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Melanoma is one of the most aggressive skin tumors, and con-
ventional treatment modalities are not effective in treating ad-
vanced melanoma. Although immunotherapy is an effective 
treatment for melanoma, it has disadvantages, such as a poor 
response rate and serious systemic immune-related toxic side 
effects. The main solution to this problem is the use of bio-
logical materials such as hydrogels to reduce these side effects 
and amplify the immune killing effect against tumor cells. Hy-
drogels have great advantages as local slow-release drug carriers, 
including the ability to deliver antitumor drugs directly to the 
tumor site, enhance the local drug concentration in tumor tissue, 
reduce systemic drug distribution and exhibit good degradability. 
Despite these advantages, there has been limited research on 
the application of hydrogels in melanoma treatment. Therefore, 
this article provides a comprehensive review of the potential 
application of hydrogels in melanoma immunotherapy. Hydrogels 
can serve as carriers for sustained drug delivery, enabling the 
targeted and localized delivery of drugs with minimal systemic 
side effects. This approach has the potential to improve the effi-
cacy of immunotherapy for melanoma. Thus, the use of hydro-
gels as drug delivery vehicles for melanoma immunotherapy 
has great potential and warrants further exploration. [BMB 
Reports 2024; 57(2): 71-78]

INTRODUCTION

Melanoma is a tumor usually caused by the malignant trans-
formation of melanocytes, referred to as malignant melanoma 
(1, 2), which occurs at the junction of the epidermis and der-
mis and accounts for approximately 3% of all tumors. Mela-
noma is called “the cancer that rises with the sun” and has the 
characteristics of high malignancy, poor prognosis, fast local 
growth and a high metastasis rate. It has become one of the 
most troublesome tumors. In recent years, with the increasing 
incidence of melanoma, an increasing number of people have 
become fearful of melanoma (3). The development and malig-
nancy of melanoma, including the mutation of normal cells, 
the growth of malignant tumors and even tumor metastasis, are 
easily affected by the physiological state and the external en-
vironment (4, 5). Therefore, there is an urgent need to develop 
effective strategies to eradicate melanoma and prevent tumor 
growth (6).

With the development of immunotherapy, especially the ap-
plication of immune checkpoint inhibitors, significant progress 
has been made in the treatment of melanoma, significantly 
prolonging the survival of melanoma patients (7, 8). Immuno-
therapy is involved in almost all stages of melanoma treatment 
and plays important roles in postoperative adjuvant therapy 
and in advanced first-line treatment (9, 10). Immunotherapy 
for malignant melanoma mainly activates the body’s immune 
system to eliminate tumor cells using the body’s own defenses. 
Compared with chemotherapy and radiotherapy, immunothe-
rapy can harness the host’s immune system, kill tumor cells, 
and inhibit tumor growth and recurrence in the long term (11, 
12). However, immunotherapy requires repeated high-dose in-
jections, and there are many challenges, such as large indivi-
dual differences in treatment response and low efficiency of 
the immune response (13). To overcome the above shortco-
mings, there is an urgent need to develop new immunotherapy 
methods, new delivery materials and delivery routes.

In recent years, hydrogels have attracted attention as carriers 
for local and sustained drug delivery in tumors due to their 
unique advantages for orthotopic tumor drug delivery (14), 
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which can simultaneously deliver multiple anticancer drugs at 
the tumor site, maintain relatively high drug concentrations 
and reduce systemic toxic side effects (15). Hydrogels are well 
suited for immunotherapy because they allow the localized 
and sustained release of drugs, thereby minimizing systemic 
toxicity and maximizing effectiveness. In preclinical studies, 
hydrogel delivery systems have been shown to have higher 
efficacy than injected immunotherapeutic agents alone, and 
they can also prevent systemic toxicity.

DRUG DELIVERY AND RELEASE OF HYDROGELS

Hydrogels are polymeric networks that are formed through the 
chemical or physical crosslinking of hydrophilic polymer chains. 
These networks can absorb large amounts of water without 
dissolving, resulting in substantial swelling with the retention 
of their initial three-dimensional structure. Hydrogels are cha-
racterized by their high water content and exhibit softness and 
pliability akin to those of biological tissues, resulting in excep-
tional biocompatibility. Hydrogels can transport diverse bio-
logical substances and are therefore used extensively in drug 
administration. As carriers for sustained drug release, hydrogels 
protect the damaged area from adverse external stimuli, keep 
the damaged area moist, and improve drug utilization (16-19). 
Hydrogels are scaffolds formed by a network of cross-linked 
polymer units with high water content (＞ 90%), in which forms 
a three-dimensional structure similar to the extracellular matrix 
of natural tissues (20). The skeleton contains numerous hydro-
philic groups that make the hydrogel capable of absorbing and 
storing up to 90% of its mass in water (21). The water storage 
capacity of hydrogels is related to the content of hydrophilic 
groups, and hydrogels exhibit good swelling and flexibility 
(22). The aggregated form of the hydrogel is not a pure solid 
state or a completely liquid form. Its unique physical structure 
confers good biological and physical functions, including bio-
compatibility, water solubility, degradability, porosity, and sen-
sitivity to various stimuli (23-26). It can be loaded with thera-
peutic drugs, and moreover, it can be degraded gradually over 
a period.

