cells) targeting the
human chondroitin sulfate proteoglycan 4, polymer nanoparticles encapsulating the cytokine interleukin-15 and platelets conjugated with the checkpoint inhibitor
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Hu Q, Li H, Archibong E et al. Inhibition of post-surgery tumour recurrence via a hydrogel releasing CAR-T cells and anti-PDLI-conjugated platelets. Nat Biomed Eng. 2021
Sep;5(9):1038-1047. © 2021. The Author(s), under exclusive licence to Springer Nature Limited.*> (b) The injectable bioactive hydrogel system realized the local treatment
of mouse melanoma and could powerfully inhibit tumor proliferation, migration, and invasion by blocking Nodal signaling. Reproduced from Zhao Y, Yan H, Qiao S et al.
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acids within peptides and adjusting their hydrophobicity and hydrophilicity, peptides’ physical and chemical properties
can be modified, allowing their application in various biological scenarios.®

In melanoma research, oligopeptide and polypeptide hydrogels have been primarily explored for their potential
applications in therapy. Oligopeptides, consisting of short peptide chains formed by connecting more than two but fewer
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than twenty peptide bonds, are primarily employed for delivery. Jiang et al demonstrated that oligopeptide hydrogels
enhanced the transdermal delivery capacity and prolonged the retention time of paclitaxel (PTX) (Figure 6a).*
Additionally, delivering docetaxel (DTX) through oligopeptide hydrogels can inhibit postoperative recurrence of
malignant melanoma.*’

Polypeptides characterized by long-chain peptide sequences with 20-50 amide bonds are also primarily used for drug
delivery. Jin et al developed a peptide hydrogel that contained DOX and was a hybrid of bee venom peptide and
RADA32, effective in the immunotherapeutic treatment of melanoma.** Additionally, researchers have produced various
intelligent polypeptide hydrogels, including the ROS-responsive polypeptide hydrogel, which releases aPD-L1 and
dextro-1-methyl tryptophan in response to ROS levels in the tumor microenvironment (Figure 6b).** Shi et al developed
an injectable thermosensitive polypeptide hydrogel for delivering aPD-L1 and DOX.**

Polypeptide hydrogels have also been used to produce tumor vaccines. Mixed hydrogel vaccines have been developed
and are composed of bee venom peptide, self-assembling fusion peptide (RADA32), Cytosine—phosphate—guanine
(CpG), and tumor lysates (Figure 6¢).*® Moreover, polypeptide hydrogels have encapsulated tumor cell lysates (TCL)
and TLR3 agonists to form hydrogel vaccine formulations.*’

Peptide hydrogels are primarily employed for the targeted delivery of therapeutic agents in melanoma treatment
research. However, their low mechanical strength limits their use. Given the high plasticity of peptide hydrogels,
future research may focus on modifying peptide hydrogels. Previous studies have demonstrated that mechanical
strength and chemical versatility of peptide hydrogels can be enhanced by modifying peptide linkages and incorpor-
ating aromatic residues. For instance, altering amino acid composition to adjust hydrophobicity or hydrophilicity has
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been successfully applied to tune hydrogel properties.®'**> While these modifications can improve functionality, they
often require more complex synthesis processes, which may increase costs and experimental workload. Nevertheless,
these structural modification strategies are still regarded as important approaches for developing high-performance,
multifunctional peptide hydrogels, which are of great significance for advancing their application in melanoma
therapy.

Synthetic Polymer Hydrogels

Synthetic polymer hydrogels exhibit a flexible structure and tunable physicochemical properties, making them more
suitable for applications in melanoma treatment than natural polymer hydrogels.*® Furthermore, the utility of natural
polymer hydrogels is frequently limited by their inferior mechanical properties. Conversely, the robust mechanical
performance of synthetic polymer hydrogels is attributed to their three-dimensional network structure.®*

Polyethylene Glycol (PEG) Hydrogels

Polyethylene glycol (PEG)-based hydrogels have emerged as the predominant choice in melanoma treatment research,
although numerous high-performance hydrogels have been established. PEG, a typical synthetic monomer, exhibits
significant hydrophilicity, favorable biocompatibility, and easy functionalization capabilities. Through precise design and
modification, PEG can respond to various stimuli, such as pH, temperature, and redox reactions, enabling the controlled
release of drugs in the tumor microenvironment, which makes it a highly promising biomaterial.®

PEG hydrogels are used as drug delivery systems for treating malignant melanoma. Lv et al utilized PEG hydrogel to
deliver DOX, IL-2, and IFN-y for local melanoma treatment (Figure 7a).*® Correa et al prepared polymer nanoparticle-
based PEG hydrogels to reduce the dose-limiting toxicity of CD40 agonists while maintaining their effective anticancer
effects.*’

In addition to conventional drug delivery mechanisms, advanced PEG hydrogels have been engineered to exhibit
rapid responsiveness to external stimuli. Thermosensitive PEG hydrogels are particularly prevalent. Wu et al
combined localized chemotherapy with near-infrared photothermal therapy using a thermo-responsive PEG-based
hydrogel containing a core-shell structure of silver and gold bimetallic nanoparticles and temozolomide (TMZ).°
Moreover, researchers have used PEG to develop block copolymer micelle hydrogels, specifically poly(ethylene
glycol)-poly(y-ethyl-L-glutamate), to deliver interleukin-15 and cisplatin (Figure 7b).>* Radiofrequency ablation
(RFA) is a widely used local therapy that induces tumor coagulative necrosis at high temperatures. However, its
effectiveness can be hindered by factors including dendritic cells’ inefficient presentation of antigens (DC).
Therefore, researchers loaded the rho-associated kinase (ROCK) inhibitor (Y27632) into PLGA-PEG-PLGA
hydrogels to enhance DC-mediated antigen presentation, thereby improving the therapeutic efficacy of RFA
(Figure 7¢).”’

