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Abstract 
Graphene oxide (GO) has been shown as a potential nanoadjuvant for biomedical applications. Particularly, the capability of GO in loading different therapeutic agents and in absorbing light of a broad wavelength range make GO an ideal nanoplatform for drug delivery and selective phototherapy. Chitosan (CS) is a naturally occurring compound with strong immunological stimulating effects. N-dihydrogalactochitosan, also referred to as glycated chitosan (GC), is an innovative and effective immunostimulant/adjuvant that further enhances the immunostimulatory and surfactant properties of CS. In this study, both CS and GC were used to functionalize GO to improve its biocompatibility and improve its immune-stimulating effect for cancer treatment. This work was designed to determine the main properties of GO/CS and GO/GC nanoparticles (NPs), when used in near-infrared photothermal therapy (PTT) for laser-initiated immunotherapy for cancer treatment. GO/CS and GO/GC NPs were synthesized by self-assembling in an aqueous solution via electrostatic interactions. GC allows for better dispersion and stabilization of NPs than CS. Compared with GO, GO/CS and GO/GC had bigger sizes and positive surface charges. GO showed high thermal conversion ability when irradiated with a near-infrared laser. In vitro studies were conducted to determine the effects of GO/CS + PTT and GO/GC + PTT on target pancreatic and melanoma tumor cells. Free GO was toxic to the cells whereas GO/CS and GO/GC showed limited cytotoxicity. The combination of NPs with PTT caused significant tumor cell death due to the GO-enhanced laser light absorption. Dendritic cells and macrophages were stimulated in vitro to investigate the potential of the NPs as immune-stimulating agents in inducing the secretion of the pro-inflammatory cytokines IL-6 and TNF-alpha. The responses of the immune cells to GC and GO were evaluated by phenotyping the surface markers by flow cytometry. Overall, GO/CS and GO/GC showed promising properties as stable, safe, and effective photothermal agents and immunostimulants for nano-ablative immunotherapy for cancer. Future in vitro and in vivo studies will be conducted to further understand the effects of GO/CS and GO/GC as nanostimulants/adjuvants for cancer treatment and vaccination. This and future work will lay the foundation for future clinical applications of these novel nanosystems. 
Keywords: graphene oxide (GO); chitosan (CS); N-dihydrogalactochitosan (glycated chitosan, GC); immunostimulant; laser immunotherapy (LIT); thermal effect; cell death.
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[bookmark: _Toc109393428]Introduction 
[bookmark: _Hlk107407919]Cancer is a major public health issue with a global impact across the world 1. According to the World Health Organization (WHO), cancer is the second leading cause of death 2 and an important barrier to the increase of life expectancy in every country 3. The burden of cancer incidence, i.e., the rate of new cancers, and mortality are quickly growing worldwide, reflecting the global aging and growth of the population 4. Numerous organizations provide updates and data on the global cancer burden, such as the most diagnosed cancers and main causes of cancer death by sex over the world 1. For males, prostate cancer is the most frequently diagnosed cancer, followed by lung, colorectal, and liver cancers 5. The most diagnosed cancers in females are breast and cervical cancers. 
Cancer is the second cause of death in the United States 6. According to cancer incidence and mortality statistics reported by the National Cancer Institute (NCI) 7, the most common type of cancer is breast cancer, with 284,200 new cases in the United States in 20218. The next most common cancers are prostate and lung cancers 9. Lung, breast, and prostate cancers lead to most patients’ deaths. Pancreatic cancer is very deadly because even a single localized tumor can lead to a high mortality rate for the patients 9. 
[bookmark: _Hlk107407984]Cancer treatment is based on the stage of the cancer. Treatments aim to cure cancer or to stop the disease from spreading further. The patient’s treatment plan may change over time10. Historically, cancer treatments have been constantly evolving. It started with surgery, chemotherapy, and radiation therapy. Now strategies are moving on to the most promising cutting-edge therapies, such as immunotherapy, gene therapy, and nanomedicine. These innovative therapies progressively arrive in clinical practice and on the market, presenting numerous promises and challenges. However, history shows that the fight against cancer is not an easy task, particularly because of tumor metastasis. Approximately 90% of cancer deaths are caused by metastatic cancer 11, 12. Many types of cancers can resist conventional therapies, and different combinations of drugs and therapies (e.g., surgery together with radiotherapy and chemotherapy) are usually the only way to destroy tumor cells 13. Current treatments present safety concerns and limited efficacy because cancer patients suffer from a weakened immune system, anemia, nausea, fatigue, etc.14. There are a few treatment modalities for advanced-stage cancers 15, 16, 17 and much more studies are needed to improve existing therapies and explore new ones. Nevertheless, these new ways of treatment are bringing hope for many cancer patients.
[bookmark: _Toc109393429]Cancer biology 
To apprehend the challenges at stake in cancer therapy, it is important to understand the biology of cancer, as well as the growing strategies of tumors and metastasis. 
[bookmark: _Toc109393430]General information on cancer 
Cancer is a disease involving abnormal cells that divide and proliferate without control18 because the body’s immune system cannot recognize and destroy the cancer cells. Figure 1 shows that the proliferation of healthy cells is under control and is modulated, while cancer cells proliferate uncontrollably and escape the patient’s immune cells surveillance19. Thus, cancer cells lead to the formation of tumors. 
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[bookmark: _Toc106310547][bookmark: _Toc109394070]Figure 1. The proliferation of healthy cells vs cancer cells. 
Created with BioRender.com

Cancer cells have different characteristics from healthy cells, as described in Table 1. Under the microscope, healthy cells look uniform, with similar sizes and orderly organization, while cancer cells look less orderly, with varying sizes and without apparent arrangement 20. 


[bookmark: _Toc106310546][bookmark: _Toc109393013]Table 1. Comparison of the main characteristics of healthy cells and cancer cells 21. 
	Healthy cells 
	Cancer cells

	Standard cell size and shape 
	Variable cell size and shape

	Small and uniformly shaped nuclei
	Large and variable-shaped nuclei

	Differentiated cell structures and organelles
	Loss and alteration of normal specialized structures

	Relatively large cytoplasmic volume 
	Relatively small cytoplasmic volume

	Normal presentation of surface markers
	Abnormal expression of surface markers (overexpression or low expression of certain markers)

	Cells arranged into clearly demarcated tissue
	Disorganized arrangement of cells and 

	Controlled number of dividing cells
	Uncontrolled and many dividing cells



Doctors can determine the type of cancer based on how the cells look under a microscope. Some cancers are categorized according to which type of normal cells and tissues they look like most, i.e., the organs or tissue they come from. For example, cancers looking like glandular tissues are called adenocarcinomas. Other cancers which resemble certain immune system cells are called lymphomas, and those that look like bone or fat tissue are osteosarcomas and liposarcomas, respectively 22. While identifying the cell type or tissue a cancer looks like, doctors also decide how closely they look like the healthy cells or tissues. This is the grade of cancer 23. Cancers that look more like healthy tissues are called low grade, and those that do not look much like healthy tissues are high grade cancers. High-grade cancer tends to grow and spread faster than low-grade cancer. Patients with high-grade cancers tend to have a poorer prognosis 24, 25.

[bookmark: _Toc109393431]Cancer metastasis
When cancer is at an advanced stage, tumor cells spread in the body, and new tumors can appear at different distant places. Metastases are caused by the formation of one or more secondary tumors generated from a primary tumor because cancer cells have spread from the place where they first formed to another part of the body 18. Indeed, cancer cells first break away from the original (primary) tumor, then invade nearby tissues by spreading through the bloodstream and/or lymphatic system, and form new tumors in distant sites. Cancer is then metastasized. The new, metastatic tumor is the same type of cancer as the primary tumor 26. For example, if breast cancer spreads to the brain, the cancer cells in the brain are breast cancer cells, not brain cancer cells 27, as shown in Figure 2. 
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[bookmark: _Toc106310548][bookmark: _Toc109394071]Figure 2. Metastatic cancer: the tumor spreads through the body. Example of breast cancer metastases in the brain at advanced-stage breast cancer. 
Created with BioRender.com
Usually, when cancer is metastasized, the chance for the patient to survive becomes very low 28, 29, demonstrating the importance of developing cancer therapeutics able to target cancer metastases 30. Fortunately, many different techniques are available to detect and treat cancer. 

[bookmark: _Toc109393432]Tumor microenvironment 
The tumor microenvironment (TME) is a corrupted ecosystem, independent of the biology of the body 31. The composition and the architecture of the TME is unique, different from any health tissues. The TME of a solid tumor is characterized by a low pH, hypoxia, acidosis, and high interstitial pressure 32. A solid tumor is composed of malignant parenchyma which support the tumor structure and stromal cells that help tumor growth 33. Figure 3 shows the interplay of tumor cells and immune cells in the TME as well as the main physiological conditions in this environment 31. Different types of cells have been identified in the TME, such as cancer-associated fibroblasts (CAFs) 34, malignant cells, necrotic and hypoxic cells, mesenchymal stem cells, vascular endothelial cells, adipocytes, and pericytes. The TME encompasses multiple types of immune cells: tumor-associated neutrophils (TANs), tumor-associated macrophages (TAMs), dendritic cells (DCs), myeloid-derived suppressor cells (MDSCs), mast cells, granulocytes, T lymphocytes, T-regulatory cells (Tregs), B cells, and natural killer (NK) cells 35. The TME also contains diverse non-cellular compounds such as extracellular matrix, cytokines and multiple signaling molecules involved in numerous communication pathways between the cells 36. In addition, the TME presents abnormal vascular structure 37. In the environment of a solid tumor, the vasculature is different from the vasculature in healthy tissues and highly heterogeneous 38. The structure of the vasculature surrounding a tumor is specialized for the increased supply to the tumor. 
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[bookmark: _Toc105066767][bookmark: _Toc109394072]Figure 3. The tumor microenvironment at a glance 31. 

The composition of a tumor and TME determines how cancer responds to therapies such as radio and/or chemotherapy 39, 40 as well as immunotherapy 41, cellular and acellular components of the TME being able to reprogram tumor initiation, growth, invasion, and metastasis. The TME transforms infiltrating cells to help maintain tumor homeostasis and promote the survival of cancer cells 42. In response to signals from the tumor, various immune cells are recruited to the tumor site, often having their antitumor functions inhibited and being stimulated to promote tumor growth while anti-tumor effector cells die by apoptosis. As a result, the tumor escapes from the host’s immune system 43, 44. The various components actively interact with one another and interplay in the complexity of the TME. In short, the TME participates in immune evasion, tumor escape, hypoxia, acidosis, metabolic exchange, local invasion of distant locations (metastasis), angiogenesis, and tumor growth. 
The suppressive immune microenvironment that helps cancer to avoid immune destruction is closely related to the cancer prognosis 45, 46, 47, 48. A better understanding of the cellular and molecular pathways involved in the immune escape mechanisms at stake in the TME would allow cancer researchers to better apprehend how to block tumor escape 49. Thus, novel therapeutic strategies are designed to change the pro-tumor microenvironment to one favoring acute responses and potent anti-tumor activity 50, 35, 51. Since the composition and morphology of both the tumor and the TME strongly affects the response of tumors to therapy, as many parameters as possible should be included in models that simulate tumor growth and tumor response to cancer treatment modalities. Those data are used to determine the most effective treatment schedule depending on tumor properties, the goal being to improve, personalize, and customize treatment plans on an individual patient basis. Thus, accurate simulations of the tumor and TME are important in exploring and optimizing targeting cancer treatment techniques 52. 

