International Journal of Nanomedicine Dove

ORIGINAL RESEARCH

A Yeast Cell Wall Derived Hybrid Hydrogel with
Photothermal and Immune Combined Modality
Therapy for Enhanced Anti-Melanoma Efficacy

Chen Yang', Jiaxing Lei', Ximeng Kang', Peipei Zhang', Shachua Zheng?, Qingging Li', Jiye Zhang'

'School of Pharmacy, Health Science Center, Xi’an Jiaotong University, Xi’an, People’s Republic of China; 2The First Affiliated Hospital of Xi’an
Jiaotong University, Xi’an, People’s Republic of China

Correspondence: Qingqing Li; Jiye Zhang, School of Pharmacy, Health Science Center, Xi’an Jiaotong University, No. 76 Yanta Westroad, Xi’an,
People’s Republic of China, Email liqingging02 1 7@mail.xjtu.edu.cn; zjy201 | @mail xjtu.edu.cn

Introduction: The effect of traditional treatment for melanoma is quite limited, especially for its recurrence. As the major
components of yeast cell wall, chitin and B-glucan exhibit good immune activation effect and are promising candidates for adjuvant.
Therefore, melanoma cell membrane (CM) and indocyanine green (ICG) was loaded in a chitin and B-glucan hybrid hydrogel to
achieve an enhanced anti-melanoma therapy.

Methods: The novel hybrid hydrogel was prepared, and its physicochemical properties were examined. Its effect towards melanoma
prevention and treatment was evaluated via a melanoma-bearing mice model.

Results: The CM-ICG-hybrid hydrogel was successfully prepared with excellent injectability, self-healing, drug loading, rheological,
in vitro and in vivo photothermal stability, and retention properties. It also exhibited good cellular and in vivo safety profiles. In the
primary melanoma mice model, it quickly ablated the in-situ melanoma, effectively inhibited the tumor growth, increased the survival
rate of melanoma-bearing mice, and increased the level of IFN-y and TNF-a. In the distal secondary melanoma model, it efficiently
prevented the reoccurrence of melanoma and activated the memory T cells. In both models, a synergistic effect of photothermal
therapy and immune therapy was found. The hydrogel effectively recruited CD3" CD4" T cells and CD3" CD8" T cells, inhibited the
proliferation of melanoma cells, and induced the apoptosis of melanoma cells.

Conclusion: The hybrid hydrogel was successfully prepared, and it showed excellent efficacy towards melanoma prevention and
treatment due to its efficient tumor ablation and immune activation capability.
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Introduction
Melanoma, generally referred to as malignant melanoma, is derived from the malignant transformation of nerves and
melanocytes in skin. It is the most aggressive skin cancer.'” Except for the difficulty in diagnosis, melanoma also has
high risk of metastasis and recurrence, poor prognosis, and low five-year survival rate.>> At present, surgical resection is still
the most popular treatment for melanoma.*> However, due to its limited surgery scope, its effects for advanced melanoma and
melanoma with lymph node metastasis are poor.*®’ Chemotherapy is commonly accompanied with strong side effects and
high risk of tumor resistance and tumor metastasis.” > Radiation therapy also elicits strong side effects, immunosuppression,
and tumor metastasis."**°

Photothermal therapy (PTT) can rapidly ablate most in-situ tumors due to the high targeting effect, small wound surface,
and low side effects. Shao et al reported that a black phosphorus quantum dots-PLGA nanosphere-based PTT showed good
biocompatibility as well as excellent PTT efficiency and breast tumor ablation effect. There was no recurrence during the
observation period.'® Heidari et al used indocyanine green (ICG) and gold-ferrite nanocomposite as photothermal agents, and
the tumors of mice could also be ablated after PTT.!! Indocyanine green is an FDA-approved near-infrared dye.'*'* It is also
a photosensitizer with high photothermal conversion efficiency.'> When the temperature of the tumor exceeds 45°C, protein
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starts to denature and the cell membrane begins to rupture, which leads to immunogenic cell death.'>"'> However, photo-
thermal therapy is not effective for advanced complex diffuse tumors, metastases, and recurrent tumors.'*'>!7

Immunotherapy is a novel potential method of tumor treatment.'®'? A large number of monoclonal antibodies based
on immune checkpoint inhibitors have been approved and launched on the market. For example, the approved anti-PD-1
antibodies nebuliumab and pabolizumab are effective in patients with BRAF mutations and BRAF inhibitor refractory
diseases.” Talimogene laherparepvec (T-VEC) replicates within tumor cells and produces granulocyte-macrophage
colony-stimulating factor. Intratumor injection of T-VEC could result in tumor cell lysis and continuous release of tumor-
specific antigens. Patients treated with T-VEC had a significant 16.3% improvement in the rate of durable response.
A recently published phase Ib trial using ipilimumab and T-VEC showed a tolerable safety profile with an overall
response rate of 50%.?! Immunotherapy activates the body’s immune system to fight tumor cells.?* In a certain period of
time after immunotherapy, the tumor in the body is still suppressed by the immune system, which reduces tumor
metastasis and recurrence.”*> For some advanced patients who are unable to be treated by surgery or chemotherapy, and
for patients with lymph node metastasis, immunotherapy shows promising therapeutic effect.”**