Research on drug delivery is of great importance for efficient 
disease treatment (27). Hydrogels are important drug delivery 
platforms because they can release drugs at a designated rate 
in a local area or can perform responsive on-demand drug re-
lease through various functional modifications (28). The multi-
ple interactions between hydrogels and encapsulated drugs 
ensure that the release of various drugs can be controlled 
temporally and spatially (29). The advantages of hydrogels as 
drug delivery materials include 1) tunable physicochemical 
properties; 2) controllable biodegradability; and 3) prevention 
of failure caused by drug degradation.

The drug delivery process is influenced by the inherent 
characteristics of the hydrogel, including its macrostructure, its 
microstructure (specifically porosity), and the extent of cross- 
linking within the polymer network, which collectively deter-

mine the mesh aperture. The mesh size, in turn, governs the 
diffusion of the drug within the hydrogel, as it regulates the 
spatial interaction between the drug and the mesh (30). Con-
sequently, augmenting the polymer concentration or cross-linking 
agent concentration serves as a viable means to diminish the 
mesh size of the hydrogel. The extent of cross-linking in the 
hydrogel can be modulated through alterations in the cross- 
linking agent’s type, dosage, and reaction conditions. This 
cross-linking degree is directly linked to the hydrogel’s stability 
and the length of the diffusion pathway for drug molecules, 
thereby influencing the rate at which drugs are released (either 
accelerated or delayed). Manipulating the gaps can further 
impact the drug release rate, either increasing or decelerating 
it. Moreover, distinct polymers exhibit diverse physicochemical 
properties and biocompatibility profiles. Drug adsorption, dif-
fusion, and release in hydrogels can be achieved through the 
careful selection of polymers. Furthermore, the manipulation 
of the copolymer’s molecular weight, composition, and pro-
portion can significantly reduce the gelation time, thereby en-
hancing the sol-gel transition. By adjusting the cross-linking 
degree, voids, and polymers of hydrogels, we can effectively 
regulate the interaction between drugs and hydrogels.

A drug with a smaller size relative to the mesh can rapidly 
diffuse through the hydrogel, resulting in a shorter drug release 
time. Drug release is significantly slowed as the size of the 
drug approaches the mesh size (31). When the drug is larger 
than the grid size, the drug is physically encapsulated in the 
mesh. As a biomedical material delivery system, hydrogels are 
commonly used to deliver drugs smaller than 15 nm, such as 
small molecules or proteins. In general, the release of drug- 
loaded hydrogels relies mainly on diffusion. The controlled re-
lease of drugs can be achieved by controlling the degradation, 
swelling, and mechanical deformation of the hydrogel mesh. 
With a suitable release mechanism, the hydrogel can maintain 
a high local drug concentration for a long time. Controlled 
drug delivery systems can overcome the shortcomings of tradi-
tional drug delivery (32).

RESEARCH PROGRESS ON HYDROGELS IN 
MELANOMA IMMUNOTHERAPY

Antitumor immunotherapeutic drugs have shown great promise 
in cancer treatment, but these therapeutic drugs are easily 
cleared from the blood circulation, resulting in ineffective 
delivery; they cannot be retained in the tumor tissue for a long 
time; and they cannot eliminate the tumor, which hinders their 
application in tumor immunotherapy. The hydrogel can improve 
drug delivery by serving as a drug carrier, loading therapeutic 
drugs into its interior and releasing them, ultimately improving 
the effect of immunotherapy. Hydrogels loaded with drugs can 
control the drug release rate and can perform sustained drug 
release at the tumor site to maximize drug utilization. To date, 
hydrogel-loaded therapeutic drugs have been widely used in 
the immunotherapy of tumors. Compared with other tumors, 



 Hydrogel and melanoma immunotherapy
Wei He, et al.

73http://bmbreports.org BMB Reports

Table 1. Classification of common hydrogels

Source Natural hydrogels Collagen, chitosan, hyaluronic acid, gelatin
Synthetic hydrogels Polyethylene glycol (PEG), N-isopropyl acrylamide (PNIPAM), poloxamer

Crosslinking method Physically crosslinked Hydrogen bonding, ionic interactions, hydrophobic interaction
Chemically crosslinked Glutaraldehyde, epichlorohydrin, adipic dihydrazide and polyaldehydes

Response to 
environmental stimuli

Environmentally sensitive hydrogels Temperature-sensitive
Electric field-sensitive
pH-sensitive
Light-sensitive

melanoma is a superficial tumor, so hydrogels are more suit-
able for melanoma treatment. Hydrogels have many advant-
ages in the treatment of melanoma, including good local the-
rapeutic effects, high feasibility of drug delivery and immuno-
therapy, and controllable drug release rates. These advantages 
make hydrogels a promising method for the treatment of mela-
noma. In this section, we will summarize the application of 
hydrogels in melanoma immunotherapy.

Classification of hydrogels
There are several types of hydrogels made with different raw 
materials, cross-linking methods, and properties (33). Hydrogels 
can be classified in a variety of ways according to different 
classification criteria (Table 1). According to the sensitivity of 
external stimuli, hydrogels can be divided into traditional hy-
drogels and stimulus-responsive hydrogels. Traditional hydrogels 
are not sensitive to external factors, including changes in tem-
perature and pH. Stimulus-responsive hydrogels can be classified 
into pH-responsive, temperature-responsive, photoresponsive 
and magnetic field-responsive hydrogels (34-36). Stimulus-re-
sponsive hydrogels are very sensitive to small external changes 
and stimuli. After stimulation, the physical or chemical pro-
perties of the material will change, causing changes in the hy-
drogel. Based on this property, hydrogels can be used in vari-
ous fields.