[bookmark: _Toc109393433]Cancer immunology
[bookmark: _Hlk97542064]Cancer biology is related to the immune system since immunity plays a key role in tumor progression. Cancer immunoediting describes the mechanism by which the immune system responds to cancer and vice versa. The mechanism is divided into four phases, as described in Figure 4. 
The first phase is called the initiation phase, when cancer starts to develop. 
The second phase is the elimination, which corresponds to immunosurveillance, where the immune system recognizes and attacks tumor cells. Several immune cells are involved in tumor elimination. For instance, NK cells are innate immune cells which can kill tumor cells via three ways: NK cells can respond to an activation signal, lack of self-recognition molecules or having the CD16 receptor binds to an antibody bound to the tumor cell. CD4+T cells are adaptive immune cells that can kill tumor cells through two pathways: 1) Direct tumor killing in case the CD4+T cell is tumor antigen-specific by binding to MHC II-expressing tumor cells. Helper T cells can directly kill cancer cells by secreting tumor-killing molecules; 2) Indirect tumor killing by initiating the activation of tumor-infiltrating macrophages. CD8+T cells, or cytotoxic T cells (CTLs), are adaptive immune cells that can directly kill tumor cells by secreting cytokines, perforins, and granzymes. B cells are adaptive immune cells producing antibodies which specifically bind to the tumor cells. B cells can secrete cytokines and release granzymes to directly kill tumors. But this phenomenon is still not fully understood. 
After elimination comes the equilibrium phase, when some tumor cells can evade immune recognition, survive, and grow. During the equilibrium phase, immune cells can no longer kill cancer cells. During the equilibrium phase, the more aggressive tumors are selected. Some tumors can indeed overcome immune cells’ anti-tumor activities. If tumor cells stop expressing MHC I on their surface, anti-tumor immune cells are no longer able to recognize the tumor cells. Immunosuppressive molecules expressed on the surface of tumor cells can also prevent tumor killing. Furthermore, cytokines can influence the tumor-killing ability of T cells. 
Phase four is the escape phase: the tumor that escaped the immune system expands in an uncontrolled manner and grows in the surrounding tissues. 
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[bookmark: _Toc106310552][bookmark: _Toc109394073]Figure 4. Cancer immunoediting. 
Created with Biorender.com

The T cell-mediated tumor cell killing activity in the elimination phase is illustrated in Figure 5. When some tumor cells start to undergo CTL-mediated apoptosis, tumor-specific antigens are generated by apoptotic cells. Those antigens are internalized and presented at the surface of antigen-presenting cells (APCs), such as macrophages and dendritic cells. Mature APCs migrate to the lymph nodes, where they present the antigens to naïve T cells, leading to the activation of T cells against the specific tumor the antigens come from. Activated T cells next migrate to the tumor site, where their CTL activity causes tumor cell apoptosis, further generating antigens and maintaining the tumor-specific T cell induction and anti-tumor function. 
To activate a naïve T cell in the germinal center, the tumor antigen presented by the MHC I of a dendritic cell must be recognized by the T-cell receptor (TCR) of the T cell. In addition to the MHC-I / TCR interaction, CD80 and CD86 receptors of the dendritic cell must successfully interact with CD28 at the surface of the T cell. Thus, the naïve T cell is activated into an effector T cell, proliferates, and migrates to the tumor site. When the TCR and the CD8 of the CTL successfully interact with the MHC I molecule of the target tumor cell, molecules like perforins and granzymes kill the tumor cell through the formation of pores in the membrane of the target cell. The effector T cell also produces cytokines such as interferon gamma (IFN ) and tumor-necrosis factor alpha (TNF-) leading to tumor cell apoptosis. When the tumor cell is dying from the damages caused by the CD8+T cell, the receptors of the two cells separate from each other and the T-cell is released. 
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[bookmark: _Toc106310553][bookmark: _Toc109394074]Figure 5. T cell-mediated tumor cell killing.
Created with Biorender.com

To sum up, the TME is a very complex ecosystem. Cancer and immunology are complexly interconnected. They adapt and evolve together with tumor progression. The TME is complex and unique to each individual tumor, even in the same patient. This is the reason why multimodal, personalized therapeutic approaches are required to completely unleash the power of the immune system to kill tumor cells.



[bookmark: _Toc109393434]Cancer therapy
Fighting cancer is challenging because the immune system often fails to recognize and fight cancer cells. Cancer therapy has experienced many ups and downs throughout time, mainly because of the limitations and improvable effectiveness of treatments as well as undesirable side effects 13. Many therapeutics were developed to fight against cancer and to try to cure this highly complex disease. Traditional therapeutics include surgery which is commonly used to remove solid tumors, alongside antitumor drugs and radiation that have been the standard of treatment in some cases. Recently, immunotherapy has become an important cancer treatment modality and is now the first choice for many patients. Nanotechnology has also led to engaging progress for cancer therapy. Nanostructures offer new therapeutic alternatives for controlled drug delivery, combination between imaging and treatment, hyperthermia, and directed target therapy, among others. These therapies can be applied either alone or in combination with other components (antibodies, peptides, folic acid, etc.). In addition, gene therapy is also offering promising new options for cancer treatment.

[bookmark: _Toc109393435]Surgery, radiation therapy and chemotherapy
Surgery, radiation therapy and chemotherapy are considered standards for cancer treatment. 
Surgery is the oldest cancer treatment option. When possible, surgical resection can offer a chance to directly remove solid tumors and resection is often guided by imaging 53. However, some tumors cannot be surgically operated because of the size, location, and metastasis. The benefit of using cancer surgery is very limited for the patient since cancer is a systemic disease 54. Surgery can be conducted in some life-threatening situations and be optimized to become as minimally adverse as possible for patients. Combination therapies and minimally invasive cancer therapeutics are preferred to this radical procedure 55. Thanks to medical advances the objective is now to preserve the patient’s quality of life as much as possible while enhancing survival. For tumors that cannot be treated by surgery, the standards of care usually involve radiation therapy and chemotherapy. 
Radiation therapy, also called radiotherapy, is a standard of care for cancer treatment and approximately 50% of all cancer patients received radiation therapy during their treatment process 56. Radiotherapy uses high doses of ionizing radiation that kill tumor cells or cause mutations leading to cancer cell death and shrinking of the tumor size, especially by decreasing the cell division potential. Radiotherapy can be a localized treatment and can be used on itself for the treatment of a few early-stage cancers. However, it is well known that the side effects of radiation therapy can be adverse for patients 57, because healthy cells and regions located near the treatment area can be damaged, causing nausea, hair loss and fatigue, among others. In addition, cancer cells can develop radioresistance affecting their radiocurability 58. Research on cancer stem cells is now being conducted to better understand the radioresistance process and the phenotype of resistant cells in order to optimize radiation therapy 59. In most cases, radiation therapy is used in combination with other cancer treatment modalities 60, such as chemotherapy, especially to control tumor metastases. 
Chemotherapy involves drug treatments to kill cancer cells, by using the cytotoxic potential of immune cells to kill tumor cells and by targeting dividing cells. Chemotherapy is usually delivered systematically by an intravenous injection. Therefore, healthy cells can be damaged. Nanotechnology offers the opportunity to co-deliver several drugs having different pharmacokinetics and encapsulated drugs to specific target sites, which is particularly useful for sequential delivery 61. Drug nanocarriers can be considered as the future of chemotherapy since they allow for advanced targeted therapies 62 and have been extensively studied for breast cancer 63, 64, 65, ovarian cancer 66, 67, and prostate cancer 68, 69, among others. 
Radiotherapy and chemotherapy can lead to mild to serious side effects and they focus solely on targeting cancer cells. Furthermore, not all cancers respond to those treatments, hence more advanced cancer therapeutics are needed. 

[bookmark: _Toc109393436]Phototherapy
Laser irradiation has emerged as a useful cancer treatment option since light can harness the photothermal and photodynamic effects to treat cancer. 
Photodynamic therapy (PDT) is a well-established and minimally invasive cancer treatment modality involving the production of reactive oxygen species (ROS), such as singlet oxygen, responsible for cancer cell death by apoptosis. To be effective, PDT requires three elements: 1) visible or near-infrared (NIR) laser light irradiation, between 400 and 700 nm, 2) a molecule called photosensitizer (PS), and 3) an environment containing oxygen. PS usually are aromatic molecules able to absorb light and produce ROS when exited under irradiation at specific wavelength in the presence of oxygen. ROS induce cell death by apoptosis. Thus, PDT causes tissue damage, cell toxicity and immunogenic cell death (ICD), which subsequently allows for immune stimulation. However, since the TME is a hypoxic environment, the therapeutic efficiency of PDT is limited. 
[bookmark: _Hlk107428402]Photothermal therapy (PTT) has drawn increasing attention as an effective and safe treatment method in oncology because of its minimally invasive and selective therapeutic potential 70. PTT is indeed a well-established and minimally invasive cancer treatment modality involving NIR light and target-located light-absorbing photothermal agents to generate energy and kill cancer cells by heat. PTT can be applied topically or interstitially depending on the depth of the zone to treat. PTT involves the generation of near-infrared light energy by lasers combined with locally placed nanoparticles used for their light-absorbing properties. Nanomaterial-based PTT has especially shown promising results as a viable therapeutics for tumor ablation 71, 72, 73. The photothermal effects induced by photothermal agents that convert light energy into heat increase the temperature of tumor target tissues and trigger immunogenic cell death (ICD) 74, 75, 76. PTT-induced ICD activates and directs the host immune system against tumors. Thus, immune cells can be activated and secrete cytokines that properly activate a systemic anti-tumor immune response. PTT can contribute to the treatment of cancer metastasis 77. Memory immune cells can also be formed, hence allowing for in situ cancer vaccination. Furthermore, the laser irradiation source can be external to the target tissues and applied topically or internal tissues can be irradiated by an interstitial fiber. The laser light is precisely directed to the target tissues and light-absorbing agents allow for a specific increase in heat in targeted tumor, hence protecting surrounding healthy nanoparticle-free tissues from a significant temperature change 78. Laser irradiation with an adjustable dosage allows the selective elimination of various types of cancers and minimizes the damage to the surrounding non-malignant tissues 79, 80. 

[bookmark: _Toc109393437]Immunotherapy
Metastasis is the major cause of treatment failure for cancer patients because the host immune system cannot detect nor destroy cancer cells, which leads to around 90% of patient deaths. Current cancer treatment modalities show limitations for the treatment of metastases. Local treatments such as surgery and radiation therapy lack systemic effect, leading to tumor recurrence and are unable to prevent the growth of tumors in distant sites. As for chemotherapy, in addition to severe negative side effects, the risk of recurrence is high. Thus, the potential solution is to target the immunological root causes of cancer by activating, enhancing, and directing the immune system to fight against cancer. It is called cancer immunotherapy. Immunotherapy is a promising solution to metastatic cancers with recent new developments. The principle of immunotherapy relies on the stimulation of the immune system to prevent, control, and eliminate cancer 81. There are multiple forms of cancer immunotherapy 82, such as targeted antibodies, cancer vaccines, adoptive cell transfer, tumor-infecting viruses, immune checkpoint inhibitors, cytokine therapy, and adjuvants. 
[bookmark: _Hlk107428145]When tumor cells die, tumor antigens are released, which have the role of damage-associated molecular patterns (DAMPs). Those tumor-derived DAMPs are critical to the stimulation of robust immune responses against tumors. For instance, tumor-derived DAMPs stimulate the immune response of DCs, which are antigen presenting cells (APCs). When resting DCs encounter tumor antigens, DC maturation is undergone. Mature DCs then present tumor antigens to cytotoxic T cells (CTLs) and CTLs are activated, which is called T cell priming. Activated CD8+T cells are tumor-specific and have an antitumor function. In short, one of the strategies of immunotherapy involves the presentation of tumor antigens by DCs, leading to the generation of specific anti-tumor cytotoxic T cells, allowing for cancer vaccination eventually. 
Tumors have a multitude of strategies to escape the anti-tumor activity of effector T cells (Figure 6). Tumor cells can decrease antigen presentation to T cells, decrease the number of T cell epitopes, induce T regs, inhibit the proliferation and activation of T cells, among others. This is the reason why T cells are key target cells for immunotherapy. 
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[bookmark: _Toc106310556][bookmark: _Toc109394075]Figure 6. The multiple immune escape strategies of tumors.
It has been demonstrated that T cell checkpoint molecules, such as programmed cell death protein 1 (PD-1) and cytotoxic T lymphocyte-associated antigen 4 (CTLA-4) are frequently used by tumor cells to suppress the anti-tumor responses of effector T cells  (Figure 7). Both tumor cells and immune suppressing cells can express molecules that bind to PD-1 and CTLA-4 on the surface of T cells. PD-1 and CTLA-4 signaling in T cells inhibits effector function and cytokine production, effectively neutralizing their anti-tumor effects. 
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[bookmark: _Toc106310558][bookmark: _Toc109394076]Figure 7. T cell checkpoint molecules are used by tumors to suppress anti-tumor T cell activity. 
If PD-1 and CTLA-4 signaling in T cells are blocked, it is possible to promote tumor killing (Figure 8). If those immune checkpoints are blocked, T cells can recover their effector functions and kill cancer cells. The most common immunotherapeutic drugs used in the clinic to date are anti-PD-1 antibodies, such as pembrolizumab 83, 84 and nivolumab, 85, 86 which bind to PD-1 receptors on T cells. Tremelimumab 87, 88 and ipilimumab 89, 90 are commonly used as anti-CTLA-4 antibodies which bind to CTLA-4 receptors on T cells. Anti-PD-L1 antibodies, such as avelumab 91, 92 and durvalumab, 93, 94 can block PD-L1 interaction between dendritic cells and tumor cells. As a result, T cell proliferation, cytokines, and chemokines production as well as T cell cytotoxicity are augmented. This cancer treatment modality using checkpoint inhibitor drugs is called immune checkpoint therapy (ICT) 95. 
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[bookmark: _Toc106310559][bookmark: _Toc109394077]Figure 8. Checkpoint blockade immunotherapy. 

