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Melanoma is an aggressive type of skin cancer that accounts for over 75% of skin cancer deaths despite comprising less than 5% of all skin cancers. Despite promising improvements in surgical approaches for melanoma resection, the survival of undetectable microtumor residues has remained a concern. As a result, hyperthermia- and drug-based therapies have grown as attractive techniques to target and treat cancer. In this work, we aim to develop a stimuli-responsive hydrogel based on chitosan methacrylate (ChiMA), porcine small intestine submucosa methacrylate (SISMA), and doxorubicin-functionalized reduced graphene oxide (rGO-DOX) that eliminates microtumor residues from surgically resected melanoma through the coupled effect of NIR light-induced photothermal therapy and heat-induced doxorubicin release. Furthermore, we developed an in silico model to optimize heat and mass transport and evaluate the proposed chemo/photothermal therapy in vitro over melanoma cell cultures.
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INTRODUCTION
Melanoma is a type of skin cancer that arises from the malignant transformation of melanocytes, cells derived from the neural crest stem cells (NCSCs) that produce melanin in the skin. From the several existing types of melanomas, cutaneous melanoma is recognized as the most prevalent (Rebecca et al., 2020). The severity of melanoma resides in it accounting for over 75% of the total skin cancer deaths despite comprising less than 5% of all skin cancers (Cummins et al., 2006; Shenenberger, 2012). The NCSC origin of melanocytes has been thought to be responsible for the ability of melanoma to both migrate and thrive in major organs, such as the brain and the lungs (Rebecca et al., 2020). Moreover, its characteristic high proliferation rate and early metastasis to the lymphatic and blood tracts cause over 60% of melanoma patients to fail to respond adequately to current treatments such as radiotherapy and chemotherapy (Joyce and Skitzki, 2020; Sandru et al., 2020). Despite recent improvements in the diagnosis, staging, classification, and treatment of cutaneous melanoma, the development of novel approaches to target the persisting melanoma cells remains challenging (Coit et al., 2019; Yang et al., 2019).
Surgical approaches for skin cancer are generally based on only resecting the visible tumor in an attempt to preserve the largest possible area of healthy tissue, as removing large portions of the skin may lead to compromising critical homeostatic functions (Thomas et al., 2003; Blanpain and Fuchs, 2009). However, this approach might result in an increased risk for cancer recurrence from the settlement and proliferation of undetected malignant cells (Hocevar et al., 2014; Nosrati et al., 2017). To overcome this difficulty, Dr. Frederick Mohs proposed an alternative procedure in which thin layers were circumferentially excised around the clinical margins of the tumor until no cancer cells were identified in their histology micrographs (Joyce and Skitzki, 2020; Prickett and Ramsay, 2022). Mohs micrographic chemosurgery has considerably improved the outcome of melanoma patients over the last decades, but the everlasting concern for the survival of microtumor residues has led to the development of complementary novel techniques for cancer treatment, such as hyperthermia- and drug-based therapies (Coit et al., 2019; Joyce and Skitzki, 2020).
Hyperthermia refers to the local increment of temperature to induce protein denaturation, membrane destabilization, and cell necrosis and apoptosis (Zhu et al., 2012). Reports have shown that cancer cells are highly sensitive to hyperthermia, making it an attractive approach for cancer ablation if properly focused over malignant tissue (DeNardo and DeNardo, 2008; Sarkar et al., 2015). In photothermal therapy, which is based on the conversion of light into heat by a photothermal transduction agent (PTA), it is possible to focus the collimated beam of a laser in the near-infrared (NIR) spectrum on a specific population of cells, thus achieving the localized heating of a tumor without significantly damaging the adjacent healthy tissue (Shao et al., 2018; Vines et al., 2019; Zhang et al., 2019). This type of application is particularly useful for skin cancer since light stimuli will not be attenuated by tissue penetration (Fernandez-Villamarin et al., 2019). Among the most common PTA, graphene oxide (GO) and reduced graphene oxide (rGO) have stood out not only by their promising photothermal activity and thermal conductivity but also by their potential to help mimic the mechanical properties of tissue microenvironments and promote tissue regeneration when embedded in three-dimensional constructs for regenerative purposes (Kim et al., 2013; Hu et al., 2018; Dash et al., 2021). Moreover, the high abundance of oxygen-rich functional groups on their surface makes them suitable supports for protein adsorption and drug conjugation and delivery (Campbell et al., 2019; Zhang et al., 2019; Karki et al., 2020; Raslan et al., 2020; Patarroyo et al., 2021).
Drug-based strategies for cancer treatment focus on the delivery and controlled release of specific pharmaceutical compounds that attack cancer cells through different biomolecular mechanisms (Kankala et al., 2019). Doxorubicin (DOX), for instance, generates free radicals that cause oxidative damage to biomolecules and suppress replication and transcription by intercalating within DNA strands and by blocking the topoisomerase II (Taymaz-Nikerel et al., 2018; Johnson-Arbor and Duber, 2021). In recent years, hydrogels have been extensively studied as drug delivery platforms, as they can be tailored to achieve specific release profiles. Moreover, the development of novel “smart” hydrogels has expanded their scope, as they have enabled delivery systems that respond to physical and chemical stimuli, both of natural and artificial origin (Dadsetan et al., 2010; Li and Mooney, 2016; Askari et al., 2020). Among these, light-responsive hydrogels have drawn particular attention, as fine rheological tuning through photo-crosslinking has been employed for bioprinting and in situ deposition applications (Serna et al., 2019; Kim et al., 2020). Furthermore, when coupled with other stimuli-responsive components, these multifunctional materials provide an opportunity for implementing potent multimodal therapies (Chen et al., 2019; Huang et al., 2020). For instance, several authors have reported the use of light-induced hyperthermia to promote drug release and diffusion, an approach also commonly known as chemo/photothermal therapy (Shao et al., 2018; Hou et al., 2019; Lima-Sousa et al., 2020).