For melanoma patients, the immune responses are generally at low levels due to immunosuppression and tumor
heterogeneity, which attenuates the effect of immunotherapy.>* 2 In addition, due to scarce known tumor antigens and
ambiguous mechanisms, developing a highly effective tumor vaccine for a specific tumor is quite challenging. The tumor
cell membrane locates on the surface of the tumor and is a subcellular source of tumor, which consists of nearly all the
antigens of the tumor cell, which can effectively improve the specific antitumor responses and inhibit tumor recurrence
by activating durable immune memory effects.”® > However, tumor-associated antigens alone cannot elicit sufficient
tumor-suppressive immune responses.”*>° Although the supplement of tumor-associated antigens can promote the
recognition and localization of tumor tissue, the lack of tumor costimulatory factors makes T cells unable to play their
role and generally collapse. Thus, immunostimulatory adjuvants are generally added in practical application to enhance
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the immune recognition and stimulation.?*** ! In particular, immune adjuvants that can activate antigen-presenting cells
play a key role in anti-tumor activity via facilitating the uptake and presentation of antigens to T cells.

32,33

Chitin and B-glucan are the main components of fungal cell walls, which have strong immunogenicity. Chitin can

stimulate the production of macrophages and activate non-specific immune response after being recognized and degraded

by chitinase in vivo.**’

B-Glucan can be specifically recognized, captured, and degraded into fragments by macrophages
in vivo.>*3¢3% These fragments bind to neutrophils, natural killer cells, and lymphocytes; activate dendritic cells,
neutrophils, NK cells, and PI3K signaling pathways; they thereby stimulate humoral and cellular immunity, resulting
in tumor cell ablation.***”® In our previous studies, a novel injectable hybrid hydrogel composed of chitin and B-glucan
was synthesized that could effectively adjust the immune responses in the Balb/c mice.*?

In this study, the chitin and B-glucan hybrid hydrogel acts not only as an immunostimulatory adjuvant but also as
a delivery system which delivers ICG and melanoma cell membrane directly into the tumor via intratumor injection. Our
hypothesis is that the CM-ICG-hybrid hydrogel could effectively ablate and prevent the melanoma due to the combina-
tion of photothermal therapy and immunotherapy. We aimed to: (1) fabricate and physically characterize CM-ICG-hybrid
hydrogel; (2) evaluate the in-situ anti-melanoma effect of the hydrogel in a mice melanoma model; and (3) evaluate the
melanoma-preventing effect of the hydrogel in a distal melanoma model in mice. Our research represented the first
systematic study of applying chitin and B-glucan hybrid hydrogel as both immunostimulatory adjuvant and delivery
system to achieve the combination of photothermal therapy and immunotherapy. It laid the groundwork for clinical

translation.

Experimental

Materials

Chitin was purchased from Golden Shell Co., Ltd (Zhejiang, China), and B-glucan was obtained from Tianxiangyuan Co.,
Ltd (Zhuhai, China). Indocyanine Green (ICG) was obtained from BBI Life Sciences Co., Ltd (Shanghai, China).
Epichlorohydrin was bought from Energy Chemical (Anhui, China). Carbamide was purchased from Macklin (Shanghai,
China). The ki-67 detection kit, TUNEL detection kit, and the Hematoxylin and Eosin Staining Kit were purchased from
Servicebio (Wuhan, China). ELISA kits for TNF-a and IFN-y were purchased from Elabscience (Wuhan, China). The
Calcein AM/PI staining kit was obtained from GuYoo (Nanjing, China). The Cell Counting Kit (CCK-8) was bought from
GLPBIO (US). Antibodies against cell surface markers for flow cytometry assay were purchased from Biolegend (US).

Cell Culture
The B16F10 cells were bought from Cell Bank, Chinese Academy of Sciences (Shanghai), and were cultured in DMEM
medium with 10% FBS at 37°C with 5% CO,.