Disappointingly, ICT is usually not efficient enough and can be toxic. Failure of ICT can be split into three groups 96: primary, adaptive, and acquired resistance to cancer immunotherapy. Patients who do not respond to immunotherapeutic strategies because of a lack of a sufficient anti-tumor T cell response present a primary resistance to immunotherapy. In other cases, cells acquire resistance with time (adaptive immune resistance). In that case, cancer is recognized by the immune system but protects itself by adapting to the attacks of the immune cells. It means that the patient’s immune cells are activated but cannot kill cancer cells. Even if some patients can initially respond to the treatment, tumors can still progress because of the selection of resistant clones that existed prior to the treatment. If the population of cells resistant to immunotherapy was a small population before treatment, the decrease in the number of cells that are sensitive to immunotherapy allows for the expansion of the resistant cells, leading to a treatment failure eventually. The last group, called acquired resistance, refers to patients who initially responded to the treatment but after a certain period, cancer relapses and progresses due to the selective pressure on tumors to evolve.
The effectiveness of immunotherapy depends on whether the tumor is hot or cold. Hot tumors are immunogenic, i.e., they can be infiltrated with immune cells and have the potential to elicit an immune response to immunotherapy. On the contrary, cold tumors are poorly immunogenic and very few immune cells are able to infiltrate the tumor. Overall, the colder the tumor is, the poorer the prognosis. 
However, generating antitumor immunity is not enough since the immunosuppressive effects of the TME still have to be overcome. The goal is to achieve turning pro-tumor activities into anti-tumor activities by favoring the recruitment of immune cells and enhancing cancer cell immune recognition by directing the metabolic pathways towards a permissive TME. Another strategy that can be combined with promoting anti-tumor activities is to inhibit the pro-tumor metabolisms preventing immune infiltration, survival, and antitumor functions. Combining ICD and ICT is actively investigated to target the immune subversive mechanisms of the TME 97, 98. 
To sum up, the TME is a very complex ecosystem that researchers work on to improve the understanding of its nature and function. Multiple hallmarks of cancer are studied   (Figure 9), so that these challenging aspects of cancer can be overcome for better therapeutic outcomes. Cancer and immune system are complexly interconnected since they adapt and evolve together with tumor progression. The TME is complex and unique to each individual tumor, even in the same patient. This is the reason why multimodal, personalized therapeutic approaches are required to completely unleash the power of the immune system to kill cancer cells. The future of cancer immunotherapeutic is multimodal therapies. The type of combinational therapy must be designed to target a specific tumor type, be patient-tailored and optimized to be able to overcome the immunosuppressive and very complex TME, which is a barrier to the success of anti-tumor immune therapies.
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[bookmark: _Toc106200256][bookmark: _Toc106310565][bookmark: _Toc109394078]Figure 9. Hallmarks of cancer.
Created with Biorender.com

[bookmark: _Toc109393438]Laser immunotherapy 
[bookmark: _Hlk107428423]When used in combination with immunotherapy, the efficacy of nanomaterial-based PTT can be improved, allowing patients to be vaccinated in situ against cancer 99, 100. In general, ablation-based therapy can utilize different components to enhance the efficacy of the treatment, as shown in Figure 10. 
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[bookmark: _Toc106310566][bookmark: _Toc109394079]Figure 10. Components of the nano-ablative photo-immunotherapies for cancer treatments 70. 
[bookmark: _Hlk107428442][bookmark: _Hlk107428480]Specifically, laser immunotherapy (LIT) is a combinational therapy of targeted therapy and immunotherapy 70. LIT combines a local intervention that specifically targets and kills the tumor cells with laser irradiation and a local immunological stimulation to induce a systemic, anti-tumor immunity for the treatment of metastatic cancers, as shown in Figure 11. In vivo results are very promising with significant tumor volume decrease, showing that LIT limits tumor growth. LIT allows for a significant extent of the lifespan of animals and the increase of the mice survival rate. LIT is often combined with other cancer therapies. For instance, nanoparticles are often used to deliver drugs to the tumor and can have NIR light-absorbing properties. The therapeutic efficiency of synergizing nano-ablative immunotherapy has been proved to be safe and effective for cancer treatment 101. The effects of LIT on different tumor types are actively studied in order to understand the mechanisms of immunotherapy and extend the use of LIT to as many cancer types as possible. The different elements of LIT are also under study with the objective of finding the optimal components and formulating the combinations that are as efficient and safe as possible. 
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[bookmark: _Toc109394080]Figure 11. LIT induces a systemic, anti-tumor immunity for the treatment of metastatic cancers. 
[bookmark: _Hlk107428503]Chitosan (CS) is a nontoxic naturally available polysaccharide converted from chitin102 and often used for biomedical applications 103. The chemical structure of the CS molecule is presented in Figure 12A. CS is known to have low toxicity 104, good biocompatibility 105, 106, and be well biodegradable 107, 108. Thus, CS has been broadly used to functionalize nanocarriers to reduce cytotoxicity, improve delivery efficiency and enhance systemic immunological activity 109, 110, 111. CS is an effective immunostimulant, which can activate immune cells 112. CS may have the same function as a toll-like receptor 2 (TLR2) ligand, which stimulates a strong immune response 113. Thus, CS has shown promising results as an immunoadjuvant for cancer immunotherapy and cancer vaccine 114, 115, 116, 117, 118. However, CS is difficult to dissolve in water, yet immunological experiments require aqueous solutions especially for in vitro and in vivo tests 119. Chitosan can be dissolved in acidic solvents, such as 1% acetic acid 120, but even a slightly acidic environment can introduce bias in experiments involving cell responses to stimulation and viability measurements. Therefore, the low solubility of CS is a limitation for stimulating immune responses in vitro and in vivo. 
[bookmark: _Hlk107428542][bookmark: _Hlk103708124]Modifying the CS structure, by adding galactose molecules to the polysaccharide backbone, allows for a new compound called N-dihydrogalactochitosan, or glycated chitosan (GC) to be water-soluble 102. The chemical structure of the GC molecule is presented in Figure 12B. GC was designed as an effective, safe immunostimulant for immune stimulations in combination with PTT for cancer treatment 121. LIT, consisting of an intratumoral injection of GC combined with laser irradiation of the tumor, shows synergy of both photothermal and immunological effects. In addition, GC shows low toxicity levels when injected locally, which is an advantage for hosts having metastasized cancer. Previous studies showed that in murine mammary tumor cells (EMT6) treated in vitro and in vivo by laser irradiation at 980 nm in combination with GC stimulation, GC enters macrophages and stimulates TNF-α secretion. In vivo results show immunological effects of GC, particularly in inducing antitumor-specific immune responses. Hence, GC is a strong immunological stimulant for cancer treatment, particularly when combined with laser phototherapies 113, 122. This cancer treatment modality has shown positive effects for the treatment of metastatic tumors. In vivo results indicate that treated primary tumors were ablated, untreated metastases shrunk by abscopal effect, the specific antitumor immune response was triggered, and long-term resistance to tumor rechallenge was observed 123. Thus, GC is a new non-toxic immunological stimulant. LIT using GC is safe and effective to treat metastatic tumors and stimulating the host-specific, systemic, anti-tumor and long-lasting immunity 102. 
A common issue that arises when working with nanostructures is congregation, which leads to a non-homogenous solution where compounds are not individually dispersed. Because of the congregation of the NPs, the characterization data and NPs-cell interactions can be biased. Therefore, surfactants are needed to help NPs to be homogeneously dispersed into solution. One of the most common surfactants is polyethylene glycol (PEG). PEG has been extensively studied and used in combination with functional NPs, especially for drug delivery for cancer treatment 124. For example, PEG was used to coat NPs targeting the tumor microenvironment to overcome multidrug resistance 125. Polylactic-co-glycolic acid (PLGA) is also commonly used in the field of nanomedicine for cancer therapies 126. PEG and PLGA were proved to be surfactants for loading on NPs with anti-cancer activities 127, 128. The chemical modification of bioactive compounds with PEG is known to improve pharmacokinetics and biological properties. However, the molecular weight of the chain and the structural modifications of PEG are of main importance for effective conjugation with other molecules 124. Therefore, the addition of PEG to the surface of a drug requires meticulous attachment and the effects of the PEGylation process need to be closely examined and characterized 129, 130. 
[bookmark: _Hlk107428552]GC is a good surfactant that significantly increases NPs stability and solubility. GC does not require structural modifications to be loaded on drugs - GC being a polymer, it can wrap around NPs and help them stabilize. The surfactant effect of GC has been studied on anti-tumor immunologically modified single-walled carbon nanotubes 131, 132. On one hand, using GC avoids using other surfactants, and on the other hand, GC is an immune-stimulatory agent. Therefore, GC possesses multiple advantages due to its dual functionality: immune stimulating agent and surfactant. In the following paragraphs, previous studies on therapeutic applications of LIT for the treatment of cancers in animals and patients are described. 
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[bookmark: _Toc109394081]Figure 12. Chemical structures of the molecules studied in this thesis work: (A) the chitosan molecule 102, (B) the N-dihydrogalactochitosan (glycated chitosan) molecule 121, and (C) the graphene oxide molecule 133.