This work was dedicated to the development of a stimuli-responsive therapeutic hydrogel that aims to eliminate microtumor residues from surgically resected melanoma through the coupled effect of NIR light-induced photothermal therapy and heat-induced DOX release (Figure 1). To accomplish this, we functionalized GO as a thermo-responsive vehicle for DOX release and embedded it within a polymeric matrix of decellularized porcine small intestine submucosa methacrylate (SISMA) and chitosan methacrylate (ChiMA), yielding a photo-responsive material with tunable mechanical properties that is suitable for in situ deposition and room-temperature polymerization. All in all, we put forward a biomimetic and adhesive material with remarkable photothermal activity for the post-surgical treatment of resected malignant tumors. Furthermore, we studied heat and mass transport in silico via multiphysics simulations to evaluate the performance of the proposed chemo/photothermal therapy. The synthesized material underwent extensive physicochemical and biological characterization tests to evaluate its potential comprehensively, including mechanical response, microscopic imaging, methacrylate level, drug release in vitro, and biocompatibility.
[image: Figure 1]FIGURE 1 | Proposed approach: a SISMA/ChiMA/rGO composite hydrogel employed as a platform for chemo/photothermal therapy to target microtumor residues that remain after the surgical resection of cutaneous melanoma. When stimulated with a NIR laser, the rGO in the hydrogel generates local hyperthermia by converting light into heat. Subsequently, DOX is released from the hydrogel, as the increasing temperature breaks the azo bonds that link the anticancer drug to the GO vehicle.
MATERIALS AND METHODS
Small Intestine Submucosa Decellularization
Porcine small intestines were decellularized following Sánchez-Palencia’s et al. (2014). Briefly, healthy segments of 10 cm were selected from the jejunum, hydrated in Type-II water, and stored at −20°C for 24 h to promote the perforation of cellular membranes by water crystals. To isolate the submucosa layer, the tunica mucosa, serosa, and muscularis layers were mechanically removed. The submucosa membranes were treated with a solution of hydrogen peroxide, sodium hypochlorite (PanReac AppliChem, Chicago, IL, United States), and type II water for 15 min under constant agitation at 190 RPM followed by washing with type II water and sterile 1X PBS (Sigma-Aldrich, St. Louis, MO, United States) to remove cellular and chemical remnants. Finally, washed membranes were dried at room temperature in a laminar flow hood overnight and subsequently pulverized by cryogenic grinding in a Freezer Mill (6,875 Freezer/Mill, SPEX SamplePrep, Metuchen, NJ, United States). Samples of decellularized SIS were then stored at 4°C until further use.
Methacrylation of Small Intestine Submucosa and Chitosan
MA’s carboxyl groups were covalently bound to the primary amines present in collagen strands of SIS through EDC/NHS-mediated activation, following the protocol by Rueda-Gensini et al. (2021) (Figures 2A,B). Pulverized SIS was solubilized at 4 mg/ml in acetic acid 0.5 M (PanReac AppliChem, Chicago, IL, United States) in the presence of pepsin 1 mg/ml (Sigma-Aldrich, St. Louis, MO, United States) for 48 h under vigorous magnetic stirring at 400 RPM. Meanwhile, MA, EDC, and NHS were mixed in 3 ml of DMF 99.8% (v/v) (Sigma-Aldrich, St. Louis, MO, United States) at a 1:20 M ratio with respect to the quantified free-amine groups in collagen and activated for 15 min at 37°C before their addition to the SIS solution. This mixture was then left to react for 24 h at 60°C under continuous magnetic stirring at 600 RPM. SISMA was dialyzed for 48 h against acetic acid 0.5 M and lyophilized for 48 h before sterilization with ethylene oxide.
[image: Figure 2]FIGURE 2 | Methacrylation of SIS and chitosan. (A) Activation of methacrylic acid mediated by EDC and NHS. (B) Chemical conjugation of MA’s carboxyl groups to free primary amines of collagen in SIS. (C) Chemical conjugation of MA’s carboxyl groups into the free amines of the glucosamine units of chitosan. (D) Methacryloyl group destabilization and crosslinking are induced by the light-directed degradation of a photoinitiator.
Similarly, MA’s carboxyl groups were bound to the pendant primary amines of chitosan monomers through the same conjugation reaction described above, following the protocol reported by Céspedes-Valenzuela et al. (2021a) (Figures 2A,C). High-density chitosan (Sigma-Aldrich, St. Louis, MO, United States) was solubilized in acetic acid 0.17 M at 3.5 mg/ml for 10 min under magnetic stirring at 400 RPM. Meanwhile, MA, EDC, and NHS were mixed in 3 ml of DMF 99.8% (v/v) at a 1:2 M ratio with respect to the estimated free-amine groups and activated for 15 min at 37°C before their addition to the chitosan solution. This mixture was then left to react for 24 h at 60°C under continuous magnetic stirring at 600 RPM. ChiMA was dialyzed for 48 h against acetic acid 0.17 M and lyophilized for 48 h before sterilization with ethylene oxide.
Synthesis of GO-DOX
GO was synthesized by the coupled exfoliation/oxidation of graphite, following Tour’s method (Marcano et al., 2010). Briefly, a mixture of 90 ml of sulfuric acid 98% (v/v) and 10 ml of phosphoric acid 85% (v/v) (PanReac AppliChem, Chicago, IL, United States) was slowly added to 0.75 g of graphite flakes (Graphene Supermarket, Ronkonkoma, NY, United States) and 4.5 g of potassium permanganate (PanReac AppliChem, Chicago, IL, United States) and left to react under constant magnetic stirring at 600 RPM and 50°C. After 12 h, 150 ml of type I water ice cubes and 3 ml of hydrogen peroxide 30% (w/w) were added to the formed viscous solution, thus inducing a color change from dark purple to gold yellow. The obtained GO was sonicated for 5 min with an amplitude of 38% and a frequency of 40 kHz and washed successively by filtration with polyester fiber, centrifugation at 4000 RPM for 4 h, and resuspension in a washing solution containing 50 ml of HCl 30% (v/v), 50 ml of ethanol 96% (v/v) (PanReac AppliChem, Chicago, IL, United States) and 50 ml of type I water. The final pellet was resuspended in type I water and lyophilized for 24 h.