Methods

BI16FI0 Cell Membrane Harvest

B16F10 cells were cultured in a DMEM medium with 10% FBS at 37°C with 5% CO,. The cell membranes of B16F10
cells (CM) were harvested based on a method reported earlier with modification.***° Briefly, BI6F10 cells were
collected when after 80% confluence. The cells were subsequently resuspended in Tris-HCI buffer with 1% phenyl-
methanesulfonyl fluoride and were lysed by an ultrasonic cell disruptor (SIENTZ, China). Afterwards, the cell lysate was
centrifuged at 3000 g, 4°C for 10 min. The obtained supernatant was centrifuged again at 20,000 g via an ultra-high-
speed refrigerated centrifuge (Hitachi, Japan, Tokyo) for 20 min. The precipitate was collected, washed with deionized
water, then stored at —80°C for later use.

The Quantification and Characterization of the Protein in CM
The total protein content in CM was quantified by a protein quantification kit. The proteins of CM were characterized by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis.
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Preparation of a Hybrid Hydrogel Composed of -Glucan and Chitin

The hybrid hydrogel was prepared via a chemical cross-linking method.*' Briefly, 1.5 g of chitin powder or 6 g of p-
glucan powder was added in 100 mL of NaOH (8%)-urea (4%) aqueous solution and was frozen at —30°C for 4 hours
before being thawed at room temperature. This freeze-thaw cycle was repeated for 3 times until the chitin or B-glucan
was completely dissolved. Next, 0.8 mL of the chitin solution and 0.2 mL of the B-glucan were withdrawn and mixed
with 20 uL of epichlorohydrin and shaken (200 rpm) for 8 hours until a hybrid hydrogel was obtained. Finally, the hybrid
hydrogel was dialyzed in a normal saline solution at 37°C to remove the NaOH and urea in the hydrogel. The B-glucan
hydrogel and chitin hydrogel were prepared in a similar way.

Preparation of CM and Indocyanine Green Co-Loaded Hybrid Hydrogel
Fifty uL of indocyanine green (ICG) aqueous solution (50 mg/mL) and 100 uL of CM suspension (protein concentration
was 166.7 pg/mL) were mixed before being added into 1 mL of the hybrid hydrogel, which was subsequently shaken
(4°C, 200 rpm) in the dark for 8 h until a uniformly colored CM-ICG-hybrid hydrogel was obtained. CM-ICG-Chitin
hydrogel and CM-ICG-B-glucan hydrogel were prepared with a similar method.

Surface Morphology of the CM-ICG-Hybrid Hydrogel
The surface morphology of the CM-ICG-hybrid hydrogel was captured by a scanning electron microscope (Higuchi,
Japan) after being freeze-dried and sputtered with gold.

Rheological Properties of the CM-ICG-Hybrid Hydrogel

The rheological properties of the CM-ICG-hybrid hydrogel were examined via an advanced rotational rheometer
(ANTON PAAR GMBH, Graz, Austria). A time versus storage modulus (G’) and loss modulus (G”) curve was drawn
to record the rheology.

Cytotoxicity of the CM-ICG-Hybrid Hydrogel With or Without Laser

The cytotoxicity of the CM-ICG-hybrid hydrogel on B16F10 cells with or without an 808 nm near-infrared laser
irradiation was detected via a CCK-8 kit and a Calcein-AM/PI kit according to the manufacturers’ instructions. For
detailed procedures, please refer to Section S1 and S2.

In vitro Photothermal Effect of the CM-ICG-Hybrid Hydrogel

A quantity of 1 mL of CM-ICG-hybrid hydrogel was placed in an Ep tube before being irradiated with an 808 nm laser
(Viasho, China, Beijing) for 5 minutes. The temperature of the hydrogel was monitored with a FLIR C2 infrared image
camera (FLIR systems, Inc., USA). A temperature versus irradiation time curve was drawn to record the in vitro
photothermal effect of the hydrogel.

In vitro Photothermal Stability of the CM-ICG-Hybrid Hydrogel

A total of 1 mL of the CM-ICG-hybrid hydrogel was placed in an Ep tube before being irradiated with laser for 5
minutes. After the hydrogel was cooled to room temperature, it was re-irradiated with laser for another 5 minutes. This
laser irradiation—cool down process was repeated 5 times, and the temperature change of the hydrogel was monitored
with a FLIR C2 infrared imaging camera. A temperature versus irradiation time curve was plotted to evaluate the in vitro
photothermal stability of the hydrogel.

Animals

C57BL/6] mice (female, 6 to 8 weeks) were purchased from the Laboratory Animal Service Center of Xi’an Jiaotong
University. All animal experiment procedures adhered strictly to the Laboratory Animal-Guideline for ethical review of
animal welfare and were approved by the Institutional Animal Ethical Committee of the Xi’an Jiaotong University, and
the approval number is SCXK (Shaanxi) 2021-103.