Chen and colleagues studied the effects of the different components of LIT in the treatment of metastatic breast and prostate tumors in rats 123. The immunostimulant GC and a NIR laser light-absorbing dye called indocyanine green (ICG) were intratumorally injected in order to specifically treat the targeted tumors and to stimulate the immune response. The drug administration was followed by non-invasive laser irradiation. Only the primary tumors were treated with LIT. It was shown that the primary tumor completely regressed and distant metastases decreased in size. This cancer treatment method induced a long-term and tumor-specific immunity. Animals were indeed conferred with a long-term resistance to tumor rechallenge. More precisely, in this work, breast- and prostate-tumor bearing rats were treated with different components of LIT, either individual components or various combinations of the elements of LIT: GC, ICG, and PTT. For breast-tumor bearing rats, treatment groups without GC had poor outcomes whereas GC on itself or in combination with other components of LIT showed a significantly positive effect on the survival of the animals. Nevertheless, the combination of GC+ICG+PTT was the most effective treatment, showing the highest rate of cured rats. In the case of prostate-tumor bearing rats, the GC+ICG+PTT combination treatment showed a significant shrinkage of primary tumors and regression of metastases, thus positively increasing long-term survival. 
In the study conducted by Zhou and colleagues, local PTT was proved to synergize with GC for the treatment of pancreatic cancer through the induction of an immunogenic cancer vaccine in mice 134. Subcutaneous pancreatic (Panc02) model was injected on the left and right flanks of the animals to study the treatment of distal tumors and the abscopal effect. Mouse tumors were treated 7-10 days after injection of the tumor cells. The survival animals were rechallenged with Panc02 or B16-F10 (melanoma cell line). The treatment consisted in using non-invasive PTT on subcutaneous tumors followed by intratumoral injection of GC. The PTT+GC treatment group showed lower tumor volumes, primary tumor regression, and higher survival rates than the other groups (PTT only and GC only). For the distal tumor study, animals treated with PTT+GC had the lowest secondary tumor volume. PTT induced tumor cell death and the expression of DAMPs, such as HSP70 and HMGB1, was increased in PTT and PTT+GC treatment groups. The levels of secreted IFN  produced by DCs in PTT+GC groups is significantly higher than in the PTT only and GC only treatment groups, showing that LIT stimulates DCs. The number of CD86+ DC in tumor tissues is much higher in the tumors treated by LIT than the other groups. DC infiltration in LIT-treated tumor tissues is more significant than the DC populations in the tumors treated by PTT only and GC only. T cells from the LIT group tend to upregulate the expression of CD69, proving that LIT activates T cells. To visualize the interaction between GC and DCs, GC was labeled with FITC (a green fluorescence tag) and incubated with DCs before imaging with a confocal microscope. GC-FITC was colocalized with the DCs. Since DCs have a potent phagocytic activity, GC is engulfed by DCs. PTT+GC induces a strong pro-inflammatory response since the levels of TNF- and IFN- are significantly higher than in the other treatment groups. Since only the primary tumors were treated but not the second ones, the shrinkage observed on distant tumors confirms that LIT induces a systemic anti-tumor immune response involving effector CTLs. About 80% of the surviving mice in the PTT+GC group survived more than 100 days after Panc02 tumor rechallenge while none of the cured mice that were rechallenge with B16-F10 survived. This shows that immune memory is tumor-specific. 
	Overall, LIT is effective against primary tumors and distal metastases. LIT induces tumor cell death, the DAMPs and tumor antigens leading to the activation of DCs. DCs can phagocytose GC, therefore enhancing the anti-tumor immune response. GC+PTT indeed increases the number of effector T cells (CTLs), enhances the secretion of pro-inflammatory cytokines, and allows for the generation of long-term memory T cells, leading to a protection against future tumor threat.
Cancer photo-immunotherapy attracts interest in cancer research, especially since this technology shows promising results for transitional work from bench to bedside. In a study conducted by Wang and colleagues 135, the therapeutic efficiency of PTT was demonstrated. Single-walled carbon nanotubes (SWNTs) were used as functional nanoplatforms for GC loading and intracellular delivery, leading to an improved CTL response. GC showed the best immunostimulant activity and can be used in synergy with PTT for improved therapeutic outcome. To study the LIT-induced T memory cells production, mice were treated with PTT and GC and later rechallenged. Mice showed lower death rates and survived longer after LIT and rechallenge compared to the other treatment groups. Intravital imaging was conducted on melanoma-bearing mice to visualize the tumor-infiltrating lymphocytes (TILs). The fluorescence of TILs shows a colocalization with cancer cells and is much brighter for cells treated with LIT than for the other treatment groups, proving that LIT enables T cells to effectively infiltrate tumors treated with LIT. The long-term survival and acquired resistance against tumor rechallenge was related to T-cell infiltration in tumors and the creation of memory cells able to protect LIT-treated mice from rechallenge. In addition, LIT was combined with ICB using Ipilimumab, Pembrolizumab, and Nivolumab. Ipilimumab blocks CTLA-4 checkpoint activity and therefore restores the immune response of CTLs. Pembrolizumab and Nivolumab are checkpoint drugs involved in PD-1 pathways. Several studies showed that the combination of LIT with anti-CTLA-4 enhanced systemic anti-tumor response and allowed for longer survival of 4T1 tumor-bearing mice. Other synergistic nanocomposites led to in situ vaccination of animals, which developed anti-tumor immune responses, helped by the inhibition of metastases. To further study the promising outcomes of LIT, ten breast cancer patients in stage III and IV with three to six months of life expectancy were treated with PTT+GC. After three years, eight patients were evaluated, four had significant reductions of metastases and one had all lung metastases cured and completely regressed. Eleven patients with a stage III or IV melanoma were treated with LIT and imiquimod (ISPI treatment). Six patients showed a complete response while only two of them partially responded. The 12-month survival rate reached 70%. ISPI could eliminate local tumors and stimulate long-term response. 

Nano-ablative immunotherapy
Nanotechnology in medicine and cancer therapy has been extensively studied because it presents many advantages for cancer treatment such as high loading capacity, and controlled release of drugs. The possibilities of different formulations offer multiple therapeutic options. Multiple nanosystems have been used in cancer therapy 75, 73, with different compositions, structures, shapes, and functions, including spherical nanoparticles, nanotubes, nanocages, nanoplatforms, and nanosheets. A broad range of chemical compositions is being explored to evaluate and compare their efficiencies for cancer treatment, and compatibilities to and synergistic effects with other drugs. For instance, iron oxide nanoparticles have been studied for photothermal ablation of tumor cells as well as gold nanoparticles 136, copper-sulfide nanoparticles 137, carbon nanotubes 131, and graphene. 
For instance, Zhou and colleagues 138 developed a novel treatment strategy for metastatic breast cancer that triggers host antitumor immunity by synergizing photothermal therapy, chemotherapy, and immunotherapy through a complex nanosystem composed of 1) Reduced graphene oxide (rGO), used for its nanoplatform and immunostimulant properties; 2) Mitoxantrone (MTX), used as the chemo-agent and immunostimulant and 3) SB-431542 (SB) was added to the nanosystem for its function of inhibitor of the transforming growth factor beta (TGF-) pathway in the TME. The intratumoral injection of the nanosystem rGO/MTX/SB was followed by non-invasive NIR laser irradiation of the 4T1 tumors. The local primary tumors were destroyed by the treatment and did not grow back, and distant metastases were inhibited (Figure 13). Approximately 70% of the tumor-bearing mice survived after treatment and were long-term survivors, which demonstrates that those cured mice developed a tumor-type specific immunity. Therefore, rGO/MTX/SB + laser irradiation induced an effective in situ cancer vaccination. 
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[bookmark: _Toc109394082]Figure 13. Nanotechnology-based photoimmunotherapy for cancer treatment.
F. Zhou et al, Biomaterials, 2020
[bookmark: _Hlk107428585]Graphene oxide (GO) consists of a single layer of carbon atoms arranged in two dimensions that can be used for multiple applications 139. The chemical structure of the GO molecule is presented in Figure 12C. This thin nanomaterial is used as a drug delivery system140. It is already known that CS-functionalized GO can be used as a potential immunoadjuvant 141, 142. In this study, we will investigate if GC-functionalized GO is feasible and compare its properties with those of CS-functionalized GO. Other advantages of surface functionalization of GO are to improve its biocompatibility, thermal stability, and adjuvant activity 143, 111, 142, 144. In addition, GO has laser light-absorbing properties, which amplifies laser-induced thermal effects, especially in the near-infrared range 144. Therefore, GO has multiple advantages: good water solubility, large specific surface areas, and surface functionalization ability 143. GO can also activate immune cells and trigger immune responses involving toll-like receptors 145, 146, 147. The activation of multiple TLRs would enhance the activity of adjuvants to induce robust immune responses 142, 148. As CS and GC can activate multiple TLRs, CS-functionalized GO and GC-functionalized GO may trigger an effective and rapid anti-tumor immune response. Plus, GC may prevent GO sheets from aggregating and allow nanoparticles to be stable. In this study, GO is used as a light-absorbing agent to enhance the generation of heat caused by PTT and increase tumor cell killing. GO is also used as a nanocarrier for drug delivery of immune-stimulating molecules. 

[bookmark: _Toc109393439]Purpose of the work
[bookmark: _Hlk107428606]The long-term goal of the research presented in this master’s thesis is to develop a nanomaterial-based ablative photo-immunotherapy for cancer treatment. The nanoparticles presented herein are synergistic nanosystems for photo-activated immunotherapy. The nanomaterial of interest is graphene oxide, combined with anti-cancer drugs, either chitosan or GC for cancer treatment applications. The objective of the study is to evaluate the innovative nanosystem GO/GC as a potentially safe and effective immunoadjuvant for laser-initiated immunotherapy for cancer treatment. 
This master’s thesis is organized into three main sections. Since GC has never been loaded on GO sheets before, the first step of the work was to study the feasibility of the nanosystem, followed by the characterization of the main parameters of the newly obtained nanomaterial. The next part of the work was to study the photothermal conversion capability of the nanomaterial for PTT treatment applications using 3D phantoms of embedded light-absorbing tumors. Subsequently, the anti-tumor and immune stimulatory properties of the nanomaterials were evaluated in vitro, to study the synergy of the combination of GO with GC. In the last section, the results will be discussed, future work and planned improvement will be presented. 


[bookmark: _Toc109393440]Study of the photothermal and immunological effects of immunologically modified graphene nanosystems 
[bookmark: _Toc109393441]Materials and Methods 
[bookmark: _Toc109393442]Materials 
Nano graphene oxide (GO) aqueous solution (1 mg/ml) was purchased from Graphene Supermarket (Graphene Laboratories Inc., Ronkonkoma, NY, USA). Chitosan (CS) stock solution (1 wt%, 10 mg/ml) was prepared by dissolving CS powder in 1% (v/v) acetic acid solution. The mixture was stirred overnight to obtain a perfectly homogeneous and transparent CS solution 149. Extensive sonication was required to fully suspend, and dissolve CS. Medium molecular weight CS powder (190-310 kDa) was purchased from Sigma-Aldrich Inc. (St. Louis, MO, USA). Water-soluble N-dihydrogalactochitosan (GC) stock solution (10 mg/ml) with a molecular weight of 210-215 kDa was obtained from Immunophotonics Inc. (St. Louis, MO, USA). Agar was bought from Sigma-Aldrich Inc. (St. Louis, MO, USA). Indocyanine green (ICG) solution (0.1 wt%) was prepared by dissolving ICG powder (Sigma-Aldrich Inc.) in water. Cell Counting Kit-8 (CCK-8) was purchased from Sigma-Aldrich Inc. (St. Louis, MO, USA). Colorimetric 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) kit for cell survival and proliferation assay was purchased from EMD Millipore (Burlington, MA, USA). Mouse IL-6 uncoated ELISA and mouse TNF-alpha uncoated ELISA kits were bought from ThermoFisher scientific (Waltham, MA, USA). All chemicals and reagents were used as received. 