Additionally, PEG hydrogels have been demonstrated to deliver adenovirus encoding Flagrp170 for viral immu-
notherapy of malignant melanoma.>® Song et al have developed an injectable PEG hydrogel for the simultaneous delivery
of tumor vaccines, granulocyte-macrophage colony-stimulating factor (GM-CSF), and two immune checkpoint inhibi-
tors, improving the efficacy of tumor immunotherapy. Combination therapy with hydrogels for melanoma immunother-
apy has exhibited better outcomes than using vaccines alone or adding a single immune checkpoint blockade.’> Zheng
et al found that the non-pathogenic Sendai virus (SeV) could activate antigen-presenting cells, represented by DCs, and
they subsequently designed a PEG hydrogel vaccine containing SeV.>”

PEG hydrogels can further be combined with photothermal therapy to combat malignant melanoma. By incorporating
the new Indocyanine Green (IR820), an infrared blood pool contrast agent, into a-cyclodextrin copolymers and
polyethylene glycol, the IR820-loaded hydrogels can be synthesized.®® Furthermore, combining CpG-loaded self-
crosslinking nanoparticles in these hydrogels facilitates a synergistic effect between photothermal therapy and
immunotherapy.®
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anticancer drug (curcumin) and bifunctional nanoparticles (BFNP) are coated with an outer poly (NIPAM-AAm)-based gel layer to offer both stability in aqueous media and
temperature sensitivity. Reproduced from Wang H, Yi |, Mukherjee S, Banerjee P, Zhou S, Magnetic/NIR-thermally responsive hybrid nanogels for optical temperature sensing,
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hybridized tungsten oxide gel for cancer inhibition. Sci Rep 6, 35,876 (2016).%® Copyright @ 2016, The Author(s). Creative Commons Attribution 4.0 International License.

Non-PEG Synthetic Polymer Hydrogels

In addition to PEG hydrogels, other synthetic polymer hydrogels are also widely used to treat malignant melanoma. Like
PEG hydrogels, the primary application of the majority of synthetic hydrogels is drug delivery. Mario et al synthesized
acrylic acid hydrogels as a platform for releasing cisplatin.®’ Additionally, in hydrogels composed of polyacrylic acid,
glycerol, and dimethyl sulfoxide, recombinant heat-shock protein 70 kDa (HSP70) molecular chaperones and genistein
have been proven effective in treating melanoma.®* In addition to PEG, other polymer hydrogels can also be engineered
into smart hydrogels to achieve on-demand drug release. Havanur et al synthesized poly(N, N-diethyl acrylamide)
nanothermosensitive hydrogels capable of temperature-responsive release of DOX.% Furthermore, many multifunctional
hydrogel systems have been developed, one example is a multifunctional core-shell hybrid nanogel with fluorescence and
magnetic properties. This hydrogel, constructed with a thermoresponsive poly(N-isopropylacrylamide-co-acrylamide)
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shell containing dual-functional nanoparticles, accomplishes three distinct functions: optical temperature sensing, tumor
cell imaging, and acting as magnetic/near-infrared thermal drug carrier (Figure 7d).°® Alvi et al prepared thermosensitive
hydrogels by mixing Pluronic F-127, polyvinyl alcohol, and albumin, achieving a pH-responsive release of DOX.’
Moreover, synthetic polymer hydrogels can kill malignant melanoma cells by releasing H,O,. The synthesis of tungsten
oxide and poly(ethylene oxide)-block-poly(propylene oxide)-block-poly(ethylene oxide) into hydrogels allowed for
regulating H,0, release by adjusting light exposure (Figure 7e).%®

In general, artificially synthesized polymer hydrogels exhibit good biocompatibility and biodegradability.
Furthermore, they exhibit strong modifiability, enabling them to make physical and chemical modifications according
to different scenarios and requirements. However, polymer hydrogel materials face challenges, including inadequate
tissue adhesion, and their utility is predominantly confined to drug delivery. Future research can explore various aspects
of optimizing artificially synthesized polymer hydrogels. Polymer hydrogels can be modified with composite materials to
enhance their mechanical properties and introduce special features. Moreover, integrating advanced 3D printing techni-
ques allows for the precise formation of hydrogels into specific structures, including microneedles.®® Besides, developing
multi-stimulus-responsive systems can reduce the reliance on singular stimuli, thereby enabling on-demand drug release
at various stages of treatment.®” These advancements will expand the potential applications of polymer hydrogels and
provide more comprehensive treatment options for malignant melanoma.