To convert GO into a thermoresponsive vehicle for DOX delivery, the nanomaterial was functionalized in two stages: linking v50 to GO, and linking DOX to v50 (Figure 3). GO and v50 (Fujifilm, Tokyo, Japan) were solubilized separately in type I water at a 4:1 mass ratio. Meanwhile, EDC and NHS were mixed in 3 ml of DMF 99.8 (v/v) at a 4:1 M ratio with respect to v50 and activated for 15 min at 37°C, after which the GO and v50 solutions were added and left to react for 24 h at room temperature under continuous magnetic stirring at 600 RPM. The obtained GO-v50 nanoconjugate was washed successively to remove excess reagents by centrifugation at 4000 RPM for 4 h. After 4 washing cycles, glutaraldehyde (Glu) (Sigma-Aldrich, St. (Sigma-Aldrich, St. Louis, MO, United States) was added to the purified GO-v50 at a 1:1 M ratio with respect to v50 and left under continuous magnetic stirring at 600 RPM for 1 h, while DOX (Sigma-Aldrich, St. Louis, MO, United States) was solubilized in type I water at a 1:1 M ratio with respect to v50. Pre-dissolved DOX was then dripped into the GO-v50-Glu solution and left under continuous magnetic stirring at 600 RPM for 24 h, followed by several washing cycles as described above. The obtained GO-v50-DOX nanoconjugate was lyophilized for 24 h and stored at 4°C until further use.
[image: Figure 3]FIGURE 3 | Loading of DOX into a GO vehicle. (A) Activation of graphene oxide (GO) mediated by EDC and NHS. (B) Chemical conjugation of the v50 thermo-linker to GO. (C) Conjugation of doxorubicin (DOX) to the GO-v50 nanoconjugate using glutaraldehyde as a crosslinker.
The proper synthesis and functionalization of GO were confirmed through FTIR, Raman spectroscopy, thermogravimetric analysis (TGA), transmission electron microscopy (TEM), and atomic force microscopy (AFM). FTIR was recorded in an A250 FTIR (Bruker, Germany) instrument for a spectral range of 4,000–400 cm−1, while Raman was recorded in an XploRA Confocal Raman Microscope (Horiba Scientific, Japan). TGA was recorded in a TG analyzer (TA Instruments, New Castle, DE, United States) using a temperature ramp of 25–600°C at a heating rate of 10°C/min, and under a nitrogen atmosphere. TEM imaging was conducted at 150,00X by a Tecnai F30 Microscope (Fei Company, Hillsboro, OR, United States), while AFM imaging proceeded in an MFP-3D-BIO AFM (Asylum Research, Santa Barbara, CA, United States) by employing AC240TS cantilevers (Oxford Instruments, Bognor Regis, United Kingdom) in AC mode.
Hydrogel Preparation
Lyophilized SISMA and ChiMA samples were resuspended at 20 mg/ml or 40 mg/ml in acetic acid 0.02 M. In parallel, a working solution of DMEM (Gibco, Amarillo, TX, United States) supplemented with 10% (v/v) FBS (BioWest, Riverside, MO, United States), 0.1% (w/v) riboflavin, and Tris-HCl 0.1 M (Sigma-Aldrich, St. Louis, MO, United States) was prepared and adjusted to a pH of 8.5 with NaOH 5 M (PanReac AppliChem, Chicago, IL, United States). Resuspended SISMA and ChiMA solutions were mixed at a 1:1 volume ratio with the working solution to prepare two formulations: SISMA 1%/ChiMA 1% (S1C1) and SISMA 2%/ChiMA 1% (S2C1). The most promising formulation was laden with the GO-v50-DOX nanoconjugate and ascorbic acid (Sigma-Aldrich, St. Louis, MO, United States), which were pre-dispersed in the working solution at 1 mg/ml and 4 mg/ml (S2C1GO) (Céspedes-Valenzuela et al., 2021b; Rueda-Gensini et al., 2021).
Hydrogels were loaded into 3 ml syringes and manually ejected through a 21-gauge needle to assess their potential to form continuous filaments during extrusion. After deposition, samples were irradiated for 10 min at 62 mW/cm2 with blue light (420–460 nm) to induce covalent crosslinking between the methacryloyl groups of SISMA and ChiMA (Serna et al., 2019).
Rheological Evaluation
Experiments to evaluate the rheological behavior of formulations were performed in a Discovery Series Hybrid Rheometer-1 (TA Instruments, New Castle, DE, United States) using a parallel plate geometry with a 20 mm gap. Changes in both the storage (G’) and loss (G”) moduli of photocrosslinked samples were assessed through flow, frequency, time, and temperature sweeps. The flow sweep experiments were conducted from 0.01 to 100 Hz at 1% strain at room temperature. Frequency sweep experiments were performed between 0.01 and 100 rad/s at room temperature. Last, coupled time/temperature sweep experiments were carried out under oscillatory mode and a constant strain of 1% and 10 rad/s with a temperature ramp of 20°C/min between 15 and 37°C. Shear-thinning properties of the formulations were estimated by fitting the viscosity (η) versus shear rate (γ) plot to the power-law model (Eq. 1):
[image: image]
Dispersion of GO-DOX
To evaluate the dispersion of GO and DOX within the nanocomposite hydrogels, the materials’ self-fluorescence was imaged through confocal microscopy at 405 and 480 nm, respectively. Hydrogel samples were imaged at ×20 magnification with an FV1000 Confocal Microscope (Olympus, Tokyo, Japan), and particle count and area were estimated with the aid of the ImageJ® software. To assess the spatial distribution of GO sheets within the hydrogel, a Z-stack reconstruction was performed by capturing images at different depth positions (Rueda-Gensini et al., 2021).