[bookmark: _Toc109393443] Preparation of GO/CS and GO/GC nanoparticles 
The graphene oxide (GO) nanoplatform was assembled with chitosan (CS) and glycated chitosan (GC) to form GO/CS and GO/GC nanoparticles (NPs), respectively. CS and GC polymers were chosen with similar molecular weights to study their interactions with GO nanosheets. GO/CS and GO/GC NPs were prepared by self-assembly of both GO and CS and both GO and GC, respectively, in an aqueous solution through electrostatic interactions. In the typical procedure, the GO solution (0.05 mg/ml) was ultrasonicated for 10 min in a water bath sonicator. Three CS solutions and three GC solutions (0.2 mg/ml, 0.5 mg/ml, and 1 mg/ml) were ultrasonicated to have properly dispersed solutions. Then, the GO solution was added drop by drop to the CS or GC solution at equal volume with gentle stirring. The three GO/CS and three GO/GC ratios (1/4, 1/10, 1/20) were synthesized to assess the stability of the NPs and investigate the loading capacity of the graphene sheets. An excess of CS and GC was used for the functionalization of GO to ensure an optimal interaction between the polymers and the carboxylic groups on the GO nanosheets. If needed, the GO/CS and GO/GC mixtures were ultrasonicated. After stirring at room temperature for 2h, GO/CS and GO/GC NPs were collected by centrifugation (16900 g, 30 min). Unreacted CS, CG, and impurities were removed by washing with Milli-Q water. The obtained GO/CS and GO/GC were re-dispersed in PBS for storage and future experiments. 

[bookmark: _Toc109393444] Characterization of GO/CS and GO/GC nanoparticles 
The pH of GO, CS and GC solutions was measured using a pH meter (VWR, symphony) at 25C. Data were averaged over three independent pH measurements. The colloidal size distribution and surface charge (zeta potential) of the NPs were measured using a dynamic light scattering (DLS) instrument (Malvern ZetaSizer NanoZS, Malvern Panalytical Ltd, Malvern, UK) with a laser wavelength of 632.8 nm. Size and zeta potential were measured at 25C. Data were averaged over three independent colloidal size distribution and surface charge measurements. 

[bookmark: _Toc109393445] Thermal study on near-infrared irradiated nanoparticle-enhanced tissue-mimicking materials
[bookmark: _Hlk103792958]Agar was used to construct soft phantoms that mimic a dye-enhanced inner tumor surrounded by background healthy tissues. Phantoms of tissue-mimicking materials (TMM) simulating surrounding healthy tissues for thermal therapy studies were fabricated by mixing water, milk (20% v/v), and agar (2% w/v) in a beaker with stirring until the mixture looks homogeneous. The dye (GO, GO/CS, GO/GC, or ICG) was added to the solution to obtain dye-enhanced tumor-mimicking phantoms. The solution was then heated with stirring until the temperature reached 90C. The mixture cooled down at room temperature before being transferred to a 50 ml tube for background TMMs and a spherical-shaped mold for dye-enhanced phantoms. Gels were placed in the refrigerator (4-8C) for 24 hours. When solidified, one dye-enhanced spherical gel was placed inside a background TMM. A gel layer was poured on top to cover the spherical gel. Tumor-mimicking phantoms were chosen to be spherical because it best simulates the shape of tumor tissues in vivo. Milk was used for laser light scattering purposes. 2% w/v agar-based gels are commonly used for the construction of TMM 150 151. The dye absorbs the laser light, which increases the temperature of the tissue-mimicking phantom. Dye-enhanced spherical phantoms of target tumors with different dye concentrations (5%, 10%, 30%, 50%, and 80% v/v) were made to evaluate the effect of the dye concentration on light absorption (5%: 2.5 µg/ml GO or ICG, 10%: 5 µg/ml GO or ICG, 30%: 15 µg/ml GO or ICG, 50%: 25 µg/ml GO or ICG, 80%: 40 µg/ml GO or ICG). 
[bookmark: _Hlk106475173]TMMs were irradiated with both 805-nm (Diomed 30 plus, Cambridge, UK) and 980-nm (Angio Dynamics, Queensbury, NY, USA) lasers for 10 min with a power density of 2 W/cm2. Laser light was transmitted and directed to the samples by an optical fiber (Pioneer Optics Company, Bloomfield, CT, USA) with a cylindrical diffuser distributing the light intensity uniformly over the surface area. Temperature was measured at different heights of the TMM to investigate the temperature gradient in the gels. Laser irradiation was stopped after 10 min and the in-depth temperature was measured for an additional 10 min to study the temperature decrease. The temperature was measured using a four-channel thermometer (SD-947, REED) connected to type T thermocouples placed at distinct heights of the TMM, including one being placed inside the dye-enhanced spherical gel (Figure 14A). Temperature changes inside the dye-enhanced tumor-mimicking material was also measured at three separate locations to further evaluate the photothermal conversion ability of GO and ICG as well as the temperature gradient inside the phantom of the tumor (Figure 14B). 
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[bookmark: _Toc109394083]Figure 14. Schematic of the phantom set-up for the thermal study. (A) Temperature measurement at different depths of the tumor-bearing tissue-mimicking materials. The thermocouple T3 is placed in the center of the GO-enhanced spherical gel. The distance between 2 probes is 0.7 cm. (B) Temperature measurement at different depths of the tumor-mimicking spherical phantom. The distance between 2 probes is 0.3 cm.

The needle temperature probes did not prevent the laser light from reaching the deepest parts of the phantoms. The surface temperature of TMMs was measured by a thermal infrared camera (Teledyne FLIR, Sweden). 
Laser beams were circular-shaped with a diameter of 1 cm during experiments. The exact optical powers of lasers were measured by a laser power meter (Ophir Optronics, Inc.) before each irradiation of TMM. All temperature data were averaged over three independent experiments. 


[bookmark: _Toc109393446] Tumor and immune cells culture conditions 
Melanoma B16-F10 cells, dendritic cells 2.4, and bone-marrow derived macrophages (BMDMs) were purchased from American Type Culture Collection (ATCC) (Manassas, VA, USA). Pancreatic Panc02-H7 cells were obtained from Dr. Min Li of the University of Oklahoma Health Sciences Center. Every cell culture media was purchased from Gibco BRL (Gaithersburg, MD).
Pancreatic Panc02-H7 tumor cells, melanoma B16-F10 cells and BMDMs were cultured in Dulbecco’s Modified Eagle Medium (DMEM) (1X) + Glutamax (1X) culture medium containing 10% heat-inactivated fetal bovine serum (FBS) and 1% penicillin/streptomycin. Dendritic cells (DCs) 2.4 were cultured in RPMI-1640 (1X) + Glutamax (1X) culture medium with 10% FBS and 1% penicillin/streptomycin. Cells were cultured at 37C under 5% CO2 and 95% relative humidity conditions. All the cells were cultured following standard protocols. 

[bookmark: _Toc109393447] In vitro cytotoxicity assay on treated tumor cells
The effect of CS, GC, GO, GO/CS and GO/GC exposure (2.5 g/ml GO, 50 g/ml CS and GC) and in vitro PTT on the proliferation of tumor cells was determined by standard Cell Counting Kit-8 (CCK-8) assay (Sigma Inc.) 24 hours after incubation. CCK-8 is a sensitive colorimetric method for the determination of the number of viable cells. CCK-8 assay utilizes the tetrazolium salt WST-8 that produces a yellow-colored formazan dye. The amount of the formazan dye generated by the reduction of WST-8 by dehydrogenases in cells is directly proportional to the number of living cells. 
Tumor cells were seeded into 96-well cell culture plates at a density of 10 000 cells/well in 100 μl culture media. Cells were precultured for 24 h at 37C to allow them to adhere to the bottom of the wells. Cells were then incubated with 2.5 g/ml GO, 50 g/ml CS and GC NPs for 24h. PBS-added cells are the positive controls and PBS-added cell culture media are the negative control wells. Practically, the culture media was replaced by 100 μL of fresh media containing free GO, free CS, free GC, GO/CS, or GO/GC. Panc02-H7 cells were irradiated by the 980-nm laser at a power density of 0.7 W/cm2 for 10 min. B16-F10 were irradiated by the 980-nm laser at a power density of 0.5 W/cm2 for 10 min. Plates were incubated for 24h at 37C. The CCK-8 solution was sterilized with a 0.2 μm membrane filter. The wells were washed with 100 μl PBS three times before 10 μl of CCK-8 solution (10% of the total volume in the well) was added to each well for cell viability measurement. The well plates were gently mixed on an orbital shaker after the addition of the CCK-8 solution to ensure homogeneous repartition of the compounds. The cells were then incubated for another 4 h. The absorbance of each well was measured using a microplate reader (Synergy NEO2, BioTek) at a wavelength of 450 nm. The well plates were gently mixed on an orbital shaker for 10 seconds to ensure homogenous distribution of the color before reading the absorbance. The timeline of the cytotoxicity assays is shown in Figure 15. The viability of non-irradiated cells was measured 24 h after incubation with different compounds (Figure 15A). The viability of laser-irradiated cells was measured 24 h after PTT treatment (Figure 15B). For each sample, the cell viability was calculated as indicated below:

[bookmark: _Hlk89173954]At is the absorbance of the experimental well containing the treated cells (cells with test compounds); Ab1 is the absorbance of the blank well containing medium + GO; Ac is the absorbance of the control well with the untreated cells (cells with PBS); Ab2 is the absorbance of the blank well containing medium only. Indeed, GO has a broad absorption peak and its absorbance is still significant at 450 nm 152. This is the reason why the background noise of GO is subtracted from the absorbance of the experimental wells in case they contain GO. But for cells incubated with free CS and free GC, Ab1 = Ab2. The final cell viability was the average of the cell viability values of six wells in parallel (technical replicates). All relative cell viability data were averaged over three independent experiments. 
MTT was also used as a colorimetric assay for proliferation and cytotoxicity assays, following the same principle as CCK-8. MTT is a pale-yellow substrate cleaved by living cells, leading to the formation of dark blue formazan products. This process requires active mitochondria, and even freshly dead cells do not cleave a significant amount of MTT. MTT was used as an indicator of cell viability as determined by its mitochondrial dependent reduction to formazan. In detail, 100 μl of cells were seeded into 96-well plates at a density of 1 × 105 cells/ml. After incubation for 24 h, the culture media were replaced with 100 μl of fresh media containing free GO, free CS, free GC, GO/CS or GO/GC (2.5 g/ml GO,           50 g/ml CS and GC) for further 24 h. After the cells were washed with PBS for three times,    10 μl MTT (5 mg/ml in PBS) was added to the wells for 4 h. Then, the supernatant was removed by aspiration, and the formazan crystals were dissolved in DMSO (100 μl per well), followed by shaking for 5 min. The absorbance was read using a microplate reader (Spectra Plus, TECAN) at a wavelength of 570 nm. The cell viability (%) relative to control cells was calculated with the same formula as above. For each sample, the final absorbance was the average of those measured from six wells in parallel.
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[bookmark: _Toc109394084]Figure 15. Timeline of the cell toxicity assay for (A) non-irradiated cells and (B) laser-irradiated cells.

[bookmark: _Toc109393448]In vitro immune stimulation and measurement of cytokines release via ELISA 
The potential of the NPs to stimulate immune cells was evaluated by studying the immunostimulanting activity of the nanomaterial and its capacity to induce an inflammatory immune response. Thus, the production of pro-inflammatory cytokines by DCs 2.4 and BMDMs were measured using enzyme-linked immunosorbent assay (ELISA). ELISA tests were used for the quantitative detection of IL-6 and TNF-α. 
To analyze the secretion of cytokines by DCs 2.4 and BMDMs, cells were seeded into 96-well cell culture plates at a density of 1 × 106 cells/ml (200 μl cells/well) and incubated with 10 μl of increasing concentrations of GO (1.5, 2.5, 3.12, 6.25, 12.5, 25, 50, 100 g/ml) for 24 h at 37C. Different GO concentrations were screened to titrate the IL-6 and TNF-α responses of DCs 2.4 and BMDMs. PBS-added cells are the positive controls and PBS-added cell culture media are the negative controls. The cell culture supernatant was collected from each well and the IL-6 and TNF-α levels were measured by ELISA. Extracellular cytokines secreted in cell culture media by treated DCs 2.4 and BMDMs were measured using mouse ELISA kits following the manufacturer’s instructions. 

