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A B S T R A C T

Low tumor immunogenicity, immunosuppressive tumor microenvironment, and bacterial infections have 
emerged as significant challenges in postsurgical immunotherapy and skin regeneration for preventing mela
noma recurrence. Herein, an immunotherapeutic hydrogel booster (GelMA-CJCNPs) was developed to prevent 
postoperative tumor recurrence and promote wound healing by incorporating ternary carrier-free nanoparticles 
(CJCNPs) containing chlorine e6 (Ce6), a BRD4 inhibitor (JQ1), and a glutaminase inhibitor (C968) into 
methacrylic anhydride-modified gelatin (GelMA) dressings. GelMA-CJCNPs reduced glutathione production by 
inhibiting glutamine metabolism, thereby preventing the destruction of reactive oxygen species generated by 
photodynamic therapy, which could amplify oxidative stress to induce severe cell death and enhance immu
nogenic cell death. In addition, GelMA-CJCNPs reduced M2-type tumor-associated macrophage polarization by 
blocking glutamine metabolism to reverse the immunosuppressive tumor microenvironment, recruiting more 
tumor-infiltrating T lymphocytes. GelMA-CJCNPs also downregulated IFN-γ-induced expression of programmed 
cell death ligand 1 to mitigate acquired immune resistance. Benefiting from the amplified systemic antitumor 
immunity, GelMA-CJCNPs markedly inhibited the growth of both primary and distant tumors. Moreover, GelMA- 
CJCNPs demonstrated satisfactory photodynamic antibacterial effects against Staphylococcus aureus infections, 
thereby promoting postsurgical wound healing. Hence, this immunotherapeutic hydrogel booster, as a facile and 
effective postoperative adjuvant, possesses a promising potential for inhibiting tumor recurrence and acceler
ating skin regeneration.

1. Introduction

Melanoma is a highly aggressive and rapidly metastatic cutaneous 
cancer with high rates of mortality [1]. In standard melanoma surgery, 
tumor tissues are removed by wide excision of peripheral healthy skin 
tissues to minimize the amount of residual malignant cells [2,3]. 
Nevertheless, the presence of invasive residual tumors increases the risk 
of local recurrence and micrometastasis, especially in resected high-risk 

stage II/III melanoma with a recurrence rate of up to 70 % [4]. 
Currently, to prevent tumor recurrence, immunotherapy has emerged as 
a postoperative adjuvant treatment by assisting patients in restoring and 
enhancing their immune functions [5]. However, the poor immunoge
nicity and immune evasion induced by an immunosuppressive tumor 
microenvironment (ITM) after surgery significantly impede the body’s 
antitumor immune response [6–8]. In addition, the potential bacterial 
infection in excessively large wounds delays tissue repair and greatly 
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increases the risk of postoperative complications [9,10]. Moreover, due 
to the essential difference between tumor and wound environments, 
synergistic treatment that impedes tumor recurrence and promotes 
wound repair remains a major clinical challenge. Therefore, developing 
a postoperative adjuvant for melanoma that can simultaneously amplify 
immunotherapy to efficiently eliminate residual tumor cells and inhibit 
bacterial infections to accelerate wound repair is imperative.

Photodynamic therapy (PDT) has emerged as an effective and 
minimally invasive approach for recurrent cancer treatment. The reac
tive oxygen species (ROS) generated by PDT can trigger immunogenic 
cell death (ICD), promoting the infiltration of cytotoxic T lymphocytes 
(CTLs) [11–14]. In addition, the ROS generated by PDT can oxidatively 
damage surrounding biomolecules, such as lipids, proteins, and nucleic 
acids, and thus has shown promise in combating bacterial infections [15,
16]. However, tumor cells synthesize more glutathione (GSH) to elimi
nate excessive ROS by upregulating glutaminase (GLS) activity, which is 
involved in glutamine metabolism, thereby maintaining intracellular 
redox homeostasis [17–20]. Interestingly, glutamine metabolism plays a 
crucial role in the formation and progression of ITM. As the main 
component of ITM, immunosuppressive and protumoral M2-type 
tumor-associated macrophages (TAMs) depend more on glutamine 
metabolism compared to immunoreactive and tumoricidal M1-type 
TAMs, and glutamine normally accumulates in M2-type TAMs and 
promotes their polarization [21]. Additionally, GLS is less expressed in 
M1-type TAMs and more expressed in M2-type TAMs. Blocking gluta
mine metabolism using GLS inhibitors can not only prevent annihilation 
of the PDT-generated ROS to enhance tumor immunogenicity but also 
reduce M2-type TAMs polarization to reverse ITM, synergistically 
recruiting and activating CTLs. Undesirably, interferon-gamma (IFN-γ) 
secreted by CTLs upregulates the expression of programmed death 
ligand 1 (PD-L1) on the surface of tumor cells, which binds to pro
grammed death 1 (PD-1) expressed on the surface of CTLs, eventually 
leading to the inactivation of CTLs and the development of adaptive 
immune resistance [22,23]. Previous reports have shown that JQ1, a 
small molecule inhibitor of bromodomain-containing protein 4 (BRD4), 
effectively reduces IFN-γ-induced PD-L1 expression to overcome 
inducible immune evasion, further sensitizing tumor cells to immuno
therapy [24,25]. Therefore, the combination of PDT, GLS inhibitors, and 
JQ1 is a supplementary treatment for melanoma that simultaneously 
enhances the efficacy of postsurgical immunotherapy and antibacterial 
therapy.

To achieve a ternary synergistic effect, these agents need to be 
simultaneously delivered to the tumor site via nanoscale drug delivery 
systems (DDSs) [26,27]. Among these systems, the drug self-delivery 
systems (DSDSs) are efficient and safe drug delivery systems with 
great potential in the biomedical field [28]. These systems self-assemble 
from pure active drugs and have extremely high drug-loading capacities 
while avoiding adverse side effects caused by carriers [29]. In addition, 
based on the essential differences between tumor and wound microen
vironments, it is urgent to design suitable wound dressings to syner
gistically achieve postoperative tumor treatment and wound healing. 
Recently, as intriguing platforms for the local delivery of immuno
modulators and cells, hydrogels can provide an immunomodulatory 
microenvironment for the recruitment and activation of endogenous 
immune cells due to their tunable properties and diverse bioactivities 
[30]. Among them, methacrylic anhydride-modified gelatin (GelMA), 
which is biocompatible, biodegradable, and has adjustable physical 
properties promotes cell adhesion and proliferation, making it widely 
utilized in tissue engineering applications [31–34]. Therefore, inte
grating DSDSs with GelMA hydrogels to form a biomimetic platform can 
further leverage the merits of both components and serve as an effective 
postoperative adjuvant for inhibiting tumor recurrence and accelerating 
tissue repair.