Morphological Structure of the Hydrogels
The polymeric microstructure of the nanocomposite hydrogels was observed before and after photocrosslinking via scanning electron microscopy (SEM). S2C1GO samples were imaged at ×500 and ×1500 magnifications in a JSM 6490-LV microscope (JEOL, Tokyo, Japan) under vacuum conditions and a 20 kV accelerating voltage. Pore size distribution was determined with the aid of the ImageJ® software.
Qualitative Adhesion
The adhesion potential of the nanocomposite hydrogels was qualitatively assessed by sealing a cut wound under physiological conditions. Frozen porcine skin samples were thawed in warm water and a 1.5 cm long, 0.5 cm deep linear wound was cut open with a surgical scalpel. 500 µL of each hydrogel were extruded and photocrosslinked over the wound. Treated samples were incubated in PBS 1X at 37°C and checked daily until the wound seal was broken.
Texture Analysis
The firmness of the hydrogels was evaluated with a TA.HDplusC Texture Analyzer (Stable Micro Systems, Godalming, United Kingdom) before and after sample irradiation. Nanocomposite hydrogels were molded into 20 mm diameter and 25 mm height cylinder-shaped constructs. This test measured the compression force at a 1.0 mm/s speed and 15 mm penetration length using a 10 mm cylindrical probe (Patarroyo et al., 2021).
Hemolysis and Platelet Aggregation
To assess the hemolytic activity of the nanoconjugates and nanocomposite hydrogels, blood samples were collected in EDTA tubes and centrifuged at 1800 RPM for 5 min to separate the plasma and replace it with PBS. This procedure was repeated until a purified erythrocyte precipitate was obtained. 100 ml of a 10% (v/v) PBS-diluted erythrocyte solution were mixed with 100 ml of each extract and incubated for 1 h at 37°C. The samples were then centrifuged at 3000 RPM for 5 min and 100 ml from the supernatant were seeded in triplicate in a 96-well microplate and read at 450 nm in a Multiskan FC Microplate reader (Thermo Fisher Scientific, Waltham, MA, United States). Triton 100-X and PBS 1X were used as positive and negative controls. The percentage of hemolytic activity was estimated by the following equation (Eq. 2):
[image: image]
For platelet aggregation, blood samples were collected in sodium citrate tubes and centrifuged at 1000 RPM for 15 min to retrieve the platelet-rich plasma (PRP). 100 ml of each extract were seeded by triplicate with 100 ml of PRP in a 96-well microplate and left under constant agitation for 1 h. The unaggregated platelets in the supernatant (100 ml) were retrieved, seeded in another microplate with 10 ml of triton 100-X, and left under agitation for 15 min. This microplate was then centrifuged at 1000 RPM for 15 min and 50 ml of each well were retrieved and seeded in another microplate. Finally, 50 ml of LDH reagent were added to each well and the absorbance was read at 493 nm in a Multiskan FC Microplate reader (Thermo Fisher Scientific, Waltham, MA, United States). Platelet aggregation was estimated by comparing absorbances to an LDH calibration curve (Supplementary Figure S1).
Cytotoxicity
The cytotoxicity of the nanoconjugate and nanocomposite hydrogels was determined by an indirect contact assay with MTT (Sigma-Aldrich, St. Louis, MO, United States). First, hydrogel samples were mixed with FBS-free DMEM at 25% (v/v) and incubated for 4 h at 37°C. Extracts for the assay were obtained by retrieving the supernatant of the centrifuged mixtures and preparing dilutions at 25, 12.5, 6.25, 3.13, and 1.56% (v/v). In parallel, 100 µl of A-375 cells (American Type Culture Collection, Manassas, VA, United States) were seeded in a 96-well culture plate at a density of 1 × 106 cells/mL and incubated at 37°C, 5% CO2 for 24 h. Culture media was then removed and replaced with FBS-free DMEM. For each of the dilutions, 100 µl of the hydrogel extracts were added in triplicate to cell-seeded wells, and the culture plate was incubated at 37°C, 5% CO2 for another 48 h. FBS-free DMEM and DMSO (Sigma-Aldrich, St. Louis, MO, United States) were added instead of the extracts as negative and positive controls, respectively. 10 μl of MTT (5 mg/ml) were added to each well, and cells were incubated at 37°C, 5% CO2 for 2 h. Culture medium was removed, and 100 μl of DMSO was added to dilute formazan crystals. Absorbance was read at 595 nm in a Multiskan FC Microplate reader (Thermo Fisher Scientific, Waltham, MA, United States) (Lopez-Barbosa et al., 2019).
In silico Analysis of the Chemo/Photothermal Therapy
The photothermal treatment of malignant cutaneous melanoma was modeled in two steps: photo- and thermo-responsive composite hydrogels localized heat transfer and mass diffusion post-thermo-linker breakup for the controlled delivery of DOX. Simulations were carried out via the Finite Element Method (FEM) with the aid of the COMSOL Multiphysics® software. Following the development of the model, an optimization function was defined to estimate the optimal heating time depending on the main treatment parameters.
The Bioheat Transfer physics module was used to study Near Infrared light (NIR) stimulation. Hydrogel and biological tissue (skin multilayer model) heating were described by the following governing equation (Pennes, 1948) (Eq. 3):
[image: image]
where ρ is the tissue density, Cp is the tissue-specific heat, k is the tissue thermal conductivity, ρbCp,bVbv is the bioheat transport by blood perfusion, Qm metabolic heat generation rate of the tissue, and QNIR is the heat generated by NIR stimulation, defined by an exponential decay function with respect to depth (i.e., the z-axis of the simulation’s coordinate system) described in Eq. 4:
[image: image]
where E is the photothermal conversion efficiency coefficient of rGO, α is the specific absorption rate, and I0 is the NIR source intensity.