Other Types of Hydrogels: Polysaccharide-Based and Metal-Based Systems

In addition to the hydrogels above, there are various other sugar-based and metal hydrogels. Polysaccharide hydrogels are
characterized by their natural origin, ease of functionalization, and low immunogenicity, making them promising
candidates for biomedical applications.®® Jia et al developed a novel hydrogel by combining chitosan oligosaccharide
(COS) with lipoic acid (LA), which could continuously release LA and COS. This material has disrupted the “vicious
cycle” between residual tumor cells and postoperative inflammation (Figure 8a).®” Pourbadiei et al integrated an
azobenzene derivative and N-isopropyl acrylamide copolymer into starch hydrogel as photosensitive and thermosensitive
components, respectively, facilitating the controlled release of PTX.”® Sugar-based hydrogels have been demonstrated to
complement glutathione (GSH) depletion therapy. Ding et al developed a disulfide-crosslinked oxidized dextran hydrogel
for enhanced GSH depletion and hypoxia-activated chemotherapy, which can degrade and release drugs in response to
increasing pH and H,O, levels.”' Bera et al discovered that a subcutaneously implanted hydrogel, synthesized by
coordinating NSAIDs and 5-AP with Zn (II), exhibited significant anti-tumor effects against melanoma cell (B16-F10)-
induced tumors in a C57BL/6 mouse model. The study demonstrated that this hydrogel effectively reduces PGE2
expression, leading to the upregulation of IFN-y and IL-12, which activate M1 macrophages to stimulate CD8" T cells
and induce tumor cell apoptosis (Figure 8b).”*> Future research should aim to broaden the range of hydrogel types and
produce more cost-effective alternatives. Furthermore, incorporating metal hydrogels, known for their superior mechan-
ical properties, in conjunction with other materials can address the mechanical constraints typically associated with
hydrogels.

Roles of Hydrogels in Melanoma Therapy

Hydrogel is a versatile component in the treatment of melanoma, exhibiting potent anti-tumor effects when loaded with
specific therapeutic agents.® In addition to its independent efficacy in melanoma treatment, hydrogel synergistically
improves the effectiveness of other therapeutic approaches by establishing an optimal therapeutic environment and
facilitating the delivery of multiple treatment modalities.*® The following section will explore the multifaceted role of
hydrogel in melanoma therapy, emphasizing its diverse functions in treating this malignancy (Figure 9).

Drug Delivery

Hydrogels are three-dimensional network-structured materials with high water absorption and biocompatibility, exten-
sively used in melanoma drug delivery.®® They can absorb large amounts of water, forming a gel-like structure that is an
ideal drug carrier, ensuring their stability and effectiveness.
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First, hydrogels are frequently used as ideal carriers for chemotherapy drugs, effectively delivering them to target
tissues. This helps to increase the local concentration of chemotherapy drugs and reduce their impact on healthy tissues.
Researchers have encapsulated PTX in liposomes or transferrin before loading them into hydrogels to construct
transdermal drug delivery systems for melanoma therapy.*”* Additionally, DOX is a common chemotherapy drug.
Won et al developed chitosan hydrogel-containing systems that enable the controlled release of DOX under NIR
irradiation and enhance its retention time in tumor tissues (Figure 10a).> In addition to the two drugs mentioned
above, Asif Nawaz et al prepared a thermosensitive hydrogel containing 5-FU that can continuously deliver 5-FU to the
skin.**

Cancer immunotherapy aims to provide patients with anticancer immunity, eradicate cancer, and prevent recurrence
using the patient’s immune system.’® Currently, multiple studies have used hydrogels as carriers for cancer immunother-
apy drugs. Immunotherapy can be divided into four categories: immune checkpoint inhibitors (PD-1/L1), tumor vaccines,
CAR-T, and nonspecific immune modulators. Tumor vaccines will be discussed in detail later. This section only discusses
the application of hydrogels in the remaining three parts. First, immune checkpoint inhibitors. Li et al used chitosan
hydrogels to deliver an anti-protein hydrolysis D peptide (OPBP-1), significantly enhancing the oral bioavailability of
peptide drugs, compared with the other experimental groups, the tumor size of the hydrogel group showed a significant
reduction (Figure 10b).?° The tumor microenvironment is an essential factor in treating tumors. According to Yu et al, it
releases aPD-L1 and dextro-1-methyl tryptophan in response to ROS levels in the tumor microenvironment.*> Li et al
constructed a dual delivery system of celecoxib and aPD-1 using alginate hydrogels, reshaping tumors’ immune,
inflammatory, and angiogenic microenvironments."*

In addition to immune checkpoint inhibitors, nonspecific immune modulators are frequently used with hydrogels for
melanoma treatment. Duong et al developed hydrogels containing functionalized HA with levodopa and polyester, loaded
with nano complexes of immune regulatory factors and granulocyte-macrophage colony-stimulating factor (GM-CSF)
(Figure 10c).”> Additionally, some studies have loaded rho-associated kinase inhibitor Y27632, aCD40, timosaponin
Alll, recombinant HSP70 molecular chaperone and genipin, intralesional Mycobacterium bovis BCG lysate, and
calmodulin-dependent protein kinase IT (CAMKII) inhibitor*'*?-1:33:63:64 into hydrogels to enhance anti-tumor immu-
nity. Hydrogels provide an ideal carrier for immune modulators. Hydrogel delivery systems facilitate the integration of
two immunotherapy methods, resulting in a synergistic therapeutic effect that surpasses the sum of their components. Hu
et al utilized chimeric antigen receptor T cell immunotherapy and aPD-L1 delivered through HA hydrogels to prevent
tumor recurrence after surgery.>> Targeted therapy intervenes in tumor cells’ growth, proliferation, or survival mechan-
isms by interfering with specific cell molecules required for cancer development and tumor growth. Hydrogels can
encapsulate targeted drugs, thereby facilitating their slow and sustained release as drug carriers. This release method can
maintain the concentration of drugs in tumor tissue, more precisely target tumor cells, and reduce the impact on normal
cells. Better treatment for melanoma can be achieved by integrating additional functionalities into targeted therapy. Jia
et al developed a novel material combining COS with LA hydrogel to disrupt the “vicious cycle” between residual tumor
cells and postoperative inflammation.®”