In vivo Photothermal Effect of the CM-ICG-Hybrid Hydrogel
Six healthy C57BL/6J mice were anesthetized via being placed in a RWD R550 multi-channel small animal anesthesia
machine (RWD, China) with isoflurane. A total of 100 pL of CM-ICG-hybrid hydrogel was subcutaneously injected.
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Next, the injection site of the mice was irradiated with laser for 5 minutes and the temperature was monitored with
a FLIR C2 infrared imaging camera. A temperature versus irradiation time curve was plotted to evaluate the in vivo
photothermal effect of the hydrogel.

In vivo Retention Time of the CM-ICG-Hybrid Hydrogel

Twelve healthy C57BL/6J mice were anesthetized with isoflurane and randomly divided into two groups (6 mice/group).
A total 100 pL. of CM-ICG-hybrid hydrogel or free ICG was subcutaneously injected, respectively. An 808 nm near-
infrared laser was applied on the injection site on the 1st, 2nd, and 4th day of injection for 5 minutes, respectively. The
temperature change of the laser site was recorded by a FLIR C2 infrared imaging camera to evaluate the retention time of
the hydrogel in mice.

In vivo Safety of the CM-ICG-Hybrid Hydrogel

Eighteen C57BL/6J mice were anesthetized with isoflurane and were randomly divided into 3 groups, namely control,
CM-ICG-hybrid hydrogel (+), and CM-ICG-hybrid hydrogel (-); + denotes with laser illumination, - denotes without
laser illumination. A total of 100 pL. of CM-ICG-hybrid hydrogel or normal saline was injected subcutaneously into the
dorsal depilation area of the mice. For the mice in the CM-ICG-hybrid hydrogel (+) group, an irradiation of an 808 nm
laser was applied for 5 minutes. Thirty days later, the hearts, livers, spleens, lungs, and kidneys were collected. The
organs were sectioned with an RM2016 pathological microtome. After H+E staining, the images were captured and the
pathological changes in each organ were analyzed.

Anti-Primary Melanoma Effect of the CM-ICG-Hybrid Hydrogel

Melanoma Growth Monitor

Ninety C57BL/6J mice were anesthetized with isoflurane before the hair on the dorsal skin was removed by a razor. Next,
100 pL of B16F10 melanoma cell suspension (8x10° cells/mL) was subcutaneously injected into the right axilla. The
dimension of the tumor was measured with a vernier caliper every 2 to 3 days, and tumor size was calculated according
to the following formula: Tumor volume = 1/2 x length x width®. When the tumor size reached 80 to 100 mm”, the mice
were randomly divided into 9 groups (10 mice/group), namely blank hybrid hydrogel, ICG-hybrid hydrogel (+), CM-
hybrid hydrogel, CM-ICG-hybrid hydrogel (-), CM-ICG-hybrid hydrogel (+), CM-ICG-Chitin hydrogel (+), CM-ICG-p-
glucan hydrogel (+), CM-ICG-carbomer hydrogel (+), and control. A quantity of 100 puL of normal saline or specific drug
delivery system was injected into the melanoma accordingly. Next, the tumor of mice in different groups was irradiated
with or without laser for 5 min on the first and third day of the injection. The tumor size of the mice was measured with
a vernier caliper every 2 to 3 days, and the survival status of the mice was recorded. Mice were considered dead when the
tumor volume exceeded 1000 mm?>. The procedures for CM-ICG-carbomer hydrogel preparation are described in S3 in
the Supplementary Materials.

Pathological Analysis of the Melanoma

Seven days after the hydrogel injection, tumors were surgically collected. After being fixed, dehydrated, and embedded in
the paraffin, the tumors were sectioned. The image was captured after H+E staining, and pathological changes in tumor
were analyzed.

Melanoma Cell Proliferation and Apoptosis Analysis

The effect of CM-ICG-hybrid hydrogel on melanoma cell proliferation was analyzed by a ki-67 immunohistochemistry
detection kit, and its effect on melanoma cell apoptosis was analyzed by a TUNEL immunohistochemistry detection Kkit.
The detailed procedures are described in S4 and S5. The quantifications of cells were conducted by Image J.

Immune Activation Effect

The peripheral blood was collected into a sterile anticoagulant tube 7 days after the hydrogel injection. An ELISA kit was
used to detect IFN-y and TNF-a in the blood based on the manufacturer’s instructions. The proportion of T cells in the
spleen was analyzed via flow cytometry, and the detailed procedures are described in S6 and S7.
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Melanoma-Preventing Effect of the CM-ICG-Hybrid Hydrogel

Distal Melanoma Growth Monitor

Eighty C57BL/6J mice were anesthetized with isoflurane before the hair on the dorsal skin was removed by a razor. Next,
100 pL of B16F10 melanoma cell suspension (8x10°/mL) was subcutaneously injected into the right axilla. The
dimension of the tumor was measured with a vernier caliper every 2 to 3 days. When it reached 80 to 100 mm?, the
mice were randomly divided into 8 groups (10 mice/group), and 100 pL of different delivery systems was injected into
the melanoma. The primary tumor was removed either by surgical section or photothermal ablation. Three days later,
another 100 uL of BI6F10 melanoma cell suspension (5x10° cells/mL) was subcutaneously injected into the left axilla.
The occurrence and size of the second tumor were observed and measured to evaluate the effect of the hydrogel on distal
secondary tumors.