Herein, an immunotherapeutic hydrogel booster (GelMA-CJCNPs) 
was developed as a postoperative adjuvant for tumor treatment and 
wound healing by incorporating ternary carrier-free nanoparticles 

(CJCNPs) containing chlorine e6 (Ce6), a BRD4 inhibitor (JQ1), and a 
GLS inhibitor (C968) into GelMA dressings (Scheme 1). Under laser 
irradiation, the GelMA-CJCNPs induced ROS production and GSH 
reduction to synergistically disrupt redox homeostasis, leading to the 
elimination of tumor cells and enhanced ICD effects. Subsequently, a 
cascade of immune responses, including the release of DAMPs, the 
maturation of dendritic cells (DCs), and the infiltration of CTLs, was 
activated. Additionally, GelMA-CJCNPs reduced M2-type TAMs polari
zation to remodel ITM by blocking glutamine metabolism, thereby 
further recruiting and activating CTLs. Furthermore, GelMA-CJCNPs 
downregulated IFN-γ-induced PD-L1 expression to mitigate acquired 
immune resistance, further sensitizing tumor cells to immunotherapy. 
The results demonstrated that GelMA-CJCNPs achieved synergistic ef
fects in enhancing tumor immunogenicity and reversing ITM to prevent 
primary and distant tumor growth. Notably, this hydrogel booster also 
demonstrated remarkable photodynamic antibacterial effects against 
postoperative Staphylococcus aureus (S.aureus) infections, expediting the 
healing process of infected wounds. As a result, this multifunctional 
immunotherapeutic hydrogel booster provides a facile and effective 
adjunct platform for the postoperative management of melanoma.

2. Materials and methods

Synthesis and characterizations of CJCNPs. Firstly, Ce6, JQ1, and 
C968 were individually dissolved in DMSO at a 5 mg/mL concentration. 
Subsequently, the mixture of Ce6 (50.0 μL), JQ1 (33.6 μL), and C968 
(39.9 μL) was dripped into the ddH2O (2 mL) with continuous stirring 
for 15 min. After dialyzed (MWCO 1.0 kDa) with ddH2O for 8 h, CJC 
nanoparticles (CJCNPs) were obtained.

The morphology and hydrodynamic size of CJCNPs were measured 
by a transmission electron microscope (TEM, JEOL, JEM-2100F) and a 
Malvern Zetasizer Nano ZS90 (Malvern). The absorption spectrum of 
CJCNPs was measured by a UV–vis spectrometer (UV-2450, Shimadzu). 
The drug loading efficiency of Ce6, JQ1, and C968 was recorded by a 
UV–vis spectrometer (UV-2450, Shimadzu) and high-performance liquid 
chromatography (HPLC) (Shimadzu, MD, USA).

Synthesis and characterizations of GelMA hydrogel. Methacrylic 
anhydride-modified gelatin (GelMA) was synthesized according to pre
vious reports [35]. Dissolving 1.0 g of gelatin in 10 mL of PBS under 
stirring at 60 ◦C yielded a gel solution. Combining 0.85 mL of meth
acrylic anhydride with 2 mL of PBS formed a MA solution. This solution 
was then added dropwise to the aforementioned Gel solution under 
stirring and allowed to react in the dark at 55 ◦C for 3 h. The pH of the 
reaction solution was maintained between 8.0 and 9.0 throughout the 
reaction. Then, the reaction was halted by adding 60 mL of ddH2O. The 
diluted reaction solution underwent dialysis in ddH2O for 4 d, followed 
by lyophilization to obtain GelMA. Then, the photocuring precursor 
solution was prepared by dissolving 150 mg GelMA, 5 mg LAP, and 
116.4 μg CJCNPs in 1 mL PBS solution. The GelMA-CJCNPs hydrogel is 
formed by shining 405 nm blue light for 1 min.

1H NMR (Bruker 400 MHz Advance, Switzerland) of GelMA in D2O 
was carried out to verify the methylacryloyl modification of gelatin. 
Scanning electron microscopy (SEM) (FEI Quanta 200, FEI Company, 
Czech Republic) was used to observe the microstructure of GelMA. The 
GelMA hydrogel compress-strain measurements were taken with a 
tensile-compressive tester (AGS-V universal testing machine with a 20 N 
sensor, Shimadzu Corporation) in press mode. Rheology was analyzed 
with a TA-DHR-2 (TA Instruments, United States).

Detection of intracellular GSH. B16F10 cells (5 × 105 cells) were 
seeded in 6-well plates and cultured for 12 h, followed by incubation 
with the different groups (Control, Ce6, JQ1, C968, CJCNPs) at the same 
Ce6 (5 μg/mL), JQ1 (2.7 μg/mL), and C968 (3.9 μg/mL) concentration. 
After 12 h incubation, the B16F10 cells were collected to determine the 
relative GSH ratio using a GSH assay kit.

Detection of intracellular ROS. B16F10 cells (5 × 105 cells) were 
seeded in 6-well plates and cultured for 12 h, followed by incubation 
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with various formulations (Control, Ce6, JQ1, C968, CJCNPs, Ce6 (+), 
CJCNPs (+)) at the same Ce6 (5 μg/mL), JQ1 (2.7 μg/mL), and C968 
(3.9 μg/mL) concentration for 12 h. Then a 660 nm laser (0.1 W/cm2, 3 
min) was used to irradiate B16F10 cells in the Ce6 (+) and CJCNPs (+) 
groups. All groups were washed with PBS and stained with DCFH-DA 
and DAPI to detect the intracellular generation of ROS by a fluores
cence microscope.

Examination of PD-L1 expression in vitro. B16F10 cells were 
seeded into the 6-well plates (1 × 106 cells) and cultured for 12 h. Then, 
the B16F10 cells were incubated with control (PBS), JQ1, IFN-γ, JQ1 +
IFN-γ, CJCNPs + IFN-γ at the same IFN-γ (100 ng/mL), Ce6 (5 μg/mL), 
JQ1 (2.7 μg/mL), C968 (3.9 μg/mL), and CJCNPs (11.64 μg/mL) con
centrations for 12 h. Then the cells were collected to determine the 
expression of BRD4 and PD-L1 by Western blot analysis.

Immunofluorescence staining of CRT and HMGB1. B16F10 cells 
were seeded into the 6-well plates (5 × 105 cells) and cultured for 12 h. 
Then, the B16F10 cells were treated with Ce6 (5 μg/mL), Ce6 (+) (5 μg/ 
mL), JQ1 (2.7 μg/mL), C968 (3.9 μg/mL), CJCNPs (11.64 μg/mL), or 
CJCNPs (+) (11.64 μg/mL) for 12 h. The cells in the groups requiring 
laser treatment (Ce6 (+) and CJCNPs (+) groups) were irradiated with a 
660 nm laser (0.1 W/cm2, 3 min). After 4 h of incubation, the cells were 

washed with PBS and fixed with 4 % paraformaldehyde (15 min). Then, 
the cells were incubated with ananti-careticulin antibody or anti- 
HMGB1 antibody overnight at 4 ◦C, followed by another incubation 
with a goat antirabbit IgG H&L. After 1 h, the cells were stained with 
DAPI for 20 min. Finally, the cell immunofluorescence of each group 
was observed by CLSM.

Evaluation of the antitumor effect of primary tumor-bearing 
mice model. B16F10 cells (1 × 106) were subcutaneously injected 
into C57BL/6 mice to establish a primary tumor-bearing mouse model. 
When the tumor volume reached about 50 mm3, the mice were 
randomly divided into 7 groups, namely, the control, GelMA-Ce6, 
GelMA-JQ1, GelMA-C968, GelMA-CJCNPs, GelMA-Ce6 (+), and 
GelMA-CJCNPs (+) groups, in which the concentration of Ce6 remained 
consistent at 50 μg/mL. The GelMA-Ce6 (+) and GelMA-CJCNPs (+) 
groups were subjected to a 660 nm laser (0.1 W/cm2, 10 min) on Days 1, 
3, and 5. To simulate the clinical surgical treatment of melanoma, a 
circular wound (diameter: 8 mm) was established at the tumor site of 
mice. Subsequently, 100 μL PBS or hydrogel was applied to the wound 
site, and the hydrogel was formed in situ under 405 nm laser irradiation. 
The weights and tumor sizes of mice were measured every other day, 
and the calculation formula for tumor size was based on a previous 

Scheme 1. Schematic illustration of the immunotherapeutic hydrogel booster (GelMA-CJCNPs) for inhibiting postoperative tumor recurrence and promoting 
wound healing.
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report [36]. The tumor tissue of each group was collected for histolog
ical analyses (H&E staining and TUNEL staining) and immunohisto
chemical staining (Ki67, CRT, and HMGB1). In addition, the normal 
tissues of mice were collected for H&E staining.