Furthermore, hydrogels can combine with metals, such as zinc and silver, to enhance the anti-melanoma effect. Alba
Cano-Vicent et al reported an alginate hydrogel cross-linked with calcium and zinc ions, which releases an appropriate
amount of zinc to exert anti-melanoma effects (Figure 10d).*> In addition to zinc ions, Zhao et al incorporated silver
nanoparticles into chitosan/starch hybrid hydrogels, conferring significant anti-melanoma capability to the hydrogel.”!

Moreover, hydrogels provide an ideal carrier for combination therapy involving multiple treatment modalities,
synergistically treating melanoma. Lv et al utilized PEG hydrogel to deliver DOX, IL-2, and IFN-y for local melanoma
treatment.”® Shi et al developed an injectable thermosensitive polypeptide hydrogel for delivering aPD-L1 and DOX
(Figure 10e),** in addition to immunomodulatory therapy. Chemical dynamic therapy and sonodynamic therapy can be
integrated by utilizing hydrogel systems. Zheng et al demonstrated that chitosan thermosensitive hydrogels enhance
chemotherapy sonodynamic therapy and have potential applications in photothermal therapy.’! Finally, Xiaoran Ding
et al also developed a multifunctional dextran hydrogel to assist in GSH depletion therapy and chemotherapy. This
hydrogel increases GSH consumption and can activate chemotherapy under hypoxic and acidic conditions. With pH and
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dual redox response characteristics, this hydrogel can release loaded drugs as pH and H,O, increase, playing a role in
local melanoma treatment.”

In summary, hydrogels have been extensively investigated and applied in the treatment of melanoma due to their high
biocompatibility, water-absorbing capacity, biodegradability, controlled drug release capability, targeted delivery, and
multifunctionality. They provide an ideal carrier for local treatment of melanoma and facilitate the combination of
various treatment modalities. However, hydrogels also have limitations in drug delivery. When delivering drugs
transdermally, especially to deep-seated melanoma cells, hydrogels face challenges posed by multiple layers of tissue.
This may affect the distribution and efficacy of drugs. Furthermore, due to the molecular complexity of melanoma,
combination therapy is often required to maximize treatment efficacy and avoid resistance mechanisms, resulting in
a better long-term prognosis. When used as a carrier for combination therapy, factors including the quantity, type, and
proportion of drugs or other materials in the hydrogel should be considered. Finally, future research should focus on
improving the delivery efficiency of hydrogels, enhancing their transdermal capabilities, combining hydrogels with novel
treatment technologies, evaluating the practical effectiveness and safety of hydrogels in treating malignant melanoma,
and designing personalized hydrogels to precisely deliver the required drugs, thereby increasing the personalized
treatment.

Photothermal Therapy (PTT)

PTT represents a promising approach for cancer treatment, characterized by excellent anticancer efficacy, high specificity,
low invasiveness, and minimal side effects.”” The principle involves the photothermal agents absorbing photon energy,
increasing the surrounding microenvironmental temperature, thereby inducing the death of tumor cells.”® In addition,
PTT can accelerate the depletion of glutathione (GSH), facilitating efficient anti-tumor therapy.”* However, common
adverse reactions associated with photothermal therapy arise from the thermal damage to normal tissues.’® Incorporating
photothermal agents into hydrogels can restrict their localization to tumor sites, thereby reducing the penetration of PTT
into normal tissues and alleviating adverse reactions. Furthermore, limitations of PTT include limited penetration depth
of light, inability to act on tumor tissues beyond the radiation range, and the inadequacy of a single photothermal
treatment to eliminate tumors, potentially leading to tumor recurrence and metastasis. Consequently, introducing
hydrogels can enhance the overall therapeutic efficacy by combining PTT with other treatment modalities targeting
tumor tissues.

Ma et al fabricated hydrogels utilizing calcium silicate nanowires and sodium alginate as precursors, incorporating
OPC to impart superior photothermal regulation capabilities to the hydrogel.”* Furthermore, hydrogels have been used to
deliver manganese-doped calcium silicate nanowires or polydopamine nanoparticles for photothermal therapy-induced
tumor cell ablation (Figure 11a).'>'® PTT can be combined with chemotherapy and immunotherapy in the treatment of
melanoma with the help of hydrogels. The intelligent release of DOX and the incorporation of photothermal agents into
hydrogels, which employ the pH sensitivity of alginate hydrogels or specially designed hydrogels, achieve synergistic
photothermal and chemotherapy. Daniela N. Céspedes-Valenzuela and her team designed a photothermal-responsive
hydrogel composed of chitosan methacrylate, porcine small intestine submucosa methacrylate, and reduced graphene
oxide-doxorubicin complexes. This hydrogel effectively eliminates residual tumors after surgery by combining NIR-
induced photothermal therapy with heat-triggered doxorubicin release (Figure 11b).*° Xia et al synthesized IR820-
conjugated a-cyclodextrin copolymers and polyethylene glycol to form IR820-hydrogels, which, when loaded with
immunoadjuvants, achieve the combination of photothermal therapy and immunotherapy through their fusion
(Figure 11¢).®° Hydrogels are effective carriers for combining photothermal therapy with other treatments and protect
photosensitizers from decomposition, thereby effectively enhancing photothermal conversion effects. Hwang et al
encapsulated indocyanine green in hydrogels, endowing them with photothermal properties while protecting indocyanine
green from decomposition by the human body.”®