T Cell Infiltration in Distal Tumors

The mice were sacrificed by cervical dislocation 21 days after the second tumor inoculation, and the distal tumors were
collected. The T cell infiltration in distal tumors was evaluated via flow cytometry analysis and immunofluorescence
staining. The specific procedures are described in S8.

Memory T Cell Analysis
The mice were sacrificed by cervical dislocation 21 days after the second tumor inoculation, the spleens were collected,
and the proportion of memory T cells was analyzed flow cytometry. The specific procedures are described in S7, S9.

Statistical Analysis

All experiments were conducted in at least triplicate, and results are expressed as mean + standard deviation. One-way
ANOVA with Tukey—Kramer post-hoc test was used to compare differences among three or more groups. P<0.05 was
considered to be statistically significant.

Results
Preparation and Characterization of CM-ICG-Hybrid Hydrogel

BI6F10 cell is a mouse melanoma cell line, and its membrane contains all the surface antigens of the melanoma.***
Gp100 is one of the main components of the melanoma-associated antigens, which can be specifically recognized by the
body and activates the immune responses.***> TRP2 is a tyrosinase-associated protease, and it is also a key enzyme in
melanin synthesis.**** As shown in Figure 1A, clear Gp100 and TRP2 bands could be observed, which indicated the
successful collection of melanoma cell membranes.

The morphology of the chitin and/or B-glucan hydrogels is shown in Figure 1B. Interconnected structures were
observed in all hydrogels, the typical micromorphology of hydrogels.*> Among them, chitin hydrogel exhibited the
largest pore size, whereas f-glucan hydrogel exhibited the smallest pore size. The smaller the pore size, the larger the
crosslinking density.*> When the hydrogel with smaller pore size expands, the binding force of the elastic network
increases, and its capability of water absorption and dehydration decreases, which results in a smaller elasticity.*>*
Therefore, the elasticity of chitin hydrogel was the strongest, and the elasticity of B-glucan hydrogel was the smallest. An
image of CM-ICG-hybrid hydrogel is shown in Figure 1C; the contents did not flow when the vial was inverted, implying
that the hydrogel remained in a good gelation state after CM and ICG were encapsulated.

Next, the rheological properties of the hydrogels were examined. The storage modulus (G”) refers to the energy stored
during the elastic deformation of a material.*® The loss modulus (G™) reflects the amount of lost energy when the
hydrogel recovers from deformation.*” G* of the three hydrogels were higher than G”, which indicated that a stable
crosslinking network was formed in the hydrogel.*>** Hybrid hydrogel exhibited moderate flexibility and rigidity, which
could resist a certain amount of stress. As shown in Figure 1D, there was no significant difference in G’ and G” between
blank hybrid hydrogel and CM-ICG-hybrid hydrogel, which implied that the addition of CM and ICG did not affect the

rheological properties of the hydrogel.
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Figure | The preparation and characterization of the hybrid hydrogels. (A) SDS-PAGE of the protein in the cell membrane of BI6F10 cells; (B) the SEM images of (a) B-glucan
hydrogel, (b) chitin hydrogel, and (c) hybrid hydrogel; (C) images of the CM-hybrid hydrogel and ICG-CM-hybrid hydrogel; (D) rheological properties of blank hybrid hydrogel and
ICG-CM-hybrid hydrogel; (E) the injectability of blank hybrid hydrogel and ICG-CM-hybrid hydrogel; (F) the self-healing performance of blank hybrid hydrogel; (G) the self-healing

performance of ICG-CM-hybrid hydrogel.
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The injectability is the key property to achieve in-situ treatment. As shown in Figure 1E, both the blank hybrid
hydrogel and CM-ICG-hybrid hydrogel could continuously pass through a 26 G needle and maintained a gelation state
after injection, which proved the excellent injectability of the hydrogels. The self-healing properties of the hybrid
hydrogel and CM-ICG-hybrid hydrogel are shown in Figure 1F and G. Under high stress (100%), the G” and G’ of both
hydrogels decreased sharply, recovering quickly under low stress (1%), which indicates the good self-healing capability
of the two hybrid hydrogels,*’ allowing the hydrogel to pass through the syringe needle and maintain its original form;
this is of great significance for in-situ treatment of tumor.