Immune cells analysis. Tumor tissues from the mice were taken for 
immune cell analysis. The tumor tissue of each group was cut into small 
pieces and digested with hyaluronidase (0.3 g/L), collagenase IV (0.5 g/ 
L), and DNase (0.15 g/L) at 37 ◦C for 1 h. The cells were then filtered 
through a sieve (200 mesh) and centrifuged at 1200 rpm for 5 min. 
Subsequently, the cells were collected and stained with various anti
bodies for flow cytometry analysis. Matured DCs (stained with anti- 
CD11c-Qdot 605, anti-CD80-Pacific Blue, and anti-CD86-PE anti
bodies), infiltrating T lymphocytes (stained with anti-CD45-APC-Cy7, 
anti-CD11b-FITC, and anti-CD8-Cy5.5 antibodies) and TAMs (stained 
with anti-F4/80-PE-Cy7, anti-CD206-APC, and anti-CD86-PE anti
bodies) in each group were assessed through flow cytometry using a BD 
FACS machine. In addition, Frozen sections of tumor tissue were 
collected for immunohistochemical (M1 and M2) and immunofluores
cent (CD4+ T and CD8+ T) analysis by CLSM. Immunohistochemical 
staining was performed with anti-iNOS and anti-CD206 antibodies and 
immunofluorescent staining was performed with anti-CD8-FITC, anti- 
CD4-PE antibodies, and DAPI.

RNA-sequencing analysis. When the tumor volume reached 
approximately 50 mm3, the mice were randomly divided into 2 groups 
(n = 3), including the control and GelMA-CJCNPs (+) groups. On the 7th 
day after tumor treatment, tumor tissues from the control and GelMA- 
CJCNPs (+) groups were frozen in liquid nitrogen for 5 min. The 
RNA-sequencing analysis of tumors was performed by Guangzhou Kedio 
Biotechnology Co., Ltd. (Guangzhou, China). The differential analysis 
between two groups of genes was conducted using the R package 
“edgeR”, p < 0.05 and |Fold change| > 1.2 are considered significant. 
Gene ontology (GO) analysis and Kyoto Encyclopedia of Genes and 
Genomes (KEGG) analysis were performed with the “clusterProfiler” 
package. Finally, the R package “ggplot2” was used for plotting.

Evaluation of the antitumor effect of the bilateral tumor- 
bearing mice model. To induce a bilateral B16F10 tumors model, 
B16F10 cells (1 × 106) were subcutaneously implanted on the left rear of 
the back, followed by the same number of cells on the right 6 days later. 
When the left tumor volume reached approximately 50 mm3, the 
C57BL/6 mice were randomly divided into 7 groups (n = 5), including 
the control, GelMA-Ce6, GelMA-JQ1, GelMA-C968, GelMA-CJCNPs, 
GelMA-Ce6 (+), and GelMA-CJCNPs (+) groups. To simulate clinical 
surgery for melanoma, a circular wound with a diameter of 8 mm was 
made at the left tumor site, and a hydrogel was applied to the wound 
site. The weights and bilateral tumor volumes of the mice were 
measured every other day. At the end of the treatment, all mice were 
sacrificed, and tumor tissues were collected, photographed, and 
weighed. In addition, the levels of tumor necrosis factor-α (TNF-α), 
interferon-γ (IFN-γ), interleukin-6 (IL-6), and interleukin-10 (IL-10) in 
serum samples were determined by enzyme-linked immunosorbent 
assay (ELISA).

In vivo infected wound healing. A circular wound with a diameter 
of 8 mm was established on the back of C57BL/6 mice, and clinically 
isolated Staphylococcus aureus (50 μL, 1 × 107 CFU mL− 1) was inocu
lated into the wound to establish an infection model. The mice were then 
randomly divided into three groups, including the control, GelMA- 
CJCNPs, and GelMA-CJCNPs (+) group, with 5 mice in each group. 
The GelMA-CJCNPs group was treated with a 405 nm laser to form a 
hydrogel in situ, and the GelMA-CJCNPs (+) group was treated with a 
660 nm laser (0.1 W/cm2, 10 min) after hydrogel formation. Thereafter, 
mice were kept in individual cages for 10 days. The wound areas of each 
group were photographed and measured (days 0, 1, 4, 7, and 10). On the 
10th day, the skin tissue from mice was collected for H&E and Masson 
staining analysis.

In addition, the number of residual bacteria in the skin tissue was 
examined to verify the antibacterial effect of the GelMA-CJCNPs under 

laser irradiation. On Day 5 after treatment, the wound tissues of mice 
treated with PBS, GelMA-CJCNPs, or GelMA-CJCNPs (+) were collected 
to extract microorganisms (10 mg/mL). After a 100-fold dilution with 
PBS solution, 100 μL of the diluted solution was spread on a solid LB agar 
plate, and the colonies were counted following a 24-h incubation at 
37 ◦C.

Statistical analysis. All data were presented as mean ± standard 
deviation (SD). The two-tailed t-test was used for two-group compari
sons and ordinary one-way ANOVA was used for multiple group com
parisons. *P < 0.05; **P < 0.01; ***P < 0.001.

3. Results and discussions

Synthesis and characterization of CJCNPs and GelMA hydrogel. 
The photosensitizer Ce6 molecule has the potential to interact with a 
variety of hydrophobic chemotherapeutic agents because of its hydro
phobic conjugated skeleton [37,38]. The interactions among Ce6, JQ1, 
and C968 in the aqueous phase led to the formation of a carrier-free 
nanomedicine (CJCNPs) via self-assembly using the nanoprecipitation 
method. (Fig. 1a). Various feeding ratios of Ce6, JQ1, and C968 were 
designed to achieve the ideal nanoparticle, whose morphology and sizes 
were assessed through transmission electron microscopy (TEM) and 
dynamic light scattering (DLS) (Fig. 1b and Fig. S1). The TEM images of 
the CJCNPs revealed that Ce6, JQ1, and C968 self-assembled into uni
form spherical nanoparticles at a 1: 1: 1 feeding ratio, and the hydrated 
particle size was 98 ± 3.9 nm according to the DLS experiment. The 
stability and potential of the carrier-free nanomedicine were also 
examined. Results demonstrated that at various feeding ratios, the po
tential and particle size did not change noticeably over a period of 
several days (Figs. S2 and S3). Therefore, carrier-free nanomedicines 
with a feed ratio of 1: 1: 1 were selected as the CJCNPs for subsequent 
experiments. The diameter of CJCNPs increased slightly but remained 
stable overall in the presence of 10 % fetal bovine serum (FBS) compared 
to that of CJCNPs in water, which might be due to the formation of 
protein crowns on the surface of the nanoparticles (Fig. S4). The drug 
loading efficiency (DLE) of CJCNPs was studied by UV–vis spectroscopy 
and high-performance liquid chromatography (HPLC) (Fig. S5). The 
results showed that the DLE of Ce6, JQ1, and C968 were 42.94 %, 23.33 
%, and 33.72 %, respectively.