The introduction of hydrogels significantly enhances the therapeutic efficacy of photothermal therapy and effectively
addresses its limitations. However, loading more materials into hydrogels for combined photothermal therapy can affect
the efficacy of photosensitizers. Consequently, balancing hydrogel design and final treatment outcomes is crucial for
future research. Moreover, in promoting the synergy of photothermal therapy with other treatments, the inadequacy of
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single phototherapy cannot be addressed by simply combining multiple treatment modalities. Future research should
focus on expanding the synergistic effects of these treatments.

Photodynamic Therapy (PDT)

PDT represents another phototherapy method besides photothermal therapy. The principle of PDT involves the accumu-
lation of photosensitizers in pathological tissues, activating photosensitizers by absorbing light at appropriate wave-
lengths, selectively destroying tumor cells, or transferring energy from photosensitizers to surrounding oxygen molecules
and generating highly reactive singlet oxygen. Singlet oxygen undergoes oxidation reactions with nearby biomolecules,
resulting in cytotoxicity and consequently damaging the lesioned cells.”’

The three essential factors for PDT are light, photosensitizers, and oxygen. However, tumor hypoxia is a common
characteristic of solid tumors, making it a crucial factor that must be considered in PDT. Singlet oxygen can only be
generated in the presence of oxygen, thereby exerting the tumor-killing effect of PDT. Researchers have addressed the
issue of tumor hypoxia in PDT by introducing hydrogels. Zhang et al developed a multifunctional oxygen-producing
hydrogel, which exhibited significant phototoxicity against BI6F10 tumors under near-infrared radiation, effectively
alleviating the tumor hypoxic microenvironment and improving PDT efficiency (Figure 12a).>® Moreover, the therapeutic
effect can be improved by utilizing the hypoxic environment of tumors. Zhou et al developed a photoresponsive hydrogel
incorporating sodium alginate solution with nanoparticles, hypoxia-responsive TPZ, and Gox. These semiconductor
nanoparticles mediated photodynamic reactions and oxygen depletion, while GOx further depleted oxygen, collectively
activating TPZ for chemotherapy (Figure 12b)."” PDT, like PTT, risks causing damage to normal tissues. Therefore,
hydrogels can effectively target tumor cells and control PDT. Farnaz Azadikhah et al developed a novel antioxidant-
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Figure 12 Applications of hydrogels in PDT. (a) A multifunctional oxygen-generating hydrogel loaded with hyaluronic acid-chlorin e6 modified nanoceria and calcium
peroxide (Gel-HCeC-CaO,) could alleviate tumor hypoxia microenvironment, prolong drug supply, enhance PDT efficacy, and overcome melanoma. Reproduced from
Zhang L, Liu X, Mao Y, Rong S, Chen Y, Qi Y, Cai Z and Li H (2023) Inhibition of melanoma using a nanoceria-based prolonged oxygen-generating phototherapy
hydrogel. Front. Oncol. 13:1,126,094.3% Copyright © 2023 Zhang, Liu, Mao, Rong, Chen, Qi, Cai and Li. This is an open-access article distributed under the terms of
the Creative Commons Attribution License (CC BY). (b) An alginate hydrogel containing streptozotocin (STZ) and glucose oxidase (GOx) is used in combination with
phototherapy and chemotherapy for melanoma treatment. Reproduced from Zhou J, Liu C, Wang Y et al. Prodrug and Glucose Oxidase Coloaded Photodynamic Hydrogels
for Combinational Therapy of Melanoma. ACS Biomater Sci Eng. 2022;8(1 1):4886—4895.'” Copyright @ 2022, American Chemical Society.

photosensitive hydrogel for controlling PDT activity in cancer treatment. The natural polyphenol antioxidant tannic acid
in the hydrogel effectively controls the level of ROS and mitigates damage to healthy cells and tissues by removing
singlet oxygen.**

The problem of insufficient oxygen in tumors can be addressed by catalyzing excessive hydrogen peroxide within
tumors using specially designed hydrogels or by directly releasing oxygen from hydrogels into tumor sites. Moreover,
improving the hypoxic microenvironment of tumors inhibits tumor growth and metastasis. Therefore, future research can
focus on developing innovative hydrogels that can release oxygen and catalyze hydrogen peroxide. These methods, like
PDT and PTT, are also susceptible to the negative effects of inadequate light penetration and tissue damage. Hydrogels
can assist PTT in targeting tumor cells and controlling ROS levels. However, research on hydrogels enhancing ROS-
excited light penetration is limited. Therefore, additional research can be conducted to improve light penetration,
enabling hydrogels to effectively complement PDT for melanoma treatment. Finally, hydrogels can help address the
inadequacy of single ROS-based treatments by combining PDT with other treatment methods, making them an ideal
delivery system.