Photothermal Properties of CM-ICG-Hybrid Hydrogel

The in vitro photothermal properties of CM-ICG-hybrid hydrogel are shown in Figure 2A and B, Figure S1. When
a near-infrared laser was applied, the temperature of free ICG solution, ICG-hybrid hydrogel, and CM-ICG-hybrid
hydrogel rapidly rose to 60°C within 5 minutes, which indicated that the hybrid hydrogel did not block or impair the
photothermal performance of ICG when it was encapsulated in the hybrid. The in vivo photothermal effect is shown in
Figure 2C and D; under laser irradiation, the temperature of the skin surrounding the injection site of CM-ICG-hybrid
hydrogel increased to above 40°C within 2 minutes and above 50°C within 4 minutes. Various studies reported that when
the temperature of the tumor reached above 40°C, immunogenic cell death occurred and released a large number of
tumor-associated antigens and damage-related model molecule patterns,”® which resulted in an elevated immune
response in tumor.’>' When the temperature is higher than 50°C, heat ablation of tumor would happen.’' The
photothermal stability of the CM-ICG-hybrid hydrogel is shown in Figure 2E; after five consecutive cycles of “laser
on-laser off”, it still rapidly increased by 30°C within five minutes of laser irradiation. Therefore, the hydrogel exhibited
excellent photothermal conversion performance and photothermal stability.

Next, the in vivo photothermal conversion efficiency of CM-ICG-hybrid hydrogel was investigated. As shown in
Figure 2F, after 5 minutes of laser treatment, the skin temperature near the injection site of CM-ICG-hybrid hydrogel
quickly increased to 50°C for consecutive four days. In contrast, for the free ICG solution group, the skin temperature
near the injection site could only reach to 41.2°C on the second day and 33.4°C on the fourth day. Besides, the skin
temperature around the injection site of the free ICG solution was high. This implied that the free ICG was not retained in
the injection site, which greatly impaired the PTT effect.

Next, a CCK-8 method and Calcein-AM/PI staining were used to clarify the photothermal cell killing effect of CM-
ICG-hybrid hydrogel. As shown in Figure 2G and H, the cell viability was lower than 10% for ICG-containing groups
with laser irradiation and above 95% for groups without laser irradiation or ICG. Therefore, ICG itself is not cytotoxic,
and the cell death was due to the photothermal effect of ICG under laser excitation.

In vivo Safety of CM-ICG-Hybrid Hydrogel

The toxicity CM-ICG-hybrid hydrogel to the main organs was examined after it was subcutaneously injected into the
back skin of mice with or without laser (3 times). As shown in Figure S2, no matter whether laser was applied or not, no
significant pathological injury was found in the organ sections of the CM-ICG-hybrid hydrogel group, which was also
not significantly different from those of healthy mice. This result indicated the good histocompatibility of CM-ICG-
hybrid hydrogel.

Anti-Primary Melanoma Effect of the CM-ICG-Hybrid Hydrogel

Melanoma Size Monitor

The anti-primary melanoma effect of the CM-ICG-hybrid hydrogel was evaluated in a melanoma model in C57BL/6J mice,
and the specific process is shown in Figure 3A. The body weight of the mice with different treatment is shown in Figure 3B.
PTT could effectively ablate the tumor, and the tumor size decreased significantly right after PTT (Figure 3C and D). The
size of the tumors in the blank hydrogel group was significantly smaller than that of the control group, which may be due to
the innative immunogenicity of chitin and B-glucan.>***>? Compared with the blank hydrogel group, the tumors in the CM-
hybrid hydrogel group were significantly smaller, which may be related to the tumor-specific immune response caused by
abundant tumor-associated antigen on the CM. 340 Compared with the CM-hybrid hydrogel group, the tumor of the CM-
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ICG hybrid hydrogel (+) was abruptly interrupted by laser irradiation, and the growth of tumor in the later stage was
significantly slower, indicating that PTT could rapidly ablate the tumor and exhibit a synergistic effect with immunotherapy.
Although the tumor growth rates in CM-ICG-hybrid hydrogel (+) group, CM-ICG-Chitin hydrogel (+) group, and CM-ICG
-B-glucan hydrogel group (+) were basically the same in the early stage (after laser irradiation), the tumor growth rate of the
CM-ICG-hybrid hydrogel (+) group was significantly slower in the late stage. This may be due to the stronger immune
activation effect of hybrid hydrogel.