According to the difference in material preparation, hydro-
gels can be divided instead into natural polymer and synthetic 
polymer hydrogels. Common natural polymeric materials include 
chitosan, sodium alginate, and hyaluronic acid. Common syn-
thetic polymer materials include polyethylene glycol, polyvinyl 
alcohol, and polystyrene. Natural polymeric materials are de-
rived from natural sources and have good biocompatibility 
and environmental sensitivity. Moreover, they are rich in sour-
ces, low in cost, poor in stability and easily degraded (37). 
Synthetic polymer hydrogels are formed by crosslinking tens of 
thousands to millions of polymer materials from single-mole-
cule raw materials by chemical synthesis, and they have high 
stability, elasticity and plasticity (38). However, some synthetic 
polymer materials have poor biocompatibility (39).

To date, different forms of hydrogels have been used to im-
prove the therapeutic effect of melanoma. By designing the 
chemical structure of the hydrogel network, controlled drug 

release by pH, temperature or external stimuli can be achie-
ved, which can increase the efficiency and improve the the-
rapeutic effect (40). Currently, hydrogels are used alone or as 
carriers of cells and drugs and are injected directly into the 
desired site via a syringe (41-43). As a carrier for sustained 
drug release, hydrogels can protect the damaged area from 
adverse external stimuli, keep the damaged area moist and 
improve the utilization rate of drugs.

Application of hydrogels in melanoma immunotherapy
Melanoma is categorized as an immune malignancy, charac-
terized by a higher incidence in individuals with low immune 
system and immunodeficiency disorders (44-46). Due to the 
strong immunogenicity of melanoma, immunotherapy is the 
most promising treatment method (47). However, there are 
still many problems, such as delayed antitumor effects and 
disease progression after immunotherapy, which pose many 
challenges to immunotherapy (48, 49). Therefore, exploring 
new strategies and optimizing design schemes to enhance the 
efficacy of immunotherapy is an important direction in mela-
noma immunotherapy research (50).

In recent years, hydrogels as delivery carriers have become a 
new research focus in immunotherapy. Hydrogels can allow 
the precise positioning and continuous release of drugs, mini-
mize systemic toxicity and improve the effectiveness of im-
munotherapy (51). With deepening research in the field of 
hydrogels, researchers have combined the characteristics and 
advantages of hydrogels with clinical needs to design and 
develop hydrogels equipped with nucleic acid drugs and other 
drugs for melanoma immunotherapy (52).

HYDROGELS LOADED WITH NUCLEIC ACID DRUGS 
FOR MELANOMA IMMUNOTHERAPY

Nucleic acid drugs are susceptible to liver clearance and nu-
clease degradation, so suitable delivery vectors are needed. 
Hydrogels have great potential in the medical field as an 
effective tool for nucleic acid drug delivery (53). Due to the 
advantages of hydrogels, such as good biocompatibility, inject-
ivity, efficient nucleic acid drug loading capacity, good me-
chanical effectiveness and local localization control release (54), 
researchers are committed to loading nucleic acid drugs into 
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hydrogels to achieve systemic or local delivery, preventing 
adverse effects on other tissues and improving efficacy in vivo.

Recently, researchers have engineered hydrogels to exert 
precise spatial and temporal control over the release of RNA 
therapies, thereby minimizing systemic toxicity and improving 
the efficacy in vivo. RNA-based therapies have shown great 
promise. Lu and his team (55) designed a versatile injectable 
hydrogel system for the treatment of melanoma. A calcium- 
phosphorus shell was constructed on the surface of dopamine 
nanoparticles through biosimulated mineralization to achieve 
efficient loading of siRNA. Then, the dopamine nanoparticles 
loaded with siRNA were suspended in alginate solution to 
form injectable hydrogels under acidic conditions in the tumor 
microenvironment. The results showed that the hydrogel 
system could inhibit the growth and metastasis of melanoma, 
indicating the potential for clinical application and bringing 
new hope for the treatment of melanoma.

mRNA vaccines are promising candidates for cancer immuno-
therapy (56, 57), but their action period in vivo is limited, and 
their cost performance is high, so it is necessary to construct 
an effective vector for vaccine delivery or storage (58). Hydro-
gel with good biocompatibility is an excellent carrier for vac-
cine loading. For example, by optimizing the hydrogel formula, 
a physical barrier can be constructed to extend the release 
cycle of the vaccine (59). Alternatively, injectable hydrogels, gel 
films and other forms suitable for different application scena-
rios can be designed. Currently, hydrogels loaded with vaccines 
are one of the important research directions in the field of 
tumor immunotherapy. Yin and colleagues (60) designed a 
non-chemically bonded hydrogel containing graphene oxide 
(RO) and low-molecular-weight polyethylenimide (LPEI) to 
deliver mRNA vaccines carrying immune-stimulating adjuvants. 
The hydrogel can steadily release the vaccine (including mRNA 
and adjuvant), protect the mRNA from degradation, and suc-
cessfully migrate to the lymph nodes to function stably for at 
least 30 days. Compared with mouse models of melanoma 
injected with free adjuvant and hydrogel-free mRNA, mouse 
models of melanoma that received only hydrogel loaded with 
the mRNA vaccine had significantly smaller tumors, and more 
CD8+ T cells entered the tumor tissue. In addition, the hydro-
gel-delivered mRNA vaccine successfully induced high levels 
of ovalbumin-specific antibodies, which not only inhibited tumor 
growth but also prevented the recurrence or metastasis of 
melanoma. In general, graphene oxide polyethyleneimine hydro-
gels that deliver mRNA and adjuvant for cancer immuno-
therapy can achieve lasting effects and are expected to be-
come an effective cancer mRNA vaccine delivery platform.