To understand the self-assembly mechanism of CJCNPs, the molec
ular dynamics (MD) simulations were investigated (Fig. S6a). Ce6, JQ1, 
and C968 molecules (mole ratio: 1:1:1) were randomly inserted into a 
simulation box (x = 7.0 nm, y = 7.0 nm, and z = 7.0 nm) and subjected 
to 20 ns of MD simulation. As shown in Fig. S6b the molecules in the 
CJCNPs system accumulated continuously under the intermolecular 
interaction with the process of simulation, and finally formed assem
blies. The intermolecular interactions between the three drug molecules 
were analyzed to further investigate the driving forces during the self- 
assembly process of CJCNPs. The hydroxyl group of Ce6 formed a se
ries of hydrogen bonds with the carbonyl oxygen atom of JQ1 and C968, 
respectively; the secondary amine group in C968 formed a series of 
hydrogen bonds with the carbonyl oxygen atom of Ce6 and JQ1, 
respectively; and the hydroxyl group of JQ1 formed a series of hydrogen 
bonds with the carbonyl oxygen atom of Ce6 and C968, respectively 
(Fig. S6c). Meanwhile, π–π stacking was induced by conjugated ring 
structures in Ce6, JQ1, and C968 (Fig. S6d). Collectively, molecular 
dynamics simulation analysis showed that the dominant forces in the 
CJCNPs system were hydrogen bonding and π-π stacking. Furthermore, 
the characterization of the UV–vis absorption spectra under different 
conditions was carried out to investigate the potential self-assembly 
mechanism of the CJCNPs. The characteristic absorption peak of Ce6 
recovered upon adding dimethyl sulfoxide (DMSO) solution, providing 
that the intermolecular noncovalent interactions CJCNPs were 
destroyed (Fig. 1c). The addition of hydrophobic sodium dodecyl sulfate 
(SDS) caused a change in the characteristic absorption peak of CJCNPs, 
providing additional evidence for the involvement of hydrophobic 
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interactions in the self-assembly process (Fig. 1d). The absorption 
spectra of CJCNPs changed obviously after incubation with Urea solu
tions, indicating that the hydrogen bonding was also one of the main 
driving forces for drug self-assembly (Fig. 1e). Nevertheless, when 
dispersed in 1.0 M sodium chloride (NaCl) solutions, the self-assembly of 
CJCNPs remained undisturbed, indicating that electrostatic interactions 
were not the predominant driving force for the formation of CJCNPs 
(Fig. S7). In summary, the self-assembly process of CJCNPs primarily 
relies on hydrophobic, π− π interactions, and hydrogen bonding.

The GelMA hydrogel is a biocompatible and biodegradable material 
with a wide range of biomedical applications [39]. The 1H NMR spectra 
confirmed that methacrylic anhydride (MA) was successfully conjugated 
to the gelatin (Gel), as new peaks occurred at “-CH3” and “ = CH2” 
(Fig. 1f). The lyophilized GelMA hydrogels had a porous structure ac
cording to the SEM results, which was favorable for drug delivery and 
metabolite expulsion (Fig. 1g). Fig. 1h shows the sol-gel transformation 

of GelMA after 405 nm flashlight irradiation, indicating successful 
synthesis of the GelMA hydrogel. According to the results of the dynamic 
time-sweep rheological analysis, GelMA could be light-cured in less than 
50 s after being exposed to a 405 nm laser at an irradiation dose of 30 
mW/cm2 (Fig. 1i). In addition, the viscosity of GelMA changes little over 
time (Fig. S8). The compressive strength of the GelMA hydrogel was 
approximately 53.5 kPa, indicating that it has good compressive prop
erties (Fig. 1j). Furthermore, an immunotherapeutic hydrogel booster 
was developed by incorporating CJCNPs into GelMA hydrogel dressings. 
Then, the stability of CJCNPs after incorporation into hydrogel was 
studied by analyzing the particle size. As shown in Fig. S9, CJCNPs 
incorporated into the hydrogel showed no significant change in particle 
size over a period of several days, indicating that the incorporation into 
hydrogels did not result in particle aggregation. To investigate whether 
the addition of nanoparticles affects the stability of the hydrogels, the 
physicochemical properties of GelMA-CJCNPs were further analyzed. 

Fig. 1. Preparation and characterization of CJCNPs and GelMA hydrogel. (a) Schematic illustration of Ce6, JQ1, and C968 self-assembling into CJCNPs through π-π 
stacking and hydrophobic interactions. (b) Hydrodynamic size and TEM image (insert) of CJCNPs at the feeding ratio of 1: 1: 1. Scale bar: 200 nm. (c) UV–vis 
absorbance spectrum of CJCNPs in the presence or absence of DMSO. (d) UV–vis absorbance spectrum of CJCNPs in the presence or absence of SDS (0.5 % and 1.0 %, 
w/v). (e) UV–vis absorbance spectrum of CJCNPs in the presence or absence of Urea (0.4, 0.8, and 1.0 M). (f) 1H NMR spectra of GelMA in D2O. (g) SEM of 
lyophilized GelMA hydrogel. (h) Sol and gel photographs of GelMA hydrogel. (i) A dynamic time-sweep rheological analysis of GelMA hydrogel. (j) The mechanical 
properties of GelMA hydrogel.
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The equilibrium swelling rate of hydrogels was similar before and after 
the addition of CJCNPs (Fig. S10a). Both GelMA and GelMA-CJCNPs can 
achieve sol-gel conversion after irradiation by a 405 nm flashlight 
(Fig. S10b). The compressive strength of GelMA-CJCNPs was approxi
mately 40 kPa, which was similar to that of GelMA (Fig. S10c). These 
results indicated that nanoparticle doping has little effect on the char
acteristics of the hydrogel. As one of the most important properties of 
tissue adhesives, the adhesion, and durability of the hydrogel were 
characterized by the pig skin adhesion test. Herein, GelMA-CJCNPs were 
immersed in PBS for 48 h to simulate a harsh wet environment. Before 
soaking, GelMA-CJCNPs were stuck firmly to the pig skin and stretched, 

twisted, and bent. After soaking for 48 h, GelMA-CJCNPs not only 
adhered firmly to the skin, but could be stretched, twisted, and bent 
without shedding (Fig. S11).

In vitro antitumor efficacy. Motivated by the above findings, we 
conducted additional experiments on CJCNPs at the cellular level. Ac
cording to recent research findings, free Ce6 displays a limited capacity 
to enter cells, and nanoscale DDSs are considered to enhance drug 
internalization within cells [40,41]. The cellular uptake of free Ce6 and 
CJCNPs was assessed based on the Ce6 fluorescence intensity using a 
Confocal laser scanning microscopy (CLSM) (Fig. 2a). The red color of 
cells incubated with CJCNPs was stronger than that of cells incubated 