Tumor Vaccines

Recently, tumor vaccines have emerged as a promising, minimally toxic, and targeted immunotherapy option. They can
effectively treat tumors and induce long-term memory of tumor-specific immune responses, providing protection against
recurrence and metastasis.”® Loading tumor vaccines into hydrogels can facilitate the injection of melanoma vaccines
into tumors and provide a platform to combine these vaccines with other treatment methods for melanoma therapy.
Hydrogel-assisted treatment of melanoma primarily employs three vaccine platforms: cellular vaccines, viral vector
vaccines, and protein vaccines.

Most tumor vaccines are cell-based, which offers the benefit of not requiring antigen-target predetermination. Adding
tumor cell lysates to specially designed hydrogels can achieve effective melanoma treatment. Meng et al utilized
hydrogels for the delivery of the immunoadjuvant R837 (Figure 13a).?* Highton et al incorporated ovalbumin antigen
and adjuvant Quil-A into thermosensitive chitosan hydrogels, demonstrating the hydrogel’s ability to elicit protective
CD8" T cells, thereby exerting both preventative and therapeutic effects on tumors.”® One advantage of viral vector
vaccines is that the immune system can effectively respond to viruses by leveraging the joint action of innate and
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adaptive immune mechanisms, resulting in a robust and enduring response. Liu et al divided the treatment into two steps:
first, by releasing granulocyte-macrophage colony-stimulating factor, many DCs were recruited into the hydrogel. Then,
antigens were introduced through viral vectors to initiate antigen presentation and trigger immune responses. This two-
step strategy produced a high level of tumor-specific immunity, confirmed in both preventive and therapeutic models of
melanoma in mice (Figure 13b). 8

Recently, there has been a significant advancement in the research of tumor vaccines, and their clinical application has
also been enhanced. However, tumor vaccines are just one type of immunotherapy. Like other treatment modalities,
a single method is insufficient to completely cure melanoma, and it requires to be combined with other treatments. When
combining with other treatments, it is important to consider whether adding other substances will affect the release of
tumor vaccine antigens, immune adjuvants, and the affinity between antigens and antibodies. Future research should
focus on combining tumor vaccines with surgical procedures, chemotherapy, and other treatments through hydrogels to
achieve comprehensive treatment.

Hydrogel-Based Therapies in the Comprehensive Management of

Melanoma

Hydrogel-based therapies represent an emerging treatment modality for melanoma, providing a versatile platform for
transdermal drug delivery and multimodal therapeutic approaches. While their antitumor properties have been validated
in numerous studies, hydrogels offer functionalities beyond monotherapy. In the comprehensive management of
melanoma, hydrogels present several key advantages, not only enhancing therapeutic efficacy but also improving the
patients’ quality of life.

As an ideal moist wound dressing, hydrogels play a crucial role in post-surgical wound management. They effectively
address wound infections, promote healing, and reduce the likelihood of tumor recurrence after melanoma resection.®”
Moreover, by incorporating tumor-targeting agents, hydrogels can be used in tumor imaging.’ % This functionality aids in
determining the tumor’s size, location, and metastasis, thereby supporting the formulation of more precise treatment
strategies and facilitating the monitoring of therapeutic responses (Figure 14).

Additionally, hydrogels have shown promise in pain management, significantly contributing to an improved quality of
life for patients.”® The versatility and broad applicability of hydrogels in melanoma management underscore their
potential for clinical translation, paving the way for innovative and effective therapeutic solutions.

Post-Surgical Wound Management

While hydrogel-based therapies have shown significant potential in melanoma treatment, surgical excision remains the
cornerstone of management. However, incomplete tumor resection leaves residual tumor cells that serve as seeds for
recurrence. Surgical excision also activates inflammatory pathways, releasing pro-inflammatory mediators that nourish
these residual cells and recruit additional inflammatory cells to the tumor microenvironment. This perpetuates a vicious
cycle of inflammation and tumor progression, ultimately facilitating recurrence.®” Moreover, melanoma resection often
results in large skin defects, which are highly susceptible to bacterial infections. These infections not only exacerbate
inflammation but also increase the risk of tumor relapse. Recent studies have shown that incorporating LA into COS-
based hydrogels can effectively disrupt this pathological cycle. The hydrogel gradually degrades at the implantation site,
releasing LA and COS to inhibit AKT phosphorylation in the PI3K-AKT signaling pathway, thereby suppressing the
proliferation of residual tumor cells. Furthermore, LA exhibits potent anti-inflammatory and antioxidant properties by
reducing NF-kB, TNF-0, and ROS levels, while COS provides strong antibacterial effects to mitigate infection-induced
inflammation.®’

In addition to controlling inflammation and preventing recurrence, accelerating post-surgical wound healing is crucial.
The large skin defects caused by melanoma resection can lead to chronic, non-healing wounds, severely impacting the
patient’s quality of life. Studies have shown that loading copper oxide (CuO,) nanoparticles into chitosan-based
hydrogels not only exhibit robust antimicrobial activity but also promote the proliferation of skin cells and angiogenesis,
expediting the healing process of infected wounds (Figure 15a).*' Similarly, hydrogels loaded with procyanidin
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oligomers function as a natural photothermal agents and enhance the proliferation and migration of dermal fibroblasts
and endothelial cells, stimulating angiogenesis and skin regeneration.’*

Tumor Cell Imaging

Tumor imaging is critical in cancer research and clinical practice, providing key information on tumor type, stage, and
progression. Dynamic imaging, in particular, allows real-time monitoring of treatment outcomes, enabling early detection
of recurrence and timely adjustments to therapy, which are essential for advancing precision medicine and follow-up
care.