The 60-Day Survival Test

A 60-day survival test was also undertaken (Figure 3E) after in-situ treatment of mice, and the result is shown in
Figure 3F. All the mice died in 20 days in the control group, while for the blank hybrid hydrogel group all the mice died
in 34 days. The mice in ICG-hybrid hydrogen (+) group and CM-ICG hybrid hydrogel (-) group were all dead in 46 days.
CM-ICG-hybrid hydrogel (+) significantly improved the 60-day survival rate of mice to 70% (Figure 3G), which was
significantly higher than that of other groups. Therefore, CM-ICG-hybrid hydrogel (+) exhibited the best anti-melanoma
effect. Also, H&E staining was performed on main organs of surviving mice at the end of experiment, no significant
metastasis was observed (Figure S3).

Pathological Analysis of the Melanoma

The pathological changes in the melanoma caused by different treatments were analyzed after H+E staining. The melanoma in
the control group grew well, the cell arrangement was uniform and compact, the nuclear morphology was intact, and no
obvious damage was observed (Figure 4A). In the blank hybrid hydrogel group, tissue damage and bleeding were observed. In
the CM-hybrid hydrogel group, tissue damage, bleeding, nuclear pyknosis, and nucleolysis were observed, which usually
appeared in apoptotic or necrotic cells.>® ICG-hybrid hydrogel (+) could also significantly induce melanoma tissue damage. In
the CM-ICG-hybrid hydrogel (+) group, nuclear damage, sparser cell arrangement, large areas of bleeding, and necrosis were
observed, which indicated the strongest melanoma-killing and inhibition effect of CM-ICG-hybrid hydrogel (+).

Melanoma Cell Proliferation and Apoptosis Analysis

A large area of ki-67 positive cells and a small number of apoptotic cells were observed in the control group (Figure 4B—D), while
the proportion of ki-67 positive cells (which were stained brown) decreased and the proportion of apoptotic cells increased in all
treatment groups. Compared with the blank hybrid hydrogel group, the proliferation of melanoma cells in CM-hybrid hydrogel
and ICG-hybrid hydrogel (+) groups was significantly decreased, and the apoptosis was significantly increased, indicating that
the efficacy of blank hybrid hydrogel was optimized by PTT or the encapsulation of CM. In the CM-ICG-hybrid hydrogel (+)
group, the proportion of ki-67 positive cells and non-apoptotic cells was the lowest, implying that the combination of
immunotherapy and PTT could nearly completely stop the proliferation of melanoma cells and promote its apoptosis.

Immune Activation Effect
The immunoregulatory effects of different treatments were evaluated according to the procedures illustrated in Figure SA. The
levels of TNF-a and IFN-y in all treatment groups were significantly higher than in the control group (Figure 5B and C).
Among all the treatment groups, the levels of TNF-a and IFN-y in the in CM-ICG-hybrid hydrogel (+) group were the highest.
Spleen is the place where mature lymphocytes reside and directly participate in a variety of immune responses.®*>> The
proportion and differentiation of T cells in the spleen in different groups were analyzed by flow cytometry. As shown in
Figure 5D and E, the percentages of T cells in the CM-hybrid hydrogel group and the ICG-hybrid hydrogel (+) group were
22.841.19% and 23.943.36%, respectively, which were significantly higher than that of the control group (12.57+0.93%).
Therefore, CM-hybrid hydrogel and photothermal therapy could effectively promote the proliferation of spleen T cells. It is
worth noting that the percentage of T cells in spleen of the CM-ICG-hybrid hydrogel (+) group was 36.13+2.26%, which was
the highest, indicating that PTT and immunotherapy could synergistically activate the proliferation of T cells in spleen.
Effector T cells are immune cells that play an important role in anti-tumor immune response.’®>’ After being stimulated by
antigen, initial T cells proliferate and differentiate into effector T cells and memory T cells.””>® Effector T cells include helper
T cells, regulatory T cells, and killer T cells.*>* Killer T cells can directly kill antigen-carrying cells. Helper T cells secrete
cytokines that can inhibit or activate other immune cells, and directly kill tumor cells by secreting granzyme.’**° Therefore,
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under the gating strategy as shown in Figure S4, the proportion of helper T cells (CD3" CD4" T cells) and effector killer T cells
(CD3" CDS8" T cells) in the spleen were further analyzed. As shown in Figure SF—H, in the control group, the proportion of helper
T cells was only 26.27+1.57% and that of killer T cells was merely 17.26+2.31%. While, for the blank hybrid hydrogel group, the
CM-hybrid hydrogel group, and the CM-ICG-hybrid hydrogel (+) group, the proportions of helper T cells were significantly
increased to 41.14+7.462%, 50.00+£11.07%, and 53.51+2.79%, respectively, the killer T cells increased to 27.80+4.8%, 30.9
+1.91%, and 41.53+2.08%, respectively. Therefore, the combination of PTT and immunotherapy could significantly increase the
proportion of helper T cells and effector T cells in spleen. This result was correlated well with the melanoma growth, the survival
of melanoma-bearing mice, and pathological analyses.