[bookmark: _Toc109393449]In vitro immune stimulation and analysis of surface markers by flow cytometry
BMDMs and DC 2.4 (1 × 106 cells/ml, 200 μl cells/well) were incubated with 10 μl of increasing concentrations of GC, CS, GO and GO/CS and GO/GC for 24 h at 37C to analyze the phenotype of markers expressed on the surface of cells and evaluate the cellular response to the stimulation by those nanomaterials. 
Stimulated BMDMs were analyzed by flow cytometry. Cells were stained with the following antibodies: CD86-BV605 (Clone GL-1, Cat# 105037), CD40-Pacific blue (Clone 3/23, Cat# 124626), CD38-PE-Cy7 (Clone 90, Cat# 102717), APC Annexin V (Cat# 640920), all from Biolegend (San Diego, CA, USA). CD11c-FITC (Clone N418, Ref 35-0114-U500), CD11b-APC-Cy7 (Clone M1/70, Ref 25-0112-U100), MHC Class II-redFluor 710 (Clone M5/114.15.2, Ref 80-5321-U025), Viability dye Ghost dye-BV510 (Ref 13-0870-T100), all from Tonbo Biosciences (San Diego, CA). 
Stimulated DC 2.4 were analyzed by flow cytometry. Cells were stained with the following antibodies: CD86-BV605 (Clone GL-1, Cat# 105037), CD40-Pacific blue (Clone 3/23, Cat# 124626), CD80-FITC (Clone 16-10A1, Cat# 104705), APC Annexin V (Cat# 640920), all from Biolegend (San Diego, CA, USA). CD11c-PE (Clone HL3, Cat# 553802) from BD Biosciences (San Jose, CA, USA). CD11b-APC-Cy7 (Clone M1/70, Ref 25-0112-U100), MHC Class II-redFluor 710 (Clone M5/114.15.2, Ref 80-5321-U025), Viability dye Ghost dye-BV510 (Ref 13-0870-T100), all from Tonbo Biosciences (San Diego, CA). 
UltraComp eBeads (Ref 01-2222-42) from Thermofisher were used as compensation beads for antibody compensation. Cytometer QC beads (Cat# B7-10001) from Cytek were used as QC beads. All the cells were examined using a Cytek Flow Cytometer (Northern Light, Cyteck biosciences). The data were analyzed using FlowJo software (FlowJo, BD).


[bookmark: _Toc109393450]Statistical analysis 
[bookmark: _Hlk106725991]Statistical analysis was performed using GraphPad Prism 7 (GraphPad Software, Inc., La Jolla, CA, USA). The statistical analysis is described in each figure legend. Data are presented as mean values ± standard deviation (SD). Comparisons between groups were performed by ANOVA (multiple comparisons). If p>0.05, results are not statistically different. Differences were considered to be statistically significant when *p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001.

[bookmark: _Toc109393451]Results 
[bookmark: _Toc109393452]Synthesis and characterization of GO/CS and GO/GC nanoparticles 
[bookmark: _Hlk89172797]GO/CS and GO/GC were prepared by self-assembly of GO, CS, and GC in an aqueous solution. Both GO/CS and GO/GC NPs formed through noncovalent electrostatic interactions since GO is negatively charged, and the polymers (CS and GC) are positively charged at physiological pH. Therefore, GO and CS as well as GO and GC assembled by themselves into nanosystems. Three ratios (1/4, 1/10, 1/20) of GO/CS and GO/GC were synthesized to determine the optimal NPs stability with different polymer concentrations and the capability of loading CS and GC on graphene sheets. 
The pH of the individual solutions was measured before synthesizing the NPs to evaluate the potential of GO to assemble with CS and GC via electrostatic interactions (Figure 16A). The pH of the GO solution was between 6-6.5. CS and GC solutions had a pH of 5.7 and 5.8, respectively. The pHs of the three solutions were close, creating a proper slightly acidic environment where GO could assemble with either CS or GC. Indeed, at this pH range, GO remained negatively charged and CS and GC were polycationic. Plus, the pHs of CS and GC were alike, which confirmed that they could assemble with GO similarly. 
[bookmark: _Hlk89251666]The expected NPs synthesis was first verified by size measurement (Figure 16B). The colloidal size distribution of GO and the solutions of the three ratios of GO/CS and GO/GC in aqueous solutions were characterized using dynamic light scattering (DLS). The free GO size was in the diameter range provided in the product datasheet (90 nm-200 nm). GO/CS and GO/GC had bigger sizes than free GO, showing that CS and GC were successfully loaded on the GO sheets. More GO sheets were conjugated to the polymers when the proportions of CS and GC increased. However, the NPs size was not proportional to the ratio, as 1/20 NPs were not two times bigger than 1/10 NPs, which could suggest a limited number of loading sites on the GO nanosheets. The 1/4 and 1/10 ratios showed aggregation while the 1/20 GO/CS and 1/20 GO/GC remained stable without forming aggregates. Therefore, 1/20 NPs solutions were more homogeneous than other ratios because the high concentration of the surfactant molecules CS and GC helped to stabilize the nanosystems. It was noticed that GO/GC NPs were more stable and more easily dispersed in water and PBS than GO/CS, showing that GC has better surfactant properties than CS, thus preventing GO NPs to clump. 
Zeta potential analysis further validated the successful synthesis of GO/CS and GO/GC NPs (Figure 16C). The zeta potential of free GO was -35 mV, which confirmed that free GO is negatively charged at physiological pH. After functionalization with cationic CS and GC, GO/CS and GO/GC NPs were positively charged. The higher the CS and GC concentrations, the higher the surface zeta potential, proving that more polymers were loaded on GO sheets. The zeta potential of 1/4 GO/CS and 1/4 GO/GC was positive, which means that enough CS and GC were loaded on GO even at the lowest tested ratio. The highest zeta potential values were observed for the 1/20 ratios, showing that 1/20 GO/CS and 1/20 GO/GC NPs presented the highest proportion of functionalized GO nanosheets. In short, cationic CS and GC showed strong electrostatic interactions with anionic GO, which led to the successful formation of positively charged GO/CS and GO/GC NPs. 
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[bookmark: _Toc109394085]Figure 16. Characterization of graphene oxide (GO), chitosan (CS), glycated chitosan (GC), CS-functionalized GO (GO/CS) and GC-functionalized GO (GO/GC) nanoparticles (NPs). (A) pH of GO (1 mg/ml), CS (10 mg/ml), and GC (10 mg/ml) solutions; (B) Size measurement (colloidal size distribution) of free GO and 1/4, 1/10, 1/20 ratio of GO/CS, and GO/GC NPs in Milli-Q water; (C) Zeta potentials (surface charge) of free GO and 1/4, 1/10, 1/20 ratio of GO/CS and GO/GC NPs in Milli-Q water. The concentrations of the solutions are the following: 1/4 NPs: 0.05 mg/ml GO, 0.2 mg/ml CS and GC. 1/10 NPs: 0.05 mg/ml GO, 0.5 mg/ml CS and GC. 1/20 NPs: 0.05 mg/ml GO, 1 mg/ml CS and GC. Data are presented as mean ± SD (n=3).

Overall, with the size and zeta potential results, the successful binding between GO and CS, as well as between GO and GC was confirmed. Compared with free GO, GO/CS and GO/GC had bigger sizes and positive surface charges. Anionic GO and polycationic polymers CS and GC could self-assemble by electrostatic interactions. The 1/20 GO/CS and 1/20 GO/GC were the most stable NPs, but 1/20 GO/GC were the most uniformly dispersed and stable NPs. 
Therefore, thermal and cell studies were conducted using exclusively 1/20 GO/CS and 1/20 GO/GC. 

[bookmark: _Toc109393453]Thermal effect of near-infrared irradiated nanoparticle-enhanced phantoms of tumors
Thermal studies were conducted on phantoms of agar-based soft tissue-mimicking materials (TMMs), which mimic healthy tissues. TMMs contained GO-enhanced spherical phantoms to mimic absorption-enhanced target tissues to investigate the thermal effect of GO when irradiated with a near-infrared laser. Temperature changes in GO-enhanced TMMs were compared with the thermal effects of GO/CS, GO/GC, and indocyanine green (ICG). The dye-enhanced gel phantoms were made spherical because this shape mimics tumors growing in in vivo tissues. Plus, the goal of the treatment is to inject GO, GO/CS, and GO/GC inside the tumor to combine anti-tumor drug delivery with cancer cells killing via ICD induced by photothermal therapy (PTT). Therefore, dye-enhanced gel phantoms were made to mimic the tumor containing GO or GO/GC or GO/CS NPs. TMMs containing dye-enhanced tumor-mimicking gels were irradiated with lasers at wavelengths of 980 nm and 805 nm for 10 min. The temperature of the spherical tumor-mimicking phantoms was measured. Increasing GO and ICG concentrations were tested to study the correlation between the dye concentration and its thermal effect intensity. 
Temperature changes were measured at four different depths of the irradiated phantom as depicted on the schematic of the experimental set-up in Figure 17A to determine the diffusion of the heat following a vertical thermal gradient. As shown in Figure 17B, the temperature of the different spots in the TMM is inversely proportional to the distance to the tip of the laser fiber, the surface of the gel being the hottest measured spot and the bottom of the gel being the coldest area. This confirms the heat diffusion in the irradiated TMM and the thermal effect of NIR laser irradiation on phantoms of tissues. 
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[bookmark: _Toc109394086]Figure 17. In -depth temperature measurement of laser irradiated tissue-mimicking materials (TMM). (A) Schematic of the set-up for the measurement of the temperature changes at different depths of the tumor-bearing tissue-mimicking materials. The temperature was measured using a four-channel thermometer connected to four type T thermocouples placed at different heights of the TMM (T1-T4 on the schematic), including one being placed inside the dye-enhanced spherical gel (T3). (B) Temperature changes at different depths of the GO-enhanced TMM that was irradiated at 980 nm for 10 minutes. The thermocouple T3 measures the temperature changes at the center and the middle of the GO-enhanced spherical gel.

Figure 18 illustrates the temperature changes measured at the center and the middle of the dye-enhanced spherical tumor phantoms. The evolution of the temperature was compared for different dye concentrations to study the effect of the dye percentage in the phantom on the temperature changes. The temperature was higher when GO-enhanced TMMs were irradiated at 980 nm than at 805 nm (Figure 18A and B). Gel phantoms reached almost 50C at 980 nm whereas the maximum temperature was only 30C at 805 nm. Indeed, GO in an aqueous solution was used to prepare the TMMs and pure water has a strong absorption peak at 980 nm 153, 154, 155. Figure 18C shows that GO, GO/CS and GO/GC-enhanced phantoms reached higher temperatures at 980 nm than at 805 nm. It was expected that GO/CS and GO/GC react the same way as free GO when irradiated with a near-infrared laser because GC and CS don’t have any absorption peak or thermal property at near-infrared wavelengths 156, 157. 
The next part of the thermal study on TMMs was to compare the thermal effects of GO and ICG dyes, ICG being another dye used for tumor treatment by laser immunotherapy. To compare the effectiveness of GO and ICG in terms of laser light absorption capacities, ICG-enhanced spherical tumor phantoms were placed in surrounding agar-based TMMs. Those gels were irradiated at 805 or 980 nm, and the temperature changes of the ICG-enhanced TMMs were measured. The tested ICG concentrations in ICG-enhanced gels were the same as GO-enhanced gels so that GO and ICG thermal effects with the same dye concentrations can be compared. This way, it also showed how the thermal effect of ICG depended on its concentration in TMMs. Figure 18D illustrates that GO-enhanced TMMs irradiated at 980 nm reached the highest temperature, followed by the ICG-enhanced gels irradiated at 805 nm. 
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[bookmark: _Toc109394087]Figure 18. Thermal study on spherical dye-enhanced tumor phantoms. (A) TMMs with GO-enhanced spherical gels irradiated at 805 nm for 10 min; (B) TMMs with GO-enhanced spherical gels irradiated at 980 nm for 10 min; (C) GO/CS- and GO/GC-enhanced TMMs compared with GO-enhanced TMMs; (D) 50% GO- and 50% ICG- enhanced TMMs thermal effects comparison. 5%: 2.5 µg/ml GO, 10%: 5 µg/ml GO, 30%: 15 µg/ml GO, 50%: 25 µg/ml GO, 80%: 40 µg/ml GO, 10% GO/GC and 10% GO/CS: 5 µg/ml GO and 100 µg/ml CS and GC. GO and ICG are at the same concentrations in the phantoms, thus 50% ICG: 25 µg/ml ICG. The power density is 2 W/cm2 at 805 nm and 980 nm. (n=3).