DOX controlled delivery throughout the tumor and the surrounding tissue after the thermo-linker breakup was simulated with the aid of the Transport of Diluted Species physics module. Mass transfer was modeled as a transient process with the following governing equation (Eq. 5):
[image: image]
where CD is the doxorubicin concentration, DD, tissue is the diffusivity of DOX through the tissue, and [image: image] and [image: image] are the radial and axial components of velocity.
Likewise, the degree of tissue injury, Ω, is computed to study the behavior of healthy tissue under heat treatment and guarantee the specificity of tumor damage. Thermal damage is described by Arrhenius kinetics following the equation presented by Henriques and Moritz (1947) (Eq. 6):
[image: image]
where A is a pre-exponential frequency factor, ∆E is defined as the activation energy and R is the universal gas constant.
Figure 4 shows a 2D axisymmetric geometry for a multilayer skin model with its corresponding dimensions. Computational domains are presented for the hydrogel, the remnants of cancerous tissue after tumor extraction, and the different layers of surrounding healthy tissue (i.e., epidermis, papillary dermis, reticular dermis, and subcutaneous fat). As boundary conditions, no convective heat flux was applied over the computational domain. Neither heat flux nor mass transfer was considered beyond the modeled tissue. Table 1 summarizes the parameters and domain materials used for both the heat Bioheat Transfer and Transport of Diluted Species models.
[image: Figure 4]FIGURE 4 | Geometry and boundary conditions for the NIR-induced heating and doxorubicin-controlled release model involving tumor residual cells after the removal of malignant cutaneous melanoma and the surrounding skin layers of healthy tissue.
TABLE 1 | Parameters and domain materials used for the heat Bioheat Transfer and Transport of Diluted Species models.
[image: Table 1]To optimize the heating time to maximize tumor damage while minimizing surrounding healthy tissue damage an objective function J was defined as (Eq. 7):
[image: image]
where:
[image: image]
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This function sums up the objective function at all i temperatures within the tumor tissue, and all j temperatures within the normal tissue. When the temperature of the healthy tissue is below the limit for significant damage ( [image: image] = 44°C), and the tumor is heated up to the ideal temperature range for DOX release and necrosis (45°C–49°C), the function will be optimized (i.e., decreased) promoting tumor elimination without compromising surrounding healthy tissues. [image: image] was chosen as the upper temperature threshold for the thermo-linker breakup and consequently, DOX release.
Photothermal Transduction of rGO and Release of DOX
The chemo/photothermal effect of the GO-DOX-laden nanocomposite hydrogels was evaluated by subjecting samples to different light and heat stimuli. 300 ml of the nanocomposite hydrogel were extruded into cylindrical constructs, crosslinked for 2 min at 62 mW/cm2 by irradiation with blue light (420–460 nm), and incubated at 37°C for 8 h to reduce GO into rGO. Nanocomposite hydrogels were then irradiated with a High Power 808 nm NIR Dot Laser Module (MXTLASER, Zhongshan, China) for 3 min at 7 W/cm2 and left to rest 30 min in an incubator at 37°C for 3 consecutive rounds. To assess the photothermal conversion of rGO, temperature changes were measured with a FLIR E60 Advanced Thermographic Camera (FLIR Systems, Wilsonville, OR, United States) during each heating cycle. Similarly, supernatants were recovered after each therapy cycle to measure the released DOX aided by a 0239D-2219 FluoroMax plus C spectrofluorometer (Horiba, Miyanohihashi, Japan). Pristine hydrogels and therapies in the absence of NIR irradiation were used as transduction and release controls, respectively.
Statistical Analysis
All experimental data were collected in triplicate, for which mean and standard deviation were calculated. Statistical analysis was performed using two-way ANOVA and Tukey’s test for pairwise comparison in the software GraphPad Prism® (GraphPad Software Inc., San Diego, CA, United States). p < 0.05 was considered statistically significant.
RESULTS AND DISCUSSION
Chemical Functionalization of SIS and Chitosan
The chemical conjugation of methacryloyl groups to SIS and chitosan was achieved by following the synthesis protocols reported by Rueda-Gensini et al. (2021) and Céspedes-Valenzuela et al. (2021a), which aimed to induce enhanced methacrylation levels for these polymers. This modification was confirmed by changes in the FTIR spectra of SIS and chitosan (Supplementary Figure S2). In this regard, the presence of peaks at 1,680 cm−1 and 670 cm−1 corresponded to the C=O stretching and C=C bending vibrations present in the amide-bound methacryloyl groups (Sharma et al., 2014; Krylova and Dukštienė, 2019).
Synthesis of Graphene Oxide
The correct synthesis and functionalization of GO were confirmed by the TGA, FTIR, Raman spectroscopy, AFM, and TEM analyses as shown in Figures 5, 6. The TGA thermogram of GO (Figure 5A) presents three noticeable weight losses. A first weight loss of 13.6% from room temperature to 100°C can be attributed to the evaporation of bound water. A second weight loss of 32.24% between 100–200°C is most likely related to labile functional groups. A final loss between 200–600°C can be attributed to the removal of oxygen-rich species, further confirming GO’s high level of oxidation (Stankovich et al., 2007; Feng et al., 2013).
[image: Figure 5]FIGURE 5 | Thermal and spectroscopic analyses of pristine and modified GO. (A) TGA of GO. (B) FTIR spectra of graphite, pristine GO, GO-v50 nanoconjugate, and GO-v50-DOX nanoconjugate. (C,D) Raman spectra of graphite, pristine GO, GO-v50 nanoconjugate, and GO-v50-DOX nanoconjugate.