During the drug administration process, the rapid enzymatic 
degradation and fragmentation of DNA may lead to limited 
vector expression, resulting in poor efficacy. Therefore, it is ne-
cessary to explore new DNA delivery strategies. Hydrogels have 
the potential to load large amounts of DNA and achieve ex-
tended retention at the injection site, increasing the possibility 
of sustained drug expression and thus enhancing the immune 

response. Scott H. Medina and colleagues (61) found that a 
cationic self-assembled peptide hydrogel was able to encapsu-
late and deliver plasmid DNA (TA) encoding a fusion protein 
consisting of the melanospecific tumor antigen gp100 and the 
adjuvant HMGN1. The HLT2 gel loaded with DNA (TA) was 
implanted into mice, causing acute inflammation. The presence 
of multinucleated cells was observed, followed by the infil-
tration of macrophages. These cell infiltrates help process the 
encased DNA, promote increased lymphocyte proliferation and 
produce an immune-enhancing response mediated by CD4+/ 
IFNγ+ on Th1-expressing cells, supplemented by the formation 
of GP100-specific antibodies.

The above studies show that loading nucleic acid drugs into 
hydrogels can effectively achieve controlled drug release and 
improve the immunotherapy response, which is an important 
development direction in melanoma immunotherapy. Although 
there are few studies on hydrogels carrying nucleic acid drugs, 
this innovative method can solve the limitations of traditional 
immunotherapy and has great development potential.

HYDROGELS ARE LOADED WITH OTHER DRUGS FOR 
MELANOMA IMMUNOTHERAPY 

In the gastrointestinal physiological environment, peptides and 
other substances are easily degraded but not easily absorbed, 
and various obstacles lead to very low bioavailability of oral 
peptides. To overcome the obstacles of oral dosage forms of 
polypeptide drugs, researchers have adopted direct or indirect 
coping strategies (62). The latest study found that hydrogels can 
both extend the storage period of a peptide drug and extend 
the residence time of the drug in a specific area. Li and collea-
gues (63) discovered and optimized the PD-1/PD-L1 blocking 
peptide OPBP-1 and loaded it into a TMC-based hydrogel oral 
drug delivery system, thereby maximizing the oral bioavail-
ability of the peptide drug, effectively inhibiting melanoma 
growth, and enhancing the infiltration and function of CD8+ 
T cells.

Monoclonal antibodies that block the immune checkpoint 
PD-1/PD-L1 have shown unprecedented clinical efficacy against 
many cancers (64, 65). However, many drugs have short re-
tention times and low bioavailability in the body (66). Studies 
have shown that the unique properties of hydrogels can keep 
the loaded substances active for a long time while ensuring the 
long-term release of drugs in the body. Li and colleagues (67) 
used an alginate saline gel system to locally deliver celecoxib 
and PD-1, which synergistically enhanced the presence of CD4+ 
interferon (IFN)-γ+ and CD8+IFN-γ+ T cells both within tumors 
and in the immune system, providing effective cancer treat-
ment. In addition, Yu and colleagues (68) delivered polypep-
tide hydrogel-loaded anti-PD-L1 by intratumoral injection into 
a C57BL/6 mouse tumor-bearing model of B16F10 melanoma, 
and the hydrogel-loaded antibodies showed a longer retention 
time (＞ 7 days) in B16F10 tumors than free antibody solution 
alone (∼3 days). Hydrogels containing anti-PD-L1 antibodies 
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Fig. 1. Immunotherapy with hydrogels in 
melanoma.

showed significantly higher tumor suppression efficacy than 
the anti-PD-L1 antibody/D-1MT mixture. In addition, the mice 
treated with the anti-PD-L1-loaded hydrogel achieved a stronger 
antitumor immune response, suggesting that CD8+ T cells with 
the ability to kill have a higher rate of tumor accumulation.

Studies have shown that the sudden release of large amounts 
of drugs often causes adverse reactions. To block the side effects 
of burst release, we utilized injectable, biodegradable, and in 
situ formable hydrogels to effectively and uniformly encapsu-
late the drug. Hydrogels can control and delay the release rate 
of the drug and increase bioavailability by providing a local 
environment that allows the drug to continue to work. Wang 
and colleagues (69) prepared injectable monomethoxy PEG-B- 
poly (L-valine) (mPEG-b-PVal) hydrogels for the local delivery 
of tumor cell lysate (TCL) and poly (I:C), the latter of which is a 
TLR3 agonist. As a tumor antigen, TCL can costimulate the re-
cruitment, activation and maturation of host DCs at the tumor 
site with poly (I:C). The hydrogel significantly prolonged antigen 
persistence at the injection site. In tumor-bearing mice treated 
with a melanoma model, the hydrogel treatment system pro-
moted the production of CD8+ T cells in the tumor-infiltrating 
T cells of draining lymph nodes and showed a strong anti-
tumor effect.

The above studies show that hydrogels, as delivery carriers, 
are conducive to the slow release of drugs in the body, im-
prove the utilization rate of drugs, effectively cause the immune 
system to kill tumor tissue, improve the efficacy of immuno-
therapy, and have great potential for the treatment of mela-
noma (Fig. 1).