The incorporation of imaging agents, such as nanoparticles, into hydrogels endows these materials with diagnostic
capabilities. For example, Wu et al functionalized gold nanoparticles (Ag-Au NPs) with HA and encapsulated them in
PEG-based hydrogels. The HA moiety binds to CD44 receptors on B16F10 melanoma cells, promoting hydrogel
internalization through receptor-mediated endocytosis. Upon exposure to 405 nm laser irradiation, the nanoparticles
emit fluorescence, enabling both temperature sensing and precise tumor cell imaging (Figure 15b).°° Similarly,
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multifunctional hybrid nanogels have been developed to cross cellular barriers and enable intracellular imaging, thus
broadening the scope of hydrogel-based imaging strategies.®®

Pain Management

Pain associated with melanoma may arise from a combination of factors, including tumor-induced nerve compression,
local inflammation, and surgical trauma. Effective pain management is crucial for improving the patient’s quality of life
and ensuring adherence to therapeutic regimens. To address this problem, Ludmilla David de Moura et al developed

15336 ‘oo International Journal of Nanomedicine 2025:20


https://creativecommons.org/licenses/by/4.0/

Jin etal

a hybrid hydrogel system containing docetaxel and lidocaine. This formulation not only inhibits tumor progression but
also provides localized analgesia, offering dual therapeutic benefits (Figure 15¢).?> Similarly, Zhang et al incorporated
ropivacaine into a Pluronic F127-based hydrogel system used in photothermal therapy. This approach significantly
alleviated the acute pain during melanoma ablation.” In addition, chemotherapy-induced peripheral neuropathy (CIPNP)
remains a major clinical challenge in cancer pain management, often leading to debilitating discomfort. Jigian Zhang et al
addressed this issue by co-delivering ropivacaine and cisplatin using Pluronic F127 hydrogels. Their study found that
cisplatin-loaded Pluronic F127 hydrogels induced severe CIPNP, as evidenced by an increased number of pERK-positive
neurons in the dorsal root ganglion. Remarkably, the addition of ropivacaine effectively alleviated CIPNP for more than
10 hours. Furthermore, ropivacaine upregulated the expression of major histocompatibility complex class I on tumor

cells, facilitating CD8" T-cell infiltration and enhancing the antitumor efficacy of chemotherapy.'®

Challenges in the Clinical Translation of Hydrogel-Based Therapies for

Melanoma

Unlike conventional melanoma treatments, hydrogel-based therapies offer a flexible platform for integrating multiple
therapeutic strategies by carefully selecting and combining materials and drugs. This versatility enables the incorporation
of synergistic treatment modalities, potentially improving therapeutic outcomes. However, the clinical translation of these
sophisticated hydrogel systems remains challenging, primarily due to the complex interactions between materials and
drugs within the hydrogel matrix, which may result in unpredictable effects on therapeutic efficacy and increase the risk
of damage to healthy tissues, thereby complicating clinical application. Overcoming these challenges necessitates
a thorough investigation of the mechanisms underlying material compatibility and drug interactions. Optimizing the
design of hydrogel formulations to ensure effective synergy among components is a key step toward overcoming these
challenges. By achieving a harmonious balance between therapeutic efficacy and biocompatibility, hydrogel-based
therapies can be better positioned for successful translation into clinical practice.

While preclinical studies provide valuable insights into hydrogel-based melanoma therapies, their relevance to
clinical applications is limited due to the complex and dynamic nature of the human physiological and biochemical
environment. Factors such as burst drug release, unpredictable enzymatic degradation, cellular infiltration, and fluid
exchange significantly impact the behavior of hydrogels in vivo, often diverging from initial expectations.'®' Addressing
these challenges requires precise control over drug release kinetics and a thorough understanding of the interactions
between hydrogel drug delivery systems and the biological environment.

In addition to challenges in drug delivery control, the long-term safety of hydrogels is a critical concern. Prolonged
use can lead to adverse effects such as chronic inflammation, fibrosis, and calcification. For instance, Sarojini et al
reported that a PHEMA-based hydrogel showed significant calcification at the injection site after approximately 12 weeks
in rabbit corneas, highlighting its insufficient biocompatibility for long-term applications.'®* Similarly, polyethylene
glycol (PVA)-based hydrogels have been shown to induce macrophage infiltration and cytokine release, potentially
leading to chronic inflammation.'®® Additionally, the local hydrogel injections carry inherent risks of infection and
introduces uncertainties in tissue repair processes. Furthermore, complex interactions between hydrogel components and
loaded drugs may introduce unpredictable therapeutic effects, further complicating the design of safe and effective
formulations. The incorporation of multifunctional agents with both anti-tumor and tissue-regenerative properties, such

as curcumin, 104

could simplify hydrogel formulations and reduce concerns about drug interactions. However, the long-
term use of such multifunctional systems may still carry a risk of inducing drug resistance, which should be carefully
considered.