[image: Figure 6]FIGURE 6 | Microscopy of pristine and modified GO. (A) AFM images of GO, (B) Sheet height of pristine GO, and TEM images of (C) pristine GO, (D) GO-v50 nanoconjugate, and (E) GO-v50-DOX nanoconjugate.
The FTIR spectra (Figure 5B) confirm the correct oxidation of graphite, as GO exhibits multiple peaks related to oxygen-rich functional groups (Yoo et al., 2014; Strankowski et al., 2016). Peaks at 3,392 cm−1 and 1,226 cm−1 correspond to O-H and C-OH stretching vibrations, while peaks at 1740 cm−1 and 1,050 cm−1 represent C=O stretching and C-O bending vibrations, respectively. The peak at 1,620 cm−1 can be attributed to C=C aromatic stretching vibration. The absence of peaks near 1,250 cm−1 confirms that the nanoconjugate was not partially reduced into rGO (Marcano et al., 2010; Krishnamoorthy et al., 2013). Conjugation of v50 to GO led to the reduction of hydroxyls of carboxyl groups to form amide II bonds with one of the linker’s N-terminals, thereby yielding noticeable increments in the amide II peak at 1,400 cm−1, relative to C-OH stretching vibration. The primary amines present at the unbound end of v50 most likely led to a peak at 1,120 cm−1, while azo bonds and imidine groups were not observable in the FTIR spectrum. Furthermore, the spectrum of the GO-v50-DOX nanoconjugate presents a decrease in C-N groups, as the free amine terminal of v50 turns into an imine group by the conjugation of glutaraldehyde. Peaks involving C-O, C-OH, and C=O experience a substantial increase, as newly bound DOX start to prevail on the surface of GO.
The Raman spectrum (Figures 5C,D) of graphite presents strong G and 2D bands at 1,570.8 cm−1 and 2,705.1 cm−1, while the spectrum of GO shows strong G and D bands at 1,588.9 cm−1 and 1,345.8 cm−1 (Eda and Chhowalla, 2010; Krishnamoorthy et al., 2011). The G band, which relates to the sp2 hybridization in carbon, most likely shifted to 1,588.9 cm−1 due to the oxidation of graphite (Krishnamoorthy et al., 2011). Similarly, the noticeable growth of the D band, which results from vacancies or dislocations that disrupt sp2 carbon layers, suggests the transition of some carbon atoms in graphene to an sp3 hybridization to accept functional groups (Muzyka et al., 2018). The conjugation of v50 to GO can be evidenced in the appearance of a small shoulder in the D band’s descent, which arises from a superimposed band centered at 1,368 cm−1 that correlates with the azo bond (N=N) from the linker’s structure (Çatikkaş, 2017). Furthermore, the conjugation of DOX can be observed in a small but distinguishable peak around 460 cm−1 that corresponds to C-O bonds (Farhane et al., 2015). Similarly, the XPS survey spectra (Supplementary Figure S3) and elemental composition (Table 2) confirm the increase of nitrogen due to the functionalization with the linker and DOX. Additionally, a decrease in the C1s area and binding energy in the GO-v50 spectrum is most likely due to the breakdown of the graphene resonance by its functionalization. The same band increases in the GO-DOX spectrum, which confirms the presence of C=O, C-O-, and C-O-C functional groups that are predominant in the conjugated DOX.
TABLE 2 | Surface chemical analysis of the GO, GO-v50 and GO-v50-DOX nanocomposite samples. C1s, N1s and O1s decomposed peaks and related binding energies (BE), FHWM and area values are also shown.
[image: Table 2]AFM images of GO (Figure 6A) show a sheet-like morphology with different levels of stacking, which likely occur by aggregation or self-assembly during lyophilization. As evidenced in Figure 6B, the average sheet height corresponded to 0.8 nm, which is consistent with previous reports (Feng et al., 2013; Krishnamoorthy et al., 2013). Similarly, the TEM micrograph of GO nanosheets (Figures 6C–E) exhibits its characteristic flake-like structure (Song et al., 2012). Different levels of opacity in the image reveal a non-uniform stacking of multiple layers of GO; higher transparency indicates thinner films, while darker regions indicate larger stacking (Stobinski et al., 2014). With the advance of GO’s functionalization (i.e., GO, GO-v50 and GO-v50-DOX), the sheets become slightly more wrinkled due to attraction forces between newly introduced functional groups. Nevertheless, these minor conformational changes do not compromise the nanomaterial’s integrity or performance.
Rheological Evaluation
Only two nanocomposite hydrogels (S1C1 and S2C1) were successfully prepared following the stated approach, as formulations with higher ChiMA content lacked homogeneity because alkaline environments tend to promote the formation of insoluble clusters (Shen et al., 2020). SISMA 2% (S2) and ChiMA 1% (C1) hydrogels were prepared as controls for rheology. All the tested hydrogels were able to form continuous filaments when extruded through a 21-gauge needle except for C1, which dripped ununiformly due to insufficient consistency (Figure 7A). Because of its superior integrity and overall performance during extrusion, S2C1 was embedded with GO (S2C1GO) and characterized with the rest of the hydrogels. The addition of GO into the hydrogel seemed to considerably improve its cohesion and integrity, as it enabled easier handling during extrusion and led to a more continuous and stable filament formation during manual extrusion (Figure 7A).
[image: Figure 7]FIGURE 7 | Rheology of the ChiMA 1% (C1), SISMA 2% (S2), SISMA 1%/ChiMA 1% (S1C1), SISMA 2%/ChiMA 1% (S2C1), and SISMA 2%/ChiMA 1%/graphene oxide (S2C1GO) hydrogels. (A) Manual injection of the hydrogels through a 21-gauge needle. (B) Flow sweeps of photocrosslinked samples. (C) Time sweeps before and after blue-light photocrosslinking. (D) Temperature sweeps of photocrosslinked samples between 5 and 37°C. (E) Frequency sweep of photocrosslinked samples.