CONCLUSIONS

Melanoma immunotherapy faces problems such as poor spec-
ificity and insufficient delivery ability (70-72). However, with 
the rapid development of biotechnology, melanoma immuno-
therapy methods are constantly improving (73-76). In recent 
years, the combined application of immunotherapy and bio-
materials has overcome the clinical barriers that limit cancer 
immunotherapy (77, 78), and an increasing number of studies 
have been conducted on the use of hydrogels to improve the 
efficacy of antitumor immunotherapy for melanoma (79, 80). 
This paper reviews the extensive application of hydrogels as 

drug carriers in melanoma immunotherapy. Hydrogels can be 
loaded with nucleic acids, cytokines, peptides, antibodies and 
other types of drugs and can achieve sustained drug release at 
the tumor site, improve drug utilization and thus improve the 
effectiveness of melanoma immunotherapy (81-83). The hydro-
gel loaded with nucleic acid drugs effectively controls drug 
release and prevents the degradation of nucleic acid, thereby 
improving the effect of melanoma immunotherapy. Hydrogels 
loaded with polypeptides, monoclonal antibodies, etc., can also 
increase the retention time of drugs in the body and effectively 
cause the immune system to kill tumor tissue, thereby im-
proving the efficacy of melanoma immunotherapy. The use of 
hydrogels to carry various drugs is thus highly suitable for the 
current development of melanoma immunotherapy and has 
broad application value (84-88).

In summary, research on hydrogel-based immunotherapy for 
melanoma is advancing rapidly, and drug delivery technology 
is constantly improving (89, 90), but there are still obstacles to 
translating the materials from the experimental stage to clinical 
application. First, biological materials are foreign substances to 
human organisms, and acute or chronic inflammation may 
occur in the body in response to the degradation of biological 
substances. Therefore, the safety and efficacy of these bioma-
terials need to be further evaluated. Second, the mechanical 
strength of the hydrogels needs to be more consistent and 
stable. Therefore, the mechanical properties of hydrogels should 
be rigorously evaluated (91). It is believed that with deepening 
research on hydrogels and the continued improvement of 
immunotherapy, hydrogels will become a potential drug carrier, 
leading to new breakthroughs in melanoma immunotherapy 
and promoting further development (92, 93).

ACKNOWLEDGEMENTS

The research of the National Natural Science Foundation of 
China is 82072658.

CONFLICTS OF INTEREST

The authors have no conflicting interests.



Hydrogel and melanoma immunotherapy
Wei He, et al.

76 BMB Reports http://bmbreports.org

AUTHOR CONTRIBUTIONS

HW, ZYQ, and QY wrote and revised the article. LGD and 
PLX conceived the idea of the article. LMM, XXY and SGG 
collated the data and searched the relevant literature. LF, HQ 
and GY conceived the study, designed the study and revised 
the manuscript. All the authors have read and approved the 
final manuscript.

REFERENCES

1. Meng Z, Fang X, Fu B et al (2022) Tumor immunotherapy 
boosted by R837 nanocrystals through combining chemo-
therapy and mild hyperthermia. J Control Release 350, 841- 
856

2. Lin A, Sahun M, Biscop E et al (2023) Acquired non-ther-
mal plasma resistance mediates a shift towards aerobic 
glycolysis and ferroptotic cell death in melanoma. Drug 
Resist Updat 67, 100914

3. Mathiyalagan R, Valappil AK, Yang DC et al (2022) Gene 
regulations upon hydrogel-mediated drug delivery systems 
in skin cancers—an overview. Gels 8, 560

4. Gong HZ, Zheng HY and Li J (2019) Amelanotic mela-
noma. Melanoma Res 29, 221-230

5. Ahmed B, Qadir MI and Ghafoor S (2020) Malignant 
melanoma: skin cancer-diagnosis, prevention, and treat-
ment. Crit Rev Eukaryot Gene Expr 30, 291-297

6. Rastrelli M, Tropea S, Rossi CR and Alaibac M (2014) 
Melanoma: epidemiology, risk factors, pathogenesis, diag-
nosis and classification. In Vivo 28, 1005-1011

7. Carlino MS, Larkin J and Long GV (2021) Immune check-
point inhibitors in melanoma. Lancet 398, 1002-1014

8. Huang AC and Zappasodi R (2022) A decade of check-
point blockade immunotherapy in melanoma: understanding 
the molecular basis for immune sensitivity and resistance. 
Nat Immunol 23, 660-670

9. Davis LE, Shalin SC and Tackett AJ (2019) Current state of 
melanoma diagnosis and treatment. Cancer Biol Ther 20, 
1366-1379

10. Pang K, Shi ZD, Wei LY et al (2023) Research progress of 
therapeutic effects and drug resistance of immunotherapy 
based on PD-1/PD-L1 blockade. Drug Resist Updat 66, 
100907

11. Bowers EC, Hassanin A and Ramos KS (2020) In vitro 
models of exosome biology and toxicology: new frontiers 
in biomedical research. Toxicol In Vitro 64, 104462

12. Ralli M, Botticelli A, Visconti IC et al (2020) Immuno-
therapy in the treatment of metastatic melanoma: current 
knowledge and future directions. J Immunol Res 2020, 
9235638

13. Correa S, Meany EL, Gale EC et al (2022) Injectable nano-
particle-based hydrogels enable the safe and effective de-
ployment of immunostimulatory CD40 Agonist antibodies. 
Adv Sci (Weinh) 9, e2103677