Fig. 2. In vitro cell study of CJCNPs. (a) CLSM of the intracellular uptake analysis. Scale bar: 100 μm. (b) Western-blot assay of BRD4 and PD-L1 expression in 
B16F10 cells upon different treatments in vitro. (c) GSH level of B16F10 cells after various treatments. (d) CLSM images of intracellular ROS production of B16F10 
cells in the presence or absence of light irradiation after treatment with Ce6, JQ1, C968, or CJCNPs. Scale bar: 100 μm. (e) Live/dead cell staining of B16F10 cells 
after treatment with Ce6, JQ1, C968, or CJCNPs in the presence or absence of light irradiation. Scale bar: 100 μm. (f) Annexin V-FITC/Propidium iodide (PI) 
apoptosis detection of B16F10 cells after various treatments. *P < 0.05.
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with free Ce6, indicating that enhanced cellular uptake was achieved 
when Ce6 was self-assembled into nanoparticles. As a BRD4 inhibitor, 
JQ1 has been previously proven to inhibit the expression of PD-L1 
induced by IFN-γ. Western blot analysis confirmed that both free JQ1 
and CJCNPs effectively inhibited the upregulation of PD-L1 induced by 
IFN-γ in B16F10 cells (Fig. 2b and Fig. S12). Previous research has 
shown that C968 can inhibit GLS activity to interfere with glutamine 
metabolism, resulting in reduced GSH synthesis. Our study revealed that 
compared with the control treatment, both C968 and CJCNPs signifi
cantly reduced the GSH level in B16F10 cells, to approximately 71.13 % 
and 66.02 %, respectively (Fig. 2c). Ce6, another component of CJCNPs, 
can generate reactive oxygen species under light radiation, thereby 
inducing photodynamic therapy. The photodynamic characteristics of 
the CJCNPs were determined using 2′,7′-dichlorodihydrofluorescein 
diacetate (DCFH-DA) as a sensor, which is oxidized by ROS to DCF that 
can produce green fluorescence. The fluorescence signals of the Ce6 (+) 
and CJCNPs (+) groups increased upon exposure to 660 nm laser radi
ation, demonstrating that a significant amount of ROS was produced by 
these cells (Fig. 2d and Fig. S13). Additionally, green fluorescence sig
nals were observed in the cells treated with C968 and CJCNPs, due to the 
oxidative stress induced by the reduction of intracellular GSH. More 
importantly, the fluorescence intensity of cells in the CJCNPs (+) group 
was higher than that in the Ce6 (+) group, which was attributed to 
enhanced cellular uptake and reduced GSH production. Therefore, 
CJCNPs (+) amplified intracellular oxidative stress by reducing intra
cellular GSH levels and increasing intracellular ROS generation in 
B16F10 cells, showing great potential in tumor treatment.

Encouraged by the increase in intracellular oxidative stress, the in 
vitro antitumor effects of the CJCNPs were further assessed. First, the 
cytotoxicity of CJCNPs on B16F10 cells was investigated using a Cell 
Counting Kit 8 (CCK8) assay. Ce6 alone exhibited limited inhibition of 
tumor cell proliferation, regardless of light irradiation, possibly due to 
inadequate cell internalization (Fig. S14). In contrast, the cytotoxicity of 
the CJCNPs was significantly enhanced upon light exposure, high
lighting the immense potential of the self-assembled delivery strategy in 
tumor treatment. Additionally, the antitumor efficacy of the CJCNPs was 
assessed using a live/dead cell staining assay. The results showed that 
unilluminated B16F10 cells displayed bright green fluorescence, indi
cating that there was no obvious damage to the cells in the absence of 
PDT (Fig. 2e). Conversely, PDT conducted on the Ce6 (+) and CJCNPs 
(+) groups induced cell death, as indicated by the red fluorescence upon 
laser irradiation. Notably, the CJCNPs (+) group exhibited the strongest 
red fluorescence, indicating its robust antitumor capability. Subse
quently, cell apoptosis was further evaluated using Annexin V-FITC/ 
Propidium iodide (PI) staining (Fig. 2f and Fig. S15). Notably, the 
CJCNPs (+) group exhibited the most potent apoptosis-inducing effect, 
indicating the most potent apoptosis-inducing effect. These results 
demonstrated that CJCNPs can effectively induce apoptosis in tumor 
cells under laser irradiation, thus providing a basis for subsequent in vivo 
antitumor experimental investigations.

ICD effect and DCs maturation. Previous studies suggest that PDT 
can induce ICD effect, initiating a series of immunological cascades [42,
43]. Calreticulin (CRT) and high mobility group box 1 (HMGB1) are 
widely acknowledged as two pivotal biomarkers in the cascades of ICD 
[44,45]. CRT is exposed from the endoplasmic reticulum (ER) to the cell 
membrane surface as an “eat me” signal, while HMGB1 migrates from 
the nucleus as a “find me” signal, promoting immature DCs and mac
rophages to phagocytose dying tumor cells and their debris and subse
quently recruiting toxic T lymphocytes. The in vitro ICD effect was 
investigated by immunofluorescence staining of CRT and HMGB1 on 
B16F10 cells after being subjected to various treatments. Fig. 3a shows 
that the Ce6 (+) and CJCNPs (+) groups exhibited significant fluores
cence signals, suggesting that the administration of PDT to these two 
groups upregulated the expression of CRT on the cell membrane. 
Interestingly, the CJCNPs (+) group exhibited brighter green fluores
cence than the Ce6 (+) group, demonstrating superior CRT ectropion. In 

contrast, the immunofluorescence intensity of HMGB1 in the CJCNPs 
(+) group decreased due to the release of extracellular HMGB1(Fig. 3b). 
These results indicated that the CJCNPs (+) group induced superior CRT 
ectropion and HMGB1 secretion, indicating an enhanced ICD effect. This 
difference may be attributed to enhanced cellular uptake and reduced 
GSH production. Furthermore, the addition of C968 to CJCNPs pre
vented the ROS from being annihilated by GSH through the inhibition of 
glutamine metabolism, which could amplify intracellular oxidative 
stress and ultimately enhance tumor immunogenicity.

Encouraged by the promising ICD effect of CJCNPs in vitro, we sub
sequently incorporated them into GelMA physically, creating an 
immunotherapeutic hydrogel booster (GelMA-CJCNPs) aimed at eval
uating the in vivo expression of CRT and HMGB1. Immunohistochemical 
staining of tumor tissues from B16F10 tumor-bearing mice effectively 
assessed two crucial ICD effect indicators: CRT exposure and HMGB1 
secretion (Fig. 3c). Immunohistochemical signals corresponding to the 
appearance of CRT and the disappearance of HMGB1 were observed in 
the CJCNPs (+) group, confirming the membranal exposure of CRT and 
the extracellular release of HMGB1. These findings affirmed the induc
tion of the ICD effect through enhanced oxidative stress and its potential 
to enhance antitumor immunotherapy. We subsequently investigated 
DCs maturation within tumor tissues after various treatments. GelMA- 
CJCNPs (+) group showed a significantly greater proportion of mature 
CD80+CD86+ DCs (34.5 ± 2.1 %) in the lymph nodes than did the PBS 
group (12.9 ± 2.7 %), which was approximately 2.7-fold greater than 
the number of mature DCs (Fig. 3d and e). These results indicated that 
this hydrogel booster has the potential to enhance ICD effect to promote 
DC maturation, further supporting its role in enhancing antitumor im
mune responses.