Figures 7B–E present the changes in the storage modulus (G′) and loss modulus (G″) of the hydrogels when subjected to different stimuli. The flow, temperature, and frequency experiments were performed over irradiated samples, as exposure to blue light (Figure 7C) significantly improved both moduli, favoring mechanical stability and a solid-like behavior (Coussot, 2017; Rueda-Gensini et al., 2021). The flow sweep (Figure 7B) shows that the hydrogels exhibit lower viscosity at higher shear rates, a characteristic behavior of pseudoplastic fluids. This shear-thinning behavior can be further confirmed by the power-law fittings shown in Supplementary Figure S4, which yield values of n < 1 for all the three evaluated formulations (Coussot, 2017; Paxton et al., 2017). Moreover, temperature increments between 15 and 37°C (Figure 7D) cause a slight increase in both G′ and G″, implying that more energy is required for deformation and thus suggesting superior crosslinking, which could be attributed to the gelling behavior of collagen (Sandolo et al., 2009; Zhang et al., 2012). However, these temperature-induced changes in the moduli are non-statistically significant (p > 0.9999). Furthermore, the frequency sweep (Figure 7E) shows that both moduli are frequency-dependent, as G’ and G” increase with angular frequency.
In general, all hydrogels present a higher G′ and a lower G″, confirming the material’s potential to store deformation energy with small dissipation from internal friction (Coussot, 2017). The C1 control yields insufficient G′ and G″ levels, suggesting its inability to maintain a mechanically stable polymer network, while the S2 control presents desirable values for both moduli and adequate response to stimuli. In S1C1, the poor performance of C1 partially overshadows the potential of S2, thus yielding lower moduli. In contrast, S2C1 exhibits a superior performance, which was further improved by the addition of GO (Jafarigol et al., 2020).
GO Dispersion
Dispersion of GO and DOX in the hydrogel matrix was observed in a z-stack reconstruction from confocal microscopy images. To avoid agglomeration, GO was mixed with FBS-supplemented DMEM before its addition to the S2C1 pregel, yielding the homogeneous dispersion presented in Figures 8C,D (Rueda-Gensini et al., 2021). This particle area distribution can be seen as a right tail distribution centered at 0.096 µm2 and with agglomerations as large as 348.450 µm2. Moreover, DOX’s self-fluorescence at 480 nm was imaged in Figure 8C. A careful inspection of the distributions shown in Figures 8A–C strongly suggests that unbound DOX is rarely found in the hydrogel.
[image: Figure 8]FIGURE 8 | Dispersion of GO-DOX nanoconjugates and morphological features of the nanocomposite hydrogel. Dispersion of (A) pristine GO, (B) DOX, and (C) GO-DOX nanoconjugates in the SISMA/ChiMA matrix. (D) Particle size distribution of pristine GO, seen as a right tail distribution centered at 0.096 µm2 (E) SEM images of the microporous structure of the SISMA 2%/ChiMA 1%/graphene oxide (S2C1GO) formulation prior to and after photocrosslinking.
Similarly, the morphology of the polymeric matrix in the S2C1GO nanocomposite hydrogel was imaged by SEM before and after photocrosslinking (Figure 8E). Under blue light irradiation, riboflavin degrades and generates free radicals that destabilize the alkene bonds in the methacryloyl groups of SISMA and ChiMA, thus inducing covalent crosslinking between adjacent strands and causing the microstructure to collapse (Céspedes-Valenzuela et al., 2021b). Changes in the porous structure are visually perceptible, as pore diameter varies between 2.1 and 27.2 µm with a mean of 11.7 µm for non-irradiated samples, while for irradiated samples, the material exhibits a collapsed structure with no measurable pores. Crosslinked samples also exhibit a rough and uneven microstructure, which can be attributed to the formation of imine bonds between GO and free amine radicals present in the collagen or chitosan strands (Sahraei and Ghaemy, 2017; Tohamy et al., 2020; Patarroyo et al., 2021).
Adhesion and Texture Analyses
The results of the qualitative and quantitative adhesion and texture analyses are presented in Figure 9A. Initially, adhesion was qualitatively assessed by sealing a cut wound opened on a fresh sample of porcine skin. Due to the inherent adhesiveness of methacrylate hydrogels, and specifically, the promising adhesiveness of ChiMA, both S2C1 and S2C1GO hydrogels provided adequate sealing for the wound. Not only did the hydrogels remain attached to the skin but were also capable of withstanding manual tearing loads. Qualitative adhesion was only monitored for 3 days, as the skin samples began to decompose under the employed incubation conditions.
[image: Figure 9]FIGURE 9 | Mechanical and texture evaluation of the SISMA 2%/ChiMA 1% (S2C1) and SISMA 2%/ChiMA 1%/graphene oxide (S2C1GO) nanocomposite hydrogels. (A) Qualitative adhesion of skin cut wounds at 0, 1, and 3 days after application of the hydrogels. (B) Hardness, (C) compressibility, (D) cohesiveness, and (E) adhesiveness of the hydrogels before (w/o) and after (w/) photocrosslinking (pcl) and 2-weeks incubation (r) at 37°C.
Hardness, determined as the maximum peak force during the first compression cycle, was studied to measure the required force to produce the deformation of the hydrogels (Tuğcu-Demiröz, 2017). As evidenced in Figure 9B, S2C1GO samples yielded significantly higher values (p < 0.0001) than S2C1 samples, confirming GO’s contribution to the structural stability of the hydrogels after crosslinking. This shift from low to high hardness is a desirable behavior, as it indicates that unstimulated samples will be easily spread and applied to the skin. Also, the stimulated sample will have higher retention (Kakkar and Madhan, 2016).