In conclusion, CM-ICG-hybrid hydrogel (+) rapidly ablated the primary melanoma, promoted the proliferation and
differentiation of T cells, activated T cell related immune response, inhibited melanoma cell proliferation, promoted
melanoma apoptosis, and improved the survival of mice after treatment.

Melanoma-Preventing Effect of the CM-ICG-Hybrid Hydrogel

Distal Melanoma Growth Monitor
A distal secondary melanoma model in mice was used to investigate the preventive effect of CM-ICG-hybrid hydrogel on
melanoma recurrence, and the specific procedures are illustrated in Figure 6A. The growth of secondary tumors in all
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treatment groups was significantly sluggish, and the 60-day survival rate was significantly improved compared with the
control group (Figure 6B-D). In the blank hybrid hydrogel and the ICG-hybrid hydrogel (+) groups, 70% and 80% of
mice developed secondary tumors within 14 days after inoculation, indicating their limited preventing effect. The
incidence of secondary tumors in mice in the CM-containing groups was less than 40%, and it was only 10% in the CM-
ICG-hybrid hydrogel (+) group, which was the lowest, indicating that CM and PTT together induced a stronger immune
memory effect.

T-Cell Infiltration in Distal Second Tumors

The proportions of effector killer T cells and helper T cells in the secondary tumors of different groups were detected by flow
cytometry. As shown in Figure 7A—C, the levels of CD3" CD4" T cells and CD3" CD8" T cells in the distal secondary tumors
of the control group were very low, about 2.23+2.34% and 1.78+1.46%, indicating that the removal of primary tumors by
surgery could not activate the specific immune response. However, the proportions of CD3" CD4" T cells and CD3" CD8"
T cells in the ICG-hybrid hydrogel (+) group were about 16.59+5.71% and 13.37+0.2.23%, which were also significantly
higher than those in the control group. This may be due to the release of a large number of tumor-associated antigens by
thermal ablation in the treatment of primary tumors with PTT.'*!>° The released antigen could also activate the memory
T cells to a certain extent, thereby generating a strong immune response when the secondary tumor attacked.”=” In the CM-
ICG-hybrid hydrogel (+) group, the proportions of CD3" CD4" T cells and CD3" CD8" T cells were the highest, about 56.00
+7.71% and 28.94+33.90%, indicating that CM, hybrid hydrogel, and photothermal effects synergistically induced the strongest
immune activation effect. Similarly, as shown in Figure 7D, there were almost no CD4" T cells or CD8" T cells in the
secondary tumor in the control group, indicating a lack of immune activation. The numbers of CD4" T cells and CD8" T cells
in secondary tumors in CM-ICG-hybrid hydrogel (+) groups were the highest (Figure 7E and F).

The proportions of central memory T cells (CD3" CD8" CD44" CD62L") and effector memory T cells (CD3" CD8"
CD44" CD62L") in the distal secondary tumors of different groups were also detected by flow cytometry. As shown in
Figure 7H and I, the percentage of central memory T cells in spleens of control mice was only 4.827+1.03%, and the content of
effector memory T cells was only 3.72+0.689% (Figure 7G — I). The proportion of central memory T cells was significantly
increased to 23.133£3.769% and 23.900+4.979% in the blank hybrid hydrogel and the ICG-hybrid hydrogel (+) groups, and
the content of effector memory T cells increased to 6.473+0.451% and 7.843%0.866%, respectively. Therefore, the hybrid
hydrogel and PTT could induce a higher proportion of central memory T cells and effector memory T cells. In the CM-ICG-
hybrid hydrogel (+) group, the proportions of central memory T cells and effector memory T cells were increased significantly
to 44.5+2.163% and 25.167+2.686%, respectively, implying that CM, hybrid hydrogel, and PTT synergistically induced the
largest number of memory T cells in mice. The results were consistent with the proportions of effector T cells and helper T cells
in the distal secondary tumors of each group.

In conclusion, in the CM-ICG-hybrid hydrogel (+) group, a synergistic anti-melanoma effect among PTT, CM, and
hybrid hydrogel were observed. It could effectively stimulate the proliferation and activation of T cells and memory
T cells to achieve a long-term anti-tumor immune response and better anti-melanoma effects.

Conclusions

In this study, a novel injectable ICG-CM hybrid hydrogel was prepared, which could achieve a long-lasting combination
effect of PTT and immunotherapy to treat and prevent melanoma. It quickly ablated the primary melanoma, effectively
inhibited its growth, and promoted the proliferation and activation of T cells. It also activated the memory T cells,
producing a long-term immune memory effect to efficiently inhibit tumor metastasis and recurrence. Our study has
provided a foundation for future clinical application of the patients’ tumor membrane loaded hybrid hydrogel.
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