Figure 19 depicts the temperature changes at different depths of the GO-enhanced spherical phantom of tumors. The temperature difference between the probes was approximately constant for each dye concentration, showing a proper distribution of the energy generated by the laser irradiation. Those results confirmed the higher thermal conversion potential of GO when irradiated at 980 nm than at 805 nm, since tumor phantoms reached higher temperature at the highest wavelength. Phantoms of tumors containing 50% GO showed the most uniform diffusion of heat along a vertical temperature gradient and reached the highest temperature compared to the other GO-enhanced phantoms of tumors. 
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[bookmark: _Toc109394088]Figure 19. Temperature changes at different depths of GO-enhanced spherical phantom of tumors irradiated for 10 min with near-infrared lasers. The power density is 2 W/cm2 at 805 nm and 980 nm. (n=3). The distance between two probes is 0.3 cm., 10%: 5 µg/ml GO, 50%: 25 µg/ml GO.

Overall, the GO-enhanced phantoms gained 20C when irradiated. A 20C increase in temperature in vivo is considered efficient to kill tumor cells. Plus, the dye-enhanced spherical gels were 1 cm in diameter and the thermocouple was placed in the middle of the gel. It means that the temperature of the TMMs increased by 20C on half a centimeter. Therefore, the most promising results were obtained with GO-enhanced gel phantoms irradiated at 980 nm and ICG-enhanced gels at 805 nm. In short, GO-enhanced TMMs showed a promising temperature increase at 980 nm and convincing thermal effect compared to ICG for laser immunotherapy. Plus, a proportion of 10-50% dye in the 3D model of tissue allowed for an efficient temperature increase and heat distribution inside the tumor phantoms. 

Subsequent to the study of the thermal effect of near-infrared irradiated GO NPs in 3D tumor phantoms, the effects of GO/CS and GO/GC on tumor cells and immune cells were explored in vitro. Cell studies were exclusively conducted with 1/20 GO/CS and 1/20 GO/GC solutions because they are the most stable NPs compared to 1/4 and 1/10 ratios. Those NPs were further evaluated on cells to compare their effect on cancer cells killing and immune stimulation. 

[bookmark: _Toc109393454]In vitro tumor cell toxicity induced by nanoparticles-based PTT
To assess the synergistic effects of GO/CS- and GO/GC-based LIT, the potential cytotoxicity of the NPs to the aggressive pancreatic Panc02-H7 cell line was investigated. CCK-8 and MTT kits were used to conduct the cytotoxicity assays. This experiment aimed to evaluate the tumor cells killing effect of NPs + PTT. Cells were incubated with either free GO, free CS, free GC, GO/CS or GO/GC. Cell viability was measured after treatment, either 24h after NPs incubation for non-irradiated cells, or 24h after NPs incubation + PTT for irradiated tumor cells (980 nm, 10 min, 0.7 W/cm2 for Panc02-H7 and 0.5 W/cm2 for B16-F10). 
As shown on Figure 20A, the incubation with free GO led to 30% cell killing when pancreatic tumor cells were not irradiated. The tumor cell killing effect of GO was enhanced by PTT, since 70% of the cells treated with GO + PTT were killed. Cells treated with free GO + PTT had the lowest viability compared to the other treatment groups. Thus, the combination of GO + PTT was the most efficient treatment to kill pancreatic tumor cells by augmentation of temperature. CS and GC without PTT were not toxic to the pancreatic tumor cells since viability was around 100% for those two groups. However, cells incubated with GO/CS and GO/GC exhibited 80% viability without laser irradiation. GO/CS and GO/GC killed 20% of the cells, due to GO cytotoxicity. Nevertheless, GO/CS and GO/GC were less cytotoxic than free GO. Even if CS and GC were not toxic to the cells, groups treated with CS + PTT and GC + PTT showed 80% viability. The 20% cell death was caused by the laser irradiation of the tumor cells. GO/CS + PTT or GO/GC + PTT led to 50% viability only, which suggests that the coating of GO with CS and GC improves the biocompatibility of the nanosheets. Overall, a similar trend was observed for both non-irradiated and irradiated pancreatic tumor cells but the combination of NPs incubation with PTT induced more cell death compared to NPs in vitro exposure only. The biocompatibility of GO was improved by the functionalization with CS and GC, GO/CS and GO/GC showing limited cytotoxicity. However, free GO-enhanced laser light absorption caused significant heat-induced Panc02-H7 tumor cell death in the GO+PTT treatment group. 
[bookmark: _Hlk100939036]The synergistic effects of GO/CS- and GO/GC-based PTT were also studied on the aggressive melanoma B16-F10 cell line. The aim was to investigate if B16-F10 cells are responsive to the combination treatment in the same way Panc02-H7 were. Cell viability was measured after treatment, either 24h after NPs incubation for non-irradiated cells, or 24h after NPs + PTT (980 nm, 10 min, 0.5 W/cm2) for irradiated cells. The power density used to irradiate melanoma cells is lower than the one used for PTT on pancreatic tumor cells because melanoma cells are pigmented and naturally absorb more laser light than Panc02-H7 because of their dark color. 
Alike pancreatic Panc02-H7, melanoma B16-F10 were first cultured with free GO, free CS, free GC, GO/CS, and GO/GC. As shown in Figure 20B, results are really similar to the ones presented in Figure 20A, which demonstrates that the cytotoxicity assays were reproducible between different tumors. Therefore, the GO/GC+PTT and GO+PTT treatments were similarly efficient to kill pancreatic and melanoma cells, suggesting that this therapy could be applied for the thermal ablation of multiple tumor types. 
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[bookmark: _Toc109394089]Figure 20. In vitro cytotoxicity assay. (A) Relative cell viability of pancreatic Panc02-H7 cells incubated with free GO, free CS, GO/CS, free GC, and GO/GC (2.5 g/ml GO and 50 g/ml CS and GC) for 24h without laser irradiation and with laser irradiation (980 nm, 10 min, 0.7 W/cm2). (B) Relative cell viability of melanoma B16-F10 cells incubated with free GO, free CS, GO/CS, free GC, and GO/GC (2.5 g/ml GO and 50 g/ml CS and GC) for 24h without laser irradiation and with laser irradiation (980 nm, 10 min, 0.5 W/cm2).
Data are presented as mean ± SD (n=6). Relative cell viabilities in all samples were normalized to the control PBS-added samples without laser irradiation (100% viability). Error bars were based on SD of six samples in parallel (technical replicates). Three independent experiments were conducted. P values were calculated by two-way ANOVA (or mixed model): *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

[bookmark: _Toc109393455]In vitro immune stimulation and nanoparticles potential as immunostimulating agents 
Dendritic cells (DCs) and macrophages are antigen-presenting cells (APCs). Therefore, they have important functions in the immune system, such as in the initiation and regulation of immune responses. When stimulated, those APCs produce many cytokines involved in important immune pathways, including cellular immunity activation. Indeed, as APCs, macrophages, and DCs present antigens to cells of the adaptive immune system, such as CD8+ T cells. Once CTLs are activated by APCs, they can kill abnormal self-cells like tumor cells. 
To investigate the immune effect of GO, CS, GC GO/CS, and GO/GC, those NPs were incubated with bone marrow-derived macrophages (BMDMs) and DCs. The objectives were to study the immune stimulation of DC 2.4 and BMDMs by those NPs, and to assess whether DC 2.4 and BMDMs are activated in a similar manner and produce the same cytokines when stimulated with different compounds. Thus, DC 2.4 and BMDMs were incubated with different drugs at indicated concentrations, and the levels of secreted cytokines were measured by ELISA. Interleukin 6 (IL-6) and Tumor necrosis factor (TNF)-α are inflammatory cytokines produced by monocytes, macrophages, and dendritic cells in response to stress conditions during acute inflammation. The goals of incubating immune cells with potentially immunostimulatory drugs is to enhance the secretion of those inflammatory cytokines by stimulated immune cells and study the effect of NPs on the inflammatory system biomarkers IL-6 and TNF-α produced by DC 2.4 and BMDMs. 
[bookmark: _Hlk107328517]First, BMDMs were incubated with free GO, free CS, GO/CS, free GC, and GO/GC (2.5 g/ml GO and 50 g/ml CS and GC) for 24h. The levels of IL-6 and TNF-α secreted by the BMDMs are shown in Figure 21A and B, respectively. The strongest IL-6 and TNF-α responses were observed for macrophages incubated with 2.5 g/ml GO. Every other component stimulated the production of those pro-inflammatory cytokines as well but were less effective. To understand the effects of the concentration of GO and GC on the cytokine secretion, BMDMs were incubated with increasing concentrations of those components (see indicated concentrations), as shown in Figure 21 C-D. The cytokines levels detected at 2.5 g/ml GO and 50 g/ml GC confirmed the results in Figure 21A and B. 25 g/ml GO seemed to be the optimal concentration to observe a maximal IL-6 secretion (Figure 21C), whereas the TNF-α response is proportional to the GO concentration (Figure 21D). The levels of IL-6 and TNF-α secreted by BMDMs incubated with increasing concentrations of GC (Figure 21E-F) were not concentration-dependent and were much lower than for GO-incubated cells. 
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[bookmark: _Toc109394090]Figure 21. (A) Levels of IL-6 secreted by BMDMs incubated with the indicated NPs (2.5 g/ml GO and 50 g/ml CS and GC). (B) TNF-alpha secreted by BMDMs incubated with the indicated NPs (2.5 g/ml GO and 50 g/ml CS and GC). (C) IL-6 secreted by BMDMs incubated with the indicated concentrations of GO. (D) TNF-alpha secreted by BMDMs incubated with the indicated concentrations of GO. (E) IL-6 secreted by BMDMs incubated with the indicated concentrations of GC. (F) TNF-alpha secreted by BMDMs incubated with indicated concentrations of GC. Data are presented as mean ± SD (n=3).

Since GO seemed to have the best stimulating effect compared to CS and GC, the response of macrophages to the stimulation by GO was compared to the response of DCs. Thus, GO solutions of different concentrations (100, 50, 25, 12.5, 6.25, 3.12, 1.56 µg/ml) were screened to evaluate the IL-6 and TNF-α responses of DCs 2.4 and BMDMs. The levels of secreted IL-6 in DCs 2.4 and BMDMs samples are shown in Figure 22A and B. DCs 2.4 and BMDMs produced detectable levels of IL-6 when incubated with GO solutions in a range of 1.5-100 µg/ml. No IL-6 was detected in the negative control, which corresponds to unstimulated cells. DC 2.4 and BMDMs secreted IL-6 even at the lowest GO concentrations. Macrophages seemed more responsive to GO than DC 2.4 since IL-6 levels were higher for GO stimulated BMDMs than GO stimulated DC 2.4. TNF-α concentration in DCs 2.4 and BMDMs samples is illustrated in Figure 22C and D. DCs 2.4 and BMDMs produced detectable levels of TNF- when incubated with GO solutions in a range of 1.5-100 µg/ml. Unstimulated DC 2.4 and BMDMs produced TNF-, this basal level of expression in non-stimulated immune cells being common for those immune cell types 158. At 2.5 µg/ml GO, DCs 2.4 started to secrete significant levels of TNF-, whereas BMDMs began to produce significant levels of TNF- only at 25 µg/ml GO. Overall, GO stimulated dendritic cells and macrophages, as they released pro-inflammatory cytokines. 
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[bookmark: _Toc109394091]Figure 22. Cytokines secretion by dendritic cells 2.4 (DCs 2.4) and bone marrow-derived macrophages (BMDMs) exposed to indicated concentrations of graphene oxide (GO).         (A) Cytokine IL-6 secreted by DCs 2.4 after 24 h incubation with GO. (B) Cytokine IL-6 secreted by BMDMs after 24 h incubation with GO. (C) Cytokine TNF-alpha secreted by DCs 2.4 after 24 h incubation with GO. (D) Cytokine TNF-alpha secreted by BMDMs after 24 h incubation with GO. Data are presented as mean ± SD (n=4).