14. Dong X, Liang J, Yang A et al (2019) Fluorescence ima-
ging guided CpG nanoparticles-loaded IR820-hydrogel for 
synergistic photothermal immunotherapy. Biomaterials 209, 
111-125

15. Vishnubhakthula S, Elupula R and Durán-Lara EF (2017) 

Recent advances in hydrogel-based drug delivery for mela-
noma cancer therapy: a mini review. J Drug Deliv 2017, 
7275985

16. Mansoor H, Ong HS, Riau AK, Stanzel TP, Mehta JS and 
Yam GH (2019) Current trends and future perspective of 
mesenchymal stem cells and exosomes in corneal dis-
eases. Int J Mol Sci 20, 2853

17. Yang D, Zhang W, Zhang H et al (2020) Progress, oppor-
tunity, and perspective on exosome isolation - efforts for 
efficient exosome-based theranostics. Theranostics 10, 3684- 
3707

18. Rastogi S, Sharma V, Bharti PS et al (2021) The evolving 
landscape of exosomes in neurodegenerative diseases: exo-
somes characteristics and a promising role in early diag-
nosis. Int J Mol Sci 22, 440

19. Zhao L, Wang Y and Zhang Y (2021) The potential diag-
nostic and therapeutic applications of exosomes in drug- 
induced liver injury. Toxicol Lett 337, 68-77

20. Mo F, Jiang K, Zhao D et al  (2021) DNA hydrogel-based 
gene editing and drug delivery systems. Adv Drug Deliv 
Rev 168, 79-98

21. Ozay O, Ekici S, Baran Y, Aktas N and Sahiner N (2009) 
Removal of toxic metal ions with magnetic hydrogels. 
Water Res 43, 4403-4411

22. Song HS, Kwon OS, Kim JH, Conde J and Artzi N (2017) 
3D hydrogel scaffold doped with 2D graphene materials 
for biosensors and bioelectronics. Biosens Bioelectron 89, 
187-200

23. Lim HL, Hwang Y, Kar M and Varghese S (2014) Smart 
hydrogels as functional biomimetic systems. Biomater Sci 
2, 603-618

24. Chai Q, Jiao Y and Yu X (2017) Hydrogels for biomedical 
applications: their characteristics and the mechanisms be-
hind them. Gels 3, 6

25. Kikuchi IS, Cardoso GR, Dua K et al (2017) Hydrogel 
based drug delivery systems: a review with special em-
phasis on challenges associated with decontamination of 
hydrogels and biomaterials. Curr Drug Deliv 14, 917-925

26. Naahidi S, Jafari M, Logan M et al (2017) Biocompatibility 
of hydrogel-based scaffolds for tissue engineering appli-
cations. Biotechnol Adv 35, 530-544

27. Sun Z, Song C, Wang C, Hu Y and Wu J (2020) Hydrogel- 
based controlled drug delivery for cancer treatment: a 
review. Mol Pharm 17, 373-391

28. Mo F, Jiang K, Zhao D, Wang Y, Song J and Tan W (2021) 
DNA hydrogel-based gene editing and drug delivery systems. 
Adv Drug Deliv Rev 168, 79-98

29. Zheng J, Song X, Yang Z et al (2022) Self-assembly 
hydrogels of therapeutic agents for local drug delivery. J 
Control Release 350, 898-921

30. Kass LE and Nguyen J (2022) Nanocarrier-hydrogel com-
posite delivery systems for precision drug release. Wiley 
Interdiscip Rev Nanomed Nanobiotechnol 14, e1756

31. Li J and Mooney DJ (2016) Designing hydrogels for con-
trolled drug delivery. Nat Rev Mater 1, 16071

32. Patterson AK and Smith DK (2020) Two-component supra-
molecular hydrogel for controlled drug release. Chem 
Commun (Camb) 56, 11046-11049

33. Khan F, Atif M, Haseen M et al (2022) Synthesis, classi-
fication and properties of hydrogels: their applications in 



 Hydrogel and melanoma immunotherapy
Wei He, et al.

77http://bmbreports.org BMB Reports

drug delivery and agriculture. J Mater Chem B 10, 170-203
34. Kim YM, Potta T, Park KH and Song SC (2017) Tempe-

rature responsive chemical crosslinkable UV pretreated 
hydrogel for application to injectable tissue regeneration 
system via differentiations of encapsulated hMSCs. Bio-
materials 112, 248-256

35. Liao WC, Lilienthal S, Kahn JS et al (2017) pH- and ligand- 
induced release of loads from DNA-acrylamide hydrogel 
microcapsules. Chem Sci 8, 3362-3373

36. Zhang H, Guo S, Fu S and Zhao Y (2017) A near-infrared 
light-responsive hybrid hydrogel based on UCST triblock 
copolymer and gold nanorods. Polymers (Basel) 9, 238

37. Zhong Y, Xiao H, Seidi F and Jin Y (2020) Natural 
polymer-based antimicrobial hydrogels without synthetic 
antibiotics as wound dressings. Biomacromolecules 21, 
2983-3006

38. Prabhu S, Bubbly SG and Gudennavar SB (2020) Synthe-
tic polymer hydrogels as potential tissue phantoms in ra-
diation therapy and dosimetry. Biomed Phys Eng Express 
6, 55008

39. Francesko A, Petkova P and Tzanov T (2018) Hydrogel 
dressings for advanced wound management. Curr Med 
Chem 25, 5782-5797

40. Abinaya B, Prasith TP, Ashwin B, Viji CS and Selvamurugan 
N (2019) Chitosan in surface modification for bone tissue 
engineering applications. Biotechnol J 14, e1900171