In vivo antitumor efficacy of the primary tumor model. Encour
aged by the promising in vitro antitumor effects of CJCNPs, their anti
tumor capabilities were further investigated in vivo. As depicted in 
Fig. 4a, to simulate the clinical scenario of surgical melanoma treatment, 
we generated 8 mm diameter skin wounds at the tumor site in C57BL/6 
mice. Subsequently, we randomly applied PBS, GelMA-Ce6, GelMA-JQ1, 
GelMA-C968, GelMA-CJCNPs, GelMA-Ce6 (+), or GelMA-CJCNPs (+) to 
the wounds. According to the tumor growth curve, the average tumor 
volume of mice treated with PBS showed an increase to 850 mm3 over 
16 days, whereas the average tumor volume of mice treated with 
GelMA-CJCNPs (+) was effectively suppressed to 70 mm3 (Fig. 4b and 
c). The GelMA-CJCNPs (+) group exhibited stronger tumor suppression 
than the GelMA-Ce6 (+) group, possibly attributed to the synergistic 
antitumor effect of GelMA-CJCNPs (+) in boosting tumor immunoge
nicity and reversing ITM. In addition, the GelMA-CJCNPs (+) group had 
smaller tumor volume and tumor weight than GelMA-CJC (+) group, 
indicating that GelMA-CJCNPs (+) exhibited stronger tumor inhibition 
(Fig. S16). Tumor tissues of each group after treatments were subse
quently weighed to investigate the therapeutic effect. The average 
tumor weight in the GelMA-CJCNPs (+) group was 0.03 ± 0.04 g, which 
was lower than that in the PBS group (0.50 ± 0.06 g), further indicating 
that GelMA-CJCNPs (+) showed considerable superiority in inhibiting 
tumor growth (Fig. 4d). Furthermore, the biosafety of GelMA-CJCNPs is 
a major concern. Fig. 4e shows that following GelMA-CJCNPs treatment, 
there was no significant change in the body weight of mice, indicating 
good biocompatibility of GelMA-CJCNPs. Moreover, histological anal
ysis (H&E) of normal tissues revealed that GelMA-CJCNPs did not cause 
apparent side effects and instead showed great biocompatibility 
(Fig. S17). Additionally, blood routine tests were carried out after the 
collection of blood samples from mice. No significant changes in blood 
routine markers were noted in the GelMA-CJCNPs (+) group when 
compared to the control group, further indicating the biocompatibility 
of the hydrogel booster (Fig. S18).

To delve more profoundly into the antitumor mechanism of GelMA- 
CJCNPs, the histopathological analysis on tumor tissues after different 
treatments was performed using H&E, terminal deoxynucleotidyl 
transferase dUTP nick-end labeling (TUNEL), and Ki67 stainings, 
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Fig. 3. In vitro and in vivo enhanced ICD effect and DCs maturation. CRT (a) and HMGB1 (b) immunofluorescence staining of B16F10 cells after treatment with Ce6, 
JQ1, C968, or CJCNPs in the presence or absence of light irradiation. Scale bar: 50 μm. (c) CRT and HMGB1 immunohistochemistry staining of tumor tissues after 
different treatments. Scale bar: 100 μm. (d) Quantitative analysis of DCs maturation. (e) Flow cytometry analysis of DCs maturation in tumor tissues. ***P < 0.001.
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(Fig. 4f). H&E staining revealed extensive damage to the tumor tissue in 
the GelMA-CJCNPs (+) group, with nuclei exhibiting no apparent 
morphological features. Additionally, the strongest apoptotic signals 
were observed in the TUNEL-stained images, and the lowest number of 
Ki67-positive cells was observed in the tumor tissue after being treated 
with GelMA-CJCNPs (+). In summary, the results indicated that GelMA- 
CJCNPs when exposed to laser irradiation, maximized the synergistic 

therapeutic effect and exhibited excellent inhibition of tumor growth.
In vivo evaluation of immune activation effect. To delve deeper 

into understanding the mechanisms driving the effectiveness of anti
tumor immunotherapy, immunological cascade processes were explored 
in the B16F10 tumor model, with a specific focus on TAMs polarization, 
PD-L1 regulation, and tumor-infiltrating T cells. C968 is believed to 
reprogram the tumor metabolic microenvironment by inducing 

Fig. 4. Therapeutic efficacy of GelMA-CJCNPs (+) on B16F10 tumor-bearing mice. (a) Schematic illustration of synergistic treatment studies. B16F10 tumor-bearing 
mice were injected with different solutions directly at the tumor site, followed by irradiation using a 405 nm flashlight to induce in situ gel formation, and sub
sequently underwent laser irradiation as a treatment. (b) Tumor-growth curves of individual animals. Average tumor-growth curves (c), tumor mass (d), and body 
weights (e) of the mice in different treatment groups. (f) H&E staining, TUNEL immunofluorescence staining, and Ki67 immunohistochemistry staining of tumor 
tissues after different treatments. Scale bar: 50 μm *P < 0.05; **P < 0.01; ***P < 0.001.
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glutamine deprivation, thereby decreasing M2-type TAMs and 
increasing M1-type TAMs [6,46]. To assess TAMs polarization, we uti
lized flow cytometry (FCM) analysis, which targeted the CD86, CD206, 
and F4/80biomarkers. There was a notable increase in M1-type TAMs 
and a significant decrease in M2-type TAMs in both the GelMA-CJCNPs 
and GelMA-CJCNPs (+) groups (Fig. 5a–d). Specifically, the M1/M2 
TAMs ratios of the GelMA-CJCNPs and GelMA-CJCNPs (+) groups were 
increased to 5.3 ± 1.9 and 4.5 ± 0.6, which were 7.8 and 6.6 times 
greater than those of the PBS group (0.68 ± 0.11), respectively 

(Fig. S19). In addition, immunohistochemical analysis demonstrated 
that GelMA-CJCNPs induced an increase in M1-type TAMs (iNOS 
signaling) and a decrease in M2-type TAMs (CD206 signaling) in the 
presence and absence of laser irradiation (Fig. 5e). These results verify 
that C968 in GelMA-CJCNPs has the potential to promote the polariza
tion of TAMs, thereby reprogramming ITM by regulating glutamine 
metabolism. Inspired by the fact that GelMA-CJCNPs (+) can promote 
DC maturation, subsequently presenting tumor-specific antigens to T 
lymphocytes, the tumor-infiltrating CTLs were detected using the FCM 

Fig. 5. Immune activation effect of GelMA-CJCNPs (+) on the B16F10 tumor-bearing mice. (a) Flow cytometry analysis of the percentages of M1-type phenotypes 
TAMs in the tumor tissues. (b) Quantitative analysis of M1-type TAMs. (c) Flow cytometry analysis of the percentages of M2-type phenotypes TAMs in the tumor 
tissues. (d) Quantitative analysis of M2-type TAMs. (e) The immunohistochemistry staining of TAMs polarization in the tumor tissues. (f) Flow cytometry analysis of 
infiltrating CD8+ T cells in tumor tissues from the mice after various treatments. (g) Quantitative analysis of CD8+ T cells. (h) The immunofluorescence staining of 
CD8+ and CD4+ T cells in the tumor tissues. Scale bar: 50 μm *P < 0.05; ***P < 0.001.
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method in the B16F10 tumor model. As shown in Fig. 5f and g, 
GelMA-CJCNPs (+) group increased CD8+ T cells proportion to 18.3 ±
1.8 %, 8.5-fold greater than that of the control group, indicating that the 
hydrogel booster activated the antitumor immune response. Addition
ally, immunofluorescence analysis revealed a substantial increase in 
CD8+ T cell infiltration (green fluorescence) and CD4+ T cell infiltration 
(red fluorescence) in tumor tissues from the mice treated with 
GelMA-CJCNPs (+), indicating the potent ability of GelMA-CJCNPs (+) 

to maximally activate both CD8+ and CD4+ T cells for activating sys
temic antitumor immune response (Fig. 5h). However, interferon-γ 
(IFN-γ) secreted by tumor-infiltrating CTLs can upregulate the expres
sion of PD-L1 on the surface of tumor cells, which binds to PD-1 on the 
surface of CTLs, leading to adaptive immune resistance [47]. Therefore, 
avoiding CTLs-inducible immune evasion is crucial for enhanced 
immunotherapy. To further evaluate whether GelMA-CJCNPs sup
pressed IFN-γ-inducible immune evasion in vivo, the expression of PD-L1 