[bookmark: _Toc109393456][bookmark: _Hlk107853360]In vitro immune stimulation and analysis of surface markers by flow cytometry
To investigate the immunostimulatory effects of the nanomaterials, macrophages incubated with GC were analyzed by flow cytometry to phenotype their surface markers. In this work, we will only focus on the expression of the following phenotype markers: CD38, CD40 and CD86. 
The gating strategy that was applied to obtain the results from the raw data collected by the flow cytometer is described in Figure 23A. First, the major macrophage population was isolated with an ellipse gate. On those gated events, the live cells were isolated. Then, the frequency of expression of the surface markers expressed by those live cells were analyzed. The live and dead cells groups were populated with the quadrant shown on Figure 23A. The quadrant isolated three main populations: live and not stressed (LiveDead- and AnnV-), live and stressed (LiveDead- and AnnV+), dead (LiveDead+ and AnnV+). 
	To evaluate the effects of GC on the viability of activated DMDMs, the evolution of the live and dead cell population densities was measured (Figure 23B). The more the GC concentration increased, the more the population of dead macrophages was big, which means that GC kills macrophages. At the highest GC concentration, almost all macrophages were dead. One can lake the hypothesis that GC induces macrophages death to recruit more immune cells to the tumor site and further activate the anti-tumor immune response. 
	The next step of the work was to measure the changes in the expression of the markers to evaluate the effects of GC on inflammatory macrophages phenotype modulation, as depicted on Figure 23C. 
CD11b is a marker for monocytes, macrophages, granulocytes and natural killer cells. The expression of the marker was constant when the GC concentration increased. CD11b is not a marker of cell activation, it was used as a baseline marker, a reference to compare the expression of the other markers. 
CD38 was upregulated in inflammatory BMDMs. A baseline expression of CD38 is expected for the usual metabolic functions but a high expression of CD38 is correlated to the enhanced inflammatory cytokine production. 
CD40 is a costimulatory molecule for antigen presentation and is expressed by stimulated macrophages. A basal expression of CD40 was measured because macrophages are APCs. However, when cells were incubated with GC, the expression of CD40 was upregulated. GC might enhance the antigen presentation ability of macrophages. 
CD86 is expressed on antigen-presenting cells to provide the costimulatory signals necessary for T cell activation. Therefore, GC enhanced the ability of macrophages to stimulate a T cell response against the tumor. 
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[bookmark: _Toc109394092]Figure 23. In vitro immune stimulation and analysis of surface markers by flow cytometry. (A) Gating strategy applied to the flow cytometry data for future analysis. (B) Effects of GC on the viability of activated BMDMs. (C) Expression of the BMDMs activation markers.

Overall, those results showed that GC induces an activated proinflammatory phenotype in the stimulated BMDMs. 


[bookmark: _Toc109393457]Discussion
Polycationic CS and GC polymers of similar molecular weight showed strong electrostatic interactions with negatively charged GO nanosheets, which led to the formation of both positively charged GO/CS and GO/GC NPs, as shown on Figure 16. Deprotonated carboxylic acids of GO are believed to react with protonated amine groups of CS and GC at pH 7. Cationic and hydrophilic NPs might interact easily with cell membranes that are usually negatively charged. The NPs charge may facilitate cellular uptake and enhance drug delivery efficiency. 
Because of the interaction between the hydrophilic CS and GC, which have a pKa ≈ 5.5159, the polymer-grafted GO sheets can be water-soluble with moderate sonication. However, GO can be dissolved in water but congregate in physiological solutions rich in salts or proteins due to electrostatic charges and nonspecific protein binding. Indeed, NPs can be covered by proteins, like FBS, forming a protein corona around the NPs. Due to the protein binding, the size of the NPs increases, and the surface charge can be modified, which disturbs the therapeutic effect of the NPs 111. Therefore, the surfactant properties of GC are important to obtain a homogenous solution of NPs. The solubility of GO/CS and GO/GC is substantially enhanced by the water-solubility of GC, whereas it is difficult to obtain water-soluble CS. This is the reason why an excess of polymers prevents the NPs to congregate, as demonstrated by the fact that 1/20 GO/CS and 1/20 GO/GC are the most stable NPs compared to the 1/4 and 1/10 NPs, because of the surfactant properties of GC and CS. GC is even more water-soluble than CS, and is a better surfactant than CS, hence 1/20 GO/GC NPs are more stable than 1/20 GO/CS. The hypothesis of the limited number of loading sites on the surface of the GO nanosheets could be explained by the limited availability of the carboxylic groups of GO or by the steric hindrance of the polymers wrapping around the sheets. Overall, 1/20 GO/CS and 1/20 GO/CS were stable samples. The average size of the NPs is enough for our applications. 
[bookmark: _Hlk107503121]GO/CS and GO/GC NPs had similar thermal effects as GO (Figure 18C). It means that the functionalization of the GO sheets does not prevent GO from absorbing laser light, which is promising for future LIT treatment. Both GO and ICG showed a strong thermal effect but GO had a better photothermal conversion ability than ICG at 980 nm (Figure 18D). GO-enhanced phantoms of light-absorbing tumors showed a promising 20C temperature increase at 980 nm. Both GO and ICG are in aqueous solutions so both GO- and ICG-enhanced TMMs have a strong near-infrared laser light absorption capacity when irradiated at 980 nm. It means that the strongest thermal effect observed for GO-enhanced phantoms compared to ICG at 980 nm is due to GO absorption capacity at 980 nm. Overall, GO had a stronger thermal effect than ICG at 980 nm. In vivo, 20C augmentation in temperature means that tissues heat up from 37C to 47C. Even though each tumor and TME are unique, there is a consensus that effective PTT requires the tumor temperature to be comprised between 50 and 60 C under near-infrared irradiation. This temperature range allows for optimal tumor cell killing and immune stimulation by ICD 160, 161, 162. Thus, results obtained on TMMs are promising, showing the efficiency of the near-infrared laser light absorption by GO, GO/CS, and GO/GC NPs when combined with PTT in a 3D model. In an animal model, the temperature reached by tumor tissues containing GO, GO/CS, and GO/GC NPs might be higher when irradiated with laser because of the blood flow and vasculature. 
	As suggested by the cytotoxicity of the NPs to the pancreatic and melanoma tumor cells (Figure 20), it seems that CS and GC protected the cells from the cytotoxicity of the GO + PTT treatment. One may hypothesize that CS and GC wrap around the GO sheets and might decrease the surface of GO exposed to laser light, hence decreasing the light absorption by the graphene sheets, which might prevent an optimal thermal effect. Nevertheless, significant decrease in the tumor cell viability was noticed when cells are treated with the combination therapy GO/CS + PTT and GO/GC + PTT. One can consider that the functionalization of GO by CS and GC allows for PTT monitoring by adjusting the near-infrared laser light absorption of GO and does not prevent the ICD of tumor cells by heat. 
GO efficiently stimulated the secretion of IL-6 and TNF- by BMDMs and DC2.4 (Figures 21 and 22). However, the productions of IL-6 and TNF- due to the CS and GC stimulations were dose-independent. Therefore, the immune response of BMDMs and DC2.4 to GO might involve pathways that are different from the stimulation by CS and GC. In Dr. Chen’s lab, Dr. Hoover showed that GC activates the production of type I IFN and IL-1β. Consequently, GO/CS and GO/GC NPs might stimulate the production of different cytokines involving separate pathways: IL-6 and TNF- induced by GO, and type I IFN and IL-1β induced by GC. The nanosystems might synergize those cytokines, which will be investigated in the future for anti-tumor purposes. 
As shown by the flow cytometry results in Figure 23, the advantage of GC is its capability to induce an inflammatory cell death that further enhances APC recruitment and activation. Markers of cell activation are upregulated, and the cells can be phenotyped as M1 macrophages. Therefore, GC-stimulated BMDMs are 1) CD38+, showing that they have an enhanced inflammatory activity; 2) CD40+, presenting an enhanced antigen-presentation ability; and 3) CD86+, hence being able to augment the T-cell stimulation. Those M1 macrophages express specific phenotype markers such as those co-stimulatory molecules and are involved in triggering intensive inflammation. M1-phenotype macrophages promote inflammation by secreting pro-inflammatory cytokines such as IL-6 and TNF-alpha and have an anti-tumor function. 

[bookmark: _Toc109393458]Conclusion and future work
Overall, the present work focused on the properties of the GO/GC nanomaterial for nano-ablative photo-immunotherapy purposes. Our feasibility study proved that CS and GC could be used to functionalize the GO sheets. GO/CS and GO/GC nanocomposites were successfully synthesized through non-covalent assembly. The resulting GO/GC nanosystem was stable. Since GO, the nanocarrier, is cationic, it was able to form electrostatic complexes with CS and GC. GO/CS and GO/GC NPs had bigger sizes than free GO and presented positive charges. Subsequently, the photothermal conversion ability of the nanomaterial was evaluated under NIR light, by irradiating GO-enhanced tissue-mimicking materials to evaluate the potential of GO for the treatment of tumors by PTT. Irradiation by the 980-nm laser increased the temperature by 20C in the center of the GO-enhanced phantoms of tumors. This temperature elevation is promising, being in the optimal range for in vivo PTT treatment. These results demonstrate the potential of GO for the treatment of tumors by PTT. Furthermore, in vitro studies were conducted to study the interactions between GO/CS and GO/GC with dendritic cells (DCs) and tumor cells. The GO/GC+PTT (LIT) treatment efficiently induced the death of pancreatic tumor and melanoma cells, with GO providing a central function in the thermal ablation of tumor cells. In addition, DCs and macrophages were stimulated by the NPs and produced pro-inflammatory cytokines, hence showing the potential of GO/GC for antitumor immune response. Stimulated macrophages were analyzed by flow cytometry to phenotype their surface markers and compare them with the unstimulated state. Stimulated macrophages upregulated the expression of surface markers of activation and present a CD38+ CD40+ CD86+ phenotype. Those M1 macrophages have a specific anti-tumor activity when stimulated by GC, which induces an activated pro-inflammatory phenotype in the BMDMs. 

In the future, more in vitro studies will be conducted in order to better understand the immune stimulation effect of GO, CS, GC, GO/CS and GO/GC. The upregulation of the markers of cell activation will be correlated with the cytokine production by stimulated immune cells. One of the next steps of this work is to visualize the NP-cell interaction by fluorescence microscopy and analyze the cell lysates to see if the GO/CS and GO/GC NPs can be phagocytosed by DCs and macrophages. This will open the way to an in-depth study of the mechanism of GO/CS and GO/GC in DCs and macrophages, by exploring the endocytosis pathways and determining the functions of the two nanosystems on different immune cells. The future aims are 1) to evaluate the therapeutic effects of GO/CS and GO/GC combined with PTT using different tumor models in animals; 2) to investigate the systemic antitumor effect of NPs for cancer vaccination; 3) to explore the mechanism of the immune system in response to the stimulation by laser-initiated immunotherapy; and 4) to study the synergistic effect of GO/CS or GC/GC potentiated LIT with immune checkpoint blockade therapy to further improve the treatment efficacy. 
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