41. Norouzi M, Nazari B and Miller DW (2016) Injectable 
hydrogel-based drug delivery systems for local cancer 
therapy. Drug Discov Today 21, 1835-1849

42. Wang H, Rodell CB, Lee ME et al (2017) Computational 
sensitivity investigation of hydrogel injection characteris-
tics for myocardial support. J Biomech 64, 231-235

43. Wilson KL, Carmichael ST and Segura T (2020) Injection 
of hydrogel biomaterial scaffolds to the brain after stroke. J 
Vis Exp 10.3791/61450

44. Eddy K and Chen S (2020) Overcoming immune evasion 
in melanoma. Int J Mol Sci 21, 8984

45. Timar J and Ladanyi A (2022) Molecular pathology of skin 
melanoma: epidemiology, differential diagnostics, progno-
sis and therapy prediction. Int J Mol Sci 23, 5384

46. Long GV, Swetter SM, Menzies AM, Gershenwald JE and 
Scolyer RA (2023) Cutaneous melanoma. Lancet 402, 485- 
502

47. Lazaroff J and Bolotin D (2023) Targeted therapy and im-
munotherapy in melanoma. Dermatol Clin 41, 65-77

48. Li S, Zhang Z, Lai WF, Cui L and Zhu X (2020) How to 
overcome the side effects of tumor immunotherapy. 
Biomed Pharmacother 130, 110639

49. Scotte F, Ratta R and Beuzeboc P (2019) Side effects of 
immunotherapy: a constant challenge for oncologists. 
Curr Opin Oncol 31, 280-285

50. Zaremba A, Zimmer L, Griewank KG et al (2020) Im-
munotherapy for malignant melanoma. Internist (Berl) 61, 
669-675

51. Bernhard S and Tibbitt MW (2021) Supramolecular engin-
eering of hydrogels for drug delivery. Adv Drug Deliv Rev 
171, 240-256

52. Cao H, Duan L, Zhang Y, Cao J and Zhang K (2021) 
Current hydrogel advances in physicochemical and bio-
logical response-driven biomedical application diversity. 

Signal Transduct Target Ther 6, 426
53. Kurt E and Segura T (2022) Nucleic acid delivery from 

granular hydrogels. Adv Healthc Mater 11, e2101867
54. Ho TC, Chang CC, Chan HP et al (2022) Hydrogels: 

properties and applications in biomedicine. Molecules 27, 
2902

55. Lu J, Song J, Zhang P et al (2023) Biomineralized poly-
dopamine nanoparticle-based sodium alginate hydrogels 
for delivery of anti-serine/threonine protein kinase B-rapid-
ly accelerated fibrosarcoma siRNA for metastatic melanoma 
therapy. Acs Nano 17, 18318-18331

56. Wang Y, Zhang Z, Luo J, Han X, Wei Y and Wei X (2021) 
mRNA vaccine: a potential therapeutic strategy. Mol Cancer 
20, 33

57. Xu S, Yang K, Li R and Zhang L (2020) mRNA Vaccine 
era-mechanisms, drug platform and clinical prospection. 
Int J Mol Sci 21, 6582

58. Miao L, Zhang Y and Huang L (2021) mRNA vaccine for 
cancer immunotherapy. Mol Cancer 20, 41

59. Oliva N, Conde J, Wang K and Artzi N (2017) Designing 
hydrogels for on-demand therapy. Acc Chem Res 50, 
669-679

60. Yin Y, Li X, Ma H et al (2021) In situ transforming RNA 
nanovaccines from polyethylenimine functionalized gra-
phene oxide hydrogel for durable cancer immunotherapy. 
Nano Lett 21, 2224-2231

61. Medina SH, Li S, Howard OM et al (2015) Enhanced 
immunostimulatory effects of DNA-encapsulated peptide 
hydrogels. Biomaterials 53, 545-553

62. Cai L, Liu S, Guo J and Jia YG (2020) Polypeptide-based 
self-healing hydrogels: design and biomedical applications. 
Acta Biomater 113, 84-100

63. Li W, Zhu X, Zhou X et al (2021) An orally available 
PD-1/PD-L1 blocking peptide OPBP-1-loaded trimethyl 
chitosan hydrogel for cancer immunotherapy. J Control 
Release 334, 376-388

64. Yi M, Zheng X, Niu M, Zhu S, Ge H and Wu K (2022) 
Combination strategies with PD-1/PD-L1 blockade: current 
advances and future directions. Mol Cancer 21, 28

65. Song H, Yang P, Huang P, Zhang C, Kong D and Wang W 
(2019) Injectable polypeptide hydrogel-based co-delivery 
of vaccine and immune checkpoint inhibitors improves 
tumor immunotherapy. Theranostics 9, 2299-2314

66. Han X, Li H, Zhou D, Chen Z and Gu Z (2020) Local and 
targeted delivery of immune checkpoint blockade thera-
peutics. Acc Chem Res 53, 2521-2533

67. Li Y, Fang M, Zhang J et al (2016) Hydrogel dual deli-
vered celecoxib and anti-PD-1 synergistically improve anti-
tumor immunity. Oncoimmunology 5, e1074374

68. Yu S, Wang C, Yu J et al (2018) Injectable bioresponsive 
gel depot for enhanced immune checkpoint blockade. 
Adv Mater 30, e1801527

69. Song H, Huang P, Niu J et al (2018) Injectable polypep-
tide hydrogel for dual-delivery of antigen and TLR3 agonist 
to modulate dendritic cells in vivo and enhance potent 
cytotoxic T-lymphocyte response against melanoma. Bio-
materials 159, 119-129

70. Domingues B, Lopes JM, Soares P and Populo H (2018) 
Melanoma treatment in review. Immunotargets Ther 7, 35- 
49



Hydrogel and melanoma immunotherapy
Wei He, et al.