Fig. 6. Antitumor mechanism study with RNA-sequencing. (a) The Venn of gene counts in the control and GelMA-CJCNPs (+) groups. The intersection area rep
resents the genes that are present in both control and GelMA-CJCNPs (+) groups. (b) The violin diagram of gene counts in the control and GelMA-CJCNPs (+) groups 
to understand the distribution and variability of gene expression data. (c) The heat map of the differential expression related to the regulation of the immune system 
process following treatment with the control and GelMA-CJCNPs (+) groups. (d) The heat map of the differential expression related to the regulation of the apoptotic 
process following treatment with the control and GelMA-CJCNPs (+) groups. Red indicates high expression, blue indicates low expression, and white indicates 
medium expression. (e) The GO pathways analysis of the differentially expressed genes to find that these genes are concentrated in some specific biological processes. 
(f) The KEGG pathways analysis of the differentially expressed genes to discuss the biological pathways affected by GelMA-CJCNPs (+) groups.
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in the tumor tissues was examined using immunohistochemical staining 
(Fig. S20). The immunohistochemical findings showed a decrease in 
PD-L1 expression in the three groups containing JQ1, including the 
GelMA-JQ1, GelMA-CJCNPs, and GelMA-CJCNPs (+) groups. These 
results indicated that GelMA-CJCNPs effectively counteracted 
IFN-γ-induced PD-L1 upregulation, thereby overcoming acquired im
mune resistance. In brief, GelMA-CJCNPs have the potential to reac
tivate T cells-mediated immunotherapy by increasing the tumor 
immunogenicity, reversing immunosuppressive tumor microenviron
ment through tumor-selective metabolic reprogramming, and prevent
ing PD-1/PD-L1 recognition by decreasing the expression of PD-L1.

RNA-sequencing analysis. To further elucidate the potential bio
logical mechanism of the immunotherapeutic hydrogel booster, RNA 
sequencing analysis was conducted on tumor tissues from the control 
and GelMA-CJCNPs (+) groups. Quality control of the samples ensures 
that the sequencing depth is consistent and the genes sequenced by 
different groups are highly overlapping (Fig. 6a and b). The transcrip
tion of 11,140 genes was detected in the collected tumors, of which 81 
and 124 genes were uniquely transcribed in the PBS- and GelMA- 
CJCNPs (+)-treated tumors, respectively. By analyzing the genes 
differentially expressed between the various groups, we discovered that 
in the tumor tissues treated with GelMA-CJCNPs (+), 146 genes were 
upregulated (red dots) and 96 genes were downregulated (yellow dots) 
(Fig. S21). Immune-related genes, specifically those associated with the 
“Regulation of immune system process” and “Regulation of apoptotic 
process” were further screened to assess the antitumor immune 
response. The functional association network of immune-related genes is 
shown in Fig. S22. The results demonstrated significant differences in 
the expression of multiple immune-related and apoptotic-related genes 
between the two groups (Fig. 6c and d). Specifically, the expression of 
Tnf, Casp1, and Cxcl10 was upregulated by GelMA-CJCNPs under laser 
irradiation, suggesting that GelMA-CJCNPs (+) induced ICD effects and 
thus activated the immune response [48–50]. The increase in the mRNA 
levels of Nes, Tfap4, Mmp9, and Mybl2, which are related to apoptosis, 
indicated that compared with the control treatment, GelMA-CJCNPs (+) 
induced the most pronounced increase in apoptosis [51–54]. To further 
demonstrate the ability of GelMA-CJCNPs to modulate both the immune 
response and apoptosis pathways, Gene Ontology (GO) analysis and 
Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis were per
formed. GO analysis indicated that the GelMA-CJCNPs (+) had an 
impact on the Immune system process, Apoptotic process, Regulation of 
apoptotic process, Regulation of adaptive immune response, and Posi
tive regulation of T cell mediated immunity (Fig. 6e). The results showed 
that the GelMA-CJCNPs (+) group elicited a robust immune response 
and stimulated CTLs activation, consistent with the in vivo experimental 
results. Furthermore, KEGG pathway analysis demonstrated the induc
tion of immune response-related pathways by GelMA-CJCNPs, including 
the TNF signaling pathway, the IL-17 signaling pathway, and the 
Toll-like receptor signaling pathway (Fig. 6f). Overall, these results 
demonstrated that GelMA-CJCNPs under laser irradiation could regulate 
the tumor immune microenvironment, which is highly beneficial for 
enhancing the effect of antitumor immunotherapy.

In vivo antitumor effects of the bilateral tumor-bearing model. 
The systemic antitumor effects of GelMA-CJCNPs were further investi
gated through sequential injection of B16F10 cells to establish a bilateral 
tumor-bearing model (Fig. 7a). GelMA-CJCNPs were directly photo
cured onto the wound site of the primary tumor on the right side, fol
lowed by a 660 nm laser irradiation to initiate systemic antitumor 
immunity. The progression of primary and distant tumors was tracked to 
evaluate the systemic antitumor effect. As shown in Fig. 7b, mice treated 
with GelMA-Ce6 (+) had an average tumor volume of 280 mm3, while 
mice treated with PBS showed rapid tumor growth, reaching an average 
tumor volume of 1060 mm3 on the 16th day. Interestingly, the GelMA- 
CJCNPs (+) group had the most significant tumor inhibition effect with 
an average tumor volume of approximately 30 mm3. In addition, all 
tumors from mice subjected to various treatments were collected and 

weighed to assess the antitumor effect of the immunotherapeutic 
hydrogel booster. Mice receiving GelMA-CJCNPs (+) treatment exhibi
ted the lowest tumor weight (0.02 ± 0.05 g), which was approximately 
1/25, 1/7, and 1/21 of that of mice receiving PBS treatment (0.54 ±
0.03 g), GelMA-Ce6 (+) treatment (0.15 ± 0.05 g), and GelMA-CJCNPs 
treatment (0.44 ± 0.05 g), respectively (Fig. 7c and d). Moreover, the 
distant tumor volumes of the mice treated with the different agents were 
also monitored (Fig. 7e). Similarly, the average tumor volume in the 
control group increased to 590 mm3 after 16 days, whereas it was 
markedly inhibited to 110 mm3 after treatment with GelMA-CJCNPs 
(+), suggesting a significant suppression of distant tumors in the 
GelMA-CJCNPs (+) group. Consistent results were also observed from 
tumor images and tumor weights (Fig. 7f and g). Specifically, the 
average tumor weight in the control group was nearly 0.44 ± 0.03 g, 
whereas, in the GelMA-CJCNPs (+) group, it was approximately 0.23 ±
0.04 g, further indicating that GelMA-CJCNPs had considerable ability 
to inhibit tumor growth under laser irradiation. In addition, there was 
no significant change in the body weight of mice receiving various 
treatments, suggesting that the GelMA-CJCNPs possess biological safety 
(Fig. S23). Overall, these results suggested that the GelMA-CJCNPs 
exhibited systemic antitumor immunity under laser irradiation to 
maximize the synergistic therapeutic effect without causing damage to 
the mice.