Moreover, hydrogel-based therapies face significant challenges when applied to extracutaneous lesions, particularly in
advanced melanoma cases where tumor cells have metastasized via the bloodstream to distant organs, such as the brain.
This limitation primarily arises from the inability of hydrogels and their drug payloads to effectively cross the blood-
brain barrier (BBB), resulting in significantly reduced drug delivery efficiency and compromised therapeutic
outcomes.”'*> To address this issue, Bastianich et al proposed a promising solution: encapsulating drugs within hydrogel-

based nanocapsules. This approach effectively bypasses the BBB, enabling precise drug delivery to both the primary site
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of glioblastoma and intracranial metastatic lesions, thereby significantly enhancing drug targeting and therapeutic
efficacy.'® However, no similar studies have yet been conducted on melanoma brain metastases, underscoring the
critical need for further exploration in this area. While the application of nanocarriers demonstrates significant potential
in overcoming the limitations of hydrogel-based therapies, current research remains in its infancy, necessitating more
extensive preclinical and clinical trials to fully evaluate the safety and efficacy of this innovative approach.

Another critical factor in the clinical translation of hydrogel therapies is inter-patient variability. A formulation that
proves effective in one patient may elicit unexpected adverse reactions in another, highlighting the importance of
personalized therapeutic approaches. Moreover, many hydrogel formulations remain in the preclinical phase, facing
challenges such as low synthesis efficiency, time-consuming preparation processes, and high production costs, which
impede large-scale manufacturing.'® In addition to cost-effectiveness and scalability, practical issues such as storage,
transportation, and long-term stability must also be addressed. Establishing standardized manufacturing protocols and
quality control processes is essential to ensure consistent product quality for clinical applications.

In conclusion, although hydrogel-based therapies for melanoma hold substantial promise, their clinical translation is
hindered by several challenges, including material interactions, drug release control, potential adverse effects, and
scalability of production. Advancing our understanding of material interactions and enhancing biocompatibility will be
essential to optimize hydrogel formulations, improving therapeutic outcomes and patient comfort. Future research should
prioritize the development of multifunctional hydrogels to achieve more effective treatment outcomes and support tissue
regeneration. Finally, establishing standardized production and quality control protocols will be critical for the successful
clinical application of hydrogel-based therapies.

Conclusions and Future Perspectives

Hydrogels have demonstrated promising potential as a therapeutic modality for melanoma treatment, providing improved
targeting and reduced side effects compared to conventional methods. Their advantageous properties, including biocom-
patibility and biodegradability, allow for gradual drug release within the body, minimizing patient discomfort and trauma.
Consequently, hydrogels have been commonly utilized as a platform for integrated therapeutic approaches, including
drug release, immunotherapy, photothermal therapy, and photodynamic therapy. Different types of hydrogels provide
versatile delivery platforms that facilitate various therapeutic mechanisms for melanoma treatment. They can directly
inhibit melanoma growth and metastasis by delivering drugs or bioactive substances, effectively inhibit melanoma
occurrence by regulating the tumor microenvironment, and exert anti-tumor effects by enhancing immune responses.
Besides, hydrogels can be artificially modified to achieve a wide array of anti-tumor effects. This versatile and multi-
faceted therapeutic strategy presents multiple options and opportunities for utilizing hydrogels in treating melanoma,
thereby expanding the scope for further research and clinical implementation.

However, it is imperative to acknowledge the challenges confronting hydrogels in melanoma treatment, including
optimizing drug delivery efficiency, enhancing mechanical properties, and effectively integrating multiple treatment
modalities. These challenges not only pose significant obstacles but also offer avenues for innovation. Addressing these
challenges and seizing opportunities requires extensive research and development efforts focused on hydrogels in
melanoma treatment and continuously exploring novel technologies and methodologies. However, it is imperative to
acknowledge the challenges hydrogels encounter in melanoma treatment, including issues with drug delivery efficiency,
insufficient mechanical properties, and the integration of various treatment modalities. These challenges present barriers
as well as avenues for potential advancement. Addressing these challenges and opportunities requires extensive research
and development of hydrogels for melanoma treatment and continually investigating novel technologies and methodol-
ogies. Further investigation into the biocompatibility and biodegradability of hydrogels is required to ensure their safety
and stability in the human body. Additionally, a deeper exploration of the interactions between hydrogels and drugs is
essential to optimize drug release rates and effects and improve the precision and efficacy of treatment. Furthermore,
exploring innovative technologies, including biomaterials engineering and nanotechnology, is crucial for precisely
regulating the structure and properties of hydrogels to meet different treatment requirements and improve treatment
efficacy. In conclusion, it is prudent to capitalize on the carrier properties of hydrogels to optimize the efficacy of
combination therapy protocols.
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Future research should focus on the following aspects: standardized production of hydrogels, clinical trial validation,
and cost-effectiveness analysis. Interdisciplinary collaboration must be strengthened to promote clinical translation. By
conducting clinical trials and evaluations and collecting and analyzing treatment data, we can optimize hydrogel
treatment systems to ensure their safety and efficacy. Moreover, enhancing patient tracking and monitoring will help
promptly address treatment issues and risks, ensure long-term efficacy, and provide personalized and effective treatment
options for melanoma patients.

In summary, hydrogels present significant potential as a therapeutic modality for melanoma, offering wide-ranging
applications and opportunities for advancement. Future research and development efforts should focus on innovation and
exploration to overcome existing challenges and enhance the efficacy and personalization of treatment options for
melanoma patients.

While numerous reviews have discussed the use of hydrogels in cancer therapy, few have provided a focused and up-
to-date overview specific to melanoma. This review seeks to address this gap by systematically summarizing hydrogel
classifications and their therapeutic strategies for melanoma, integrating recent advances across diverse treatment
modalities. We hope this work may offer a useful reference for researchers and help guide future exploration in this
evolving field.
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