78 BMB Reports http://bmbreports.org

71. Sood S, Jayachandiran R and Pandey S (2021) Current 
advancements and novel strategies in the treatment of 
metastatic melanoma. Integr Cancer Ther 20, 1873208510

72. Villani A, Potestio L, Fabbrocini G, Troncone G, Mala-
pelle U and Scalvenzi M (2022) The treatment of advan-
ced melanoma: therapeutic update. Int J Mol Sci 23, 6388

73. Cuevas LM and Daud AI (2018) Immunotherapy for 
melanoma. Semin Cutan Med Surg 37, 127-131

74. Stachyra-Strawa P, Ciesielka M, Janiszewski M and Grzy-
bowska-Szatkowska L (2021) The role of immunotherapy 
and molecular‑targeted therapy in the treatment of mela-
noma (Review). Oncol Rep 46, 158

75. Tagliaferri L, Lancellotta V, Fionda B et al (2022) Immuno-
therapy and radiotherapy in melanoma: a multidisciplinary 
comprehensive review. Hum Vaccin Immunother 18, 
1903827

76. Bagchi S, Yuan R and Engleman EG (2021) Immune 
checkpoint inhibitors for the treatment of cancer: clinical 
impact and mechanisms of response and resistance. Annu 
Rev Pathol 16, 223-249

77. Leach DG, Young S and Hartgerink JD (2019) Advances 
in immunotherapy delivery from implantable and inject-
able biomaterials. Acta Biomater 88, 15-31

78. Li Q, Shi Z, Zhang F, Zeng W, Zhu D and Mei L (2022) 
Symphony of nanomaterials and immunotherapy based 
on the cancer-immunity cycle. Acta Pharm Sin B 12, 107- 
134

79. Anko M, Kobayashi Y, Banno K and Aoki D (2021) Current 
status and prospects of immunotherapy for gynecologic 
melanoma. J Pers Med 11, 403

80. Moyers JT and Glitza OI (2021) Immunotherapy for 
Melanoma. Adv Exp Med Biol 1342, 81-111

81. Zhou YH, Ye T, Ye CZ et al (2021) Secretions from hypo-
chlorous acid-treated tumor cells delivered in a melittin 
hydrogel potentiate cancer immunotherapy. Bioact Mater 
9, 541-553

82. Sharma S and Tiwari S (2020) A review on biomacro-
molecular hydrogel classification and its applications. Int J 
Biol Macromol 162, 737-747

83. Bisotti F, Pizzetti F, Storti G and Rossi F (2022) Mathema-
tical modelling of cross-linked polyacrylic-based hydrogels: 

physical properties and drug delivery. Drug Deliv Transl 
Res 12, 1928-1942

84. Bobbala S, Gibson B, Gamble AB, McDowell A and Hook 
S (2018) Poloxamer 407-chitosan grafted thermorespon-
sive hydrogels achieve synchronous and sustained release 
of antigen and adjuvant from single-shot vaccines. Immunol 
Cell Biol 96, 656-665

85. Yang C, Lee A, Gao S, Liu S, Hedrick JL and Yang YY 
(2019) Hydrogels with prolonged release of therapeutic 
antibody: block junction chemistry modification of ‘ABA’ 
copolymers provides superior anticancer efficacy. J Control 
Release 293, 193-200

86. He J, Zhang N, Zhu Y, Jin R and Wu F (2021) MSC 
spheroids-loaded collagen hydrogels simultaneously pro-
mote neuronal differentiation and suppress inflammatory 
reaction through PI3K-Akt signaling pathway. Biomaterials 
265, 120448

87. Hu Q, Li H, Archibong E et al (2021) Inhibition of post- 
surgery tumour recurrence via a hydrogel releasing CAR-T 
cells and anti-PDL1-conjugated platelets. Nat Biomed Eng 
5, 1038-1047

88. Liu Y, Li T, Sun M et al (2022) ZIF-8 modified multi-
functional injectable photopolymerizable GelMA hydrogel 
for the treatment of periodontitis. Acta Biomater 146, 37-48

89. Zhang Z, Ai S, Yang Z and Li X (2021) Peptide-based 
supramolecular hydrogels for local drug delivery. Adv 
Drug Deliv Rev 174, 482-503

90. Kumar A, Sood A, Singhmar R, Mishra YK, Thakur VK and 
Han SS (2022) Manufacturing functional hydrogels for 
inducing angiogenic-osteogenic coupled progressions in 
hard tissue repairs: prospects and challenges. Biomater Sci 
10, 5472-5497

91. Liu Z, Xin W, Ji J et al (2022) 3D-printed hydrogels in 
orthopedics: developments, limitations, and perspectives. 
Front Bioeng Biotechnol 10, 845342

92. Xiao M, Tang Q, Zeng S et al (2023) Emerging bio-
materials for tumor immunotherapy. Biomater Res 27, 47

93. Tan B, Huang L, Wu Y and Liao J (2021) Advances and 
trends of hydrogel therapy platform in localized tumor 
treatment: a review. J Biomed Mater Res A 109, 404-425