To further explore the antitumor mechanism of GelMA-CJCNPs in 
bilateral tumor models, the histopathological analysis on tumor tissues 
after different treatments was performed using H&E (Fig. 7h). H&E 
staining showed that the cell nuclei of bilateral tumor tissues in GelMA- 
CJCNPs (+) group had no obvious morphological characteristics, indi
cating that GelMA-CJCNPs exhibited excellent inhibition of tumor 
growth under laser irradiation. Then, the systemic antitumor immunity 
of GelMA-CJCNPs + L has been further evaluated. As shown in Fig. S24, 
the proportion of CD8+ T cells in distant tumors reached 37.3 ± 7.6 % in 
the GelMA-CJCNPs (+) group, which was 2.2 times higher than that in 
the PBS group (17.0 ± 3.0 %). GelMA-CJCNPs effectively enhanced the 
infiltration and activation of CD8+ T cells in distant tumors under laser 
irradiation and activated systemic immunostimulatory effect. In addi
tion, to elucidate the potential mechanisms of antitumor immuno
therapy of GelMA-CJCNPs (+) treatment, serum samples were collected 
from mice to evaluate the levels of cytokine release, including tumor 
necrosis factor-alpha (TNF-α), IFN-γ, interleukin-6 (IL-6), and 
interleukin-10 (IL-10) using an enzyme-linked immunosorbent assay 
(ELISA) (Fig. 7i). It was observed that GelMA-CJCNPs (+) significantly 
promoted the secretion of TNF-α, IFN-γ, and IL-6, 2.7-, 2.0-, and 1.8-fold 
greater than that in the control group, respectively, indicating that a 
synergistic immunotherapeutic strategy with a hydrogel booster elicited 
a remarkable inflammatory response. In addition, the decreased secre
tion of IL-10 was detected after treatment with GelMA-CJCNPs (+), 
which contributed to TME reprogramming.

In vivo wound healing study. Potential bacterial infection after 
tumor surgery can significantly aggravate skin wound ulceration, 
limiting the application of repair materials in the postoperative treat
ment of melanoma. For the postoperative treatment of skin wounds, the 
ability of hydrogel materials to inhibit bacterial infection and facilitate 
wound healing is also important apart from cancer therapy. To confirm 
the effectiveness of GelMA-CJCNPs in promoting wound healing in vivo 
through photodynamic antibacterial activity, we conducted an experi
ment in which S.aureus infected skin wound (8 mm diameter) was 
afflicted on the backs of C57BL/6 mice to simulate postoperative 
infection commonly observed in clinical settings (Fig. 8a). The infected 
wounds were treated with in situ formed GelMA-CJCNPs and subse
quently irradiated with a 660 nm laser. Compared with the control and 
GelMA-CJCNPs groups, the GelMA-CJCNPs (+) group had a smaller scar 
area and exhibited superior ability in wound healing (Fig. 8b). After 10 
days, the wound closure rate of the GelMA-CJCNPs (+) group was 
approximately 98.5 %, which was significantly greater than that of the 
control group (82.6 %) and GelMA-CJCNPs group (82.9 %) (Fig. 8c). In 
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Fig. 7. Therapeutic efficacy of GelMA-CJCNPs (+) on the B16F10 bilateral tumor-bearing mice. (a) Schematic illustration of synergistic treatment studies. The 
bilateral tumor-bearing model was established by sequential injection of B16F10 cells. The B16F10 tumor-bearing mice were injected with different solutions directly 
at the left tumor site, followed by irradiation using a 405 nm flashlight to induce in situ gel formation, and subsequently underwent laser irradiation as a treatment. 
(b) The primary tumor volume changes in the mice after different treatments. Primary tumor images (c) and average tumor mass (d) of the mice at the end of 
treatments. Scale bar: 2 cm. (e) The distant tumor volume changes in the mice after different treatments. Distant tumor images (f) and average tumor mass (g) of the 
mice at the end of treatments. Scale bar: 2 cm. (h) H&E staining of bilateral tumor tissues (upper: primary tumor, bottom: distal tumor) after different treatments. 
Scale bar: 50 μm. (i) ELISA analysis of tumor necrosis factor-α (TNF-α), interferon-γ (IFN-γ), interleukin-6 (IL-6), and interleukin-10 (IL-10) in serum from mice after 
various treatments. **P < 0.01; ***P < 0.001.
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addition, the GelMA-CJCNPs (+) group also had better wound healing 
compared to the GelMA-CJC (+) group (Figs. S25a and b). To assess the 
remaining bacteria at the wound site after treatment, skin tissue samples 
were collected from each group on Day 5. The experimental results 
demonstrated that the GelMA-CJCNPs (+) group had markedly lower 
levels of residual bacteria than the other groups (Fig. 8d, Fig. S25c, d, 

and Fig. S26). On Day 10, wound tissues were collected for H&E and 
Masson staining (Fig. 8e). The GelMA-CJCNPs (+) group exhibited 
noticeable regeneration of hair follicles, indicating that the hydrogel 
booster actively promoted the recovery of S.aureus-infected skin and 
exhibited a robust photodynamic antibacterial effect. To investigate 
whether GelMA-CJCNPs hydrogel causes damage to normal tissues, the 

Fig. 8. In vivo therapeutic effect of GelMA-CJCNPs for infected wound healing. (a) Schematic illustration of S. aureus-infected wound healing. Representative 
photographs of wound (b) and wound closure rates (c) after various treatments at days 0, 1, 4, 7, and 10. (d) Residual bacteria from S. aureus-infected wound sites on 
Day 5. (e) H&E and Masson stainings of the wound healing regions on Day 10 for the control, GelMA-CJCNPs, and GelMA-CJCNPs (+) groups. *P < 0.05; ***P 
< 0.001.
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morphology of normal skin from mice was also detected via hematoxylin 
and eosin (H&E) staining and Masson staining. As shown in Fig. S27, 
compared with PBS treatment, there were no pathological changes in the 
normal skin of mice after receiving GelMA-CJCNPs (+) treatment, 
indicating the in vivo safety of the application of GelMA-CJCNPs.

4. Conclusion

In summary, an immunotherapeutic hydrogel booster (GelMA- 
CJCNPs) was successfully created by incorporating ternary carrier-free 
CJCNPs into GelMA dressings, which effectively suppressed tumor 
growth and promoted wound repair for the postoperative treatment of 
melanoma. GelMA-CJCNPs prevented the neutralization of PDT- 
generated ROS by inhibiting glutamine metabolism to amplify intra
cellular oxidative stress, resulting in profound cell death and enhanced 
ICD effects. Moreover, GelMA-CJCNPs reversed the immunosuppressive 
tumor microenvironment by reducing M2-type TAMs polarization and 
inhibited PD-L1-mediated immune resistance by blocking the IFN- 
γ-BRD4-PD-L1 axis. As expected, GelMA-CJCNPs suppressed the growth 
of proximal and distal tumors by eliciting systemic antitumor immune 
responses. Genome-wide analysis of tumor tissues via RNA sequencing 
also validated the impact of the amplified immune response induced by 
GelMA-CJCNPs. Notably, GelMA-CJCNPs facilitated postsurgical wound 
healing in the presence of inhibiting S. aureus infection. Overall, these 
results provide important insights into the development of a post
operative adjuvant for melanoma management to address some clinical 
challenges associated with surgery, including tumor recurrence pre
vention and resection-induced wound repair. In future work, several 
critical areas need to be addressed to further discuss the clinical trans
latability and future directions of this platform. First, ensuring the safety 
and biocompatibility of GelMA-CJCNPs through comprehensive pre
clinical and early-stage human trials is critical for clinical applications. 
Integration into clinical practice also requires seamless integration of 
hydrogel applications with surgical workflows. Future directions 
include deeper mechanistic studies to understand immune regulation, 
and exploring the combination of GelMA-CJCNPs with other therapeutic 
modalities such as immune checkpoint inhibitors and targeted therapies 
to enhance antitumor efficacy.
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