Compressibility (Figure 9C) was estimated as the work required to deform the product during the first compression (Tuğcu-Demiröz, 2017). This property was significantly (p < 0.0001) enhanced by irradiation and reduction of the GO present in the S2C1GO samples, favoring the material’s potential to endure greater compression loads compared to S2C1 samples without and with crosslinking and incubation. As for the hardness, the shift from low to high values translates into ease of spreadability and superior resistance after irradiation (Tuğcu-Demiröz, 2017). The differences between the pristine hydrogel samples were non-statistically significant.
Cohesiveness reflects the reconstruction ability of gels after application and was determined as the ratio of the area under the force-time curve on the second compression cycle, and that produced on the first compression cycle (Figure 9D) (Tuğcu-Demiröz, 2017). The addition of GO failed to improve the material’s cohesiveness but maintain the ease of manipulation. Moreover, cohesiveness was significantly (p < 0.0001) reduced after crosslinking and reduction, limiting the structural recovery of the nanocomposite hydrogels (i.e., with dispersed rGO) (Karavana et al., 2009).
Adhesiveness represents the work required to overcome the attractive forces between the surfaces of the hydrogel and the test probe and was estimated as the negative force area for the first compression cycle (Figure 9E) (Tuğcu-Demiröz, 2017). The addition of GO significantly (p < 0.01) increases the hydrogel’s stickiness, thus improving its chances to attach over the skin surface (da Silva et al., 2018). This final improvement of adhesiveness suggests that the hydrogel’s application could potentially shorten the treatment period and consequently possibly improve the patient’s post-intervention recovery (Sezer et al., 2008).
Hemolysis and Platelet Aggregation
Pristine and functionalized GO (i.e., GO, GO-v50, GO-v50-DOX) presented a non-hemolytic behavior, as evidenced by hemolytic activities below 2% for all the studied concentrations (Figure 10A). As free DOX has been reported to yield a stronger hemolytic tendency, these results suggest it remains inactive while conjugated to GO (Khan et al., 2015). Similarly, the evaluated hydrogels (S2C1 and S2C1GO) and their controls (S2 and C1) yielded hemolytic activities below 5% (Figure 10B). Although GO has been reported to exhibit dose-dependent toxicity toward erythrocytes, these results show that this undesirable feature was suppressed by both its addition in non-lethal doses and the high biocompatibility of the base hydrogel matrix (Vallabani et al., 2011; Figueroa et al., 2020).
[image: Figure 10]FIGURE 10 | Biocompatibility evaluation of the pristine graphene oxide (GO), graphene oxide/v50 (GO-v50) and graphene oxide/v50/doxorubicin (GO-v50-DOX) nanoconjugates and the ChiMA 1% (C1), SISMA 2% (S2), SISMA 2%/ChiMA 1% (S2C1), and SISMA 2%/ChiMA 1%/graphene oxide (S2C1GO) hydrogels. Hemolytic activity of the (A) nanoconjugates and the (B) composite hydrogels, using triton and phosphate-buffered saline (PBS) as positive and negative controls. Platelet aggregation of the (C) nanoconjugates and the (D) composite hydrogels using platelet-rich plasma (PRP) and PBS as positive and negative controls. A-375 melanocytes’ viability evaluation after 24 h of exposure to the (E) GO-v50 and GO-v50-DOX nanoconjugates and the (F) nanocomposite hydrogels. Cell viability after 72 h of exposure to the (G) GO-v50 and GO-v50-DOX nanoconjugates and the (H) composite hydrogels.
Platelet aggregation was dose-dependent for pristine and functionalized GO, as aggregation decreased after each dilution. Although aggregation increased as functionalization proceeded, none of the functionalized samples surpassed 12%, and thus they can be classified as low aggregants (Figure 10C). Additionally, hydrogels based on SISMA yielded aggregation higher than 20%, implying they can be classified as medium aggregants (Figure 10D). Although higher aggregation was expected, recent reports have suggested that methacryloyl modifications may inhibit platelet aggregation by inactivating the polymeric backbones of SIS and chitosan (Chou et al., 2003; Blinc et al., 2004). Nevertheless, the achieved aggregation with S2C1GO is sufficient to create chemotactic gradients that favor the recruitment of stem cells, stimulate cell migration and differentiation, and promote tissue repair, thereby making the material a suitable wound dressing for post-treatment recovery (Nurden, 2008).
Cytotoxicity
Results of MTT assays for pristine and functionalized GO revealed that even though GO and v50 have no important impact on cell viability, DOX proves to be a highly cytotoxic agent towards A-375 melanocytes. The exposure to GO-v50-DOX had a significant effect (p < 0.0001) in cell viability which dropped to about 50% after 24 h and to about 10% after 72 h, that can be most likely due to the passive release of DOX from the nanoconjugate as time passed (Figure 10E). Moreover, the cytotoxic effect of DOX remained unaffected despite dose reduction (p > 0.0001), while GO and v50 were hindered which each subsequent dilution. Similarly, S2C1 and S2C1GO hydrogels exhibited promising cytocompatibility (Figure 10F), as all the evaluated concentrations yielded none significant (p > 0.001) dose-dependent viability levels over 90% after 24 h and over 40% after 72 h. Importantly, microplate assays in vitro may broadly predict material-culture interactions, but fail to represent clearance phenomena, and thus, hydrogel components like riboflavin may accumulate in highly toxic doses towards a non-representative population of cells (Flieger et al., 2016). Nevertheless, the nanocomposite hydrogel succeeds in limiting the basal cytotoxic effect of the GO-v50-DOX nanoconjugate, thereby suggesting that cell death will only occur under the photo-induced release of DOX.
In silico Analysis of the Chemo/Photothermal Therapy
Heat transfer simulation results for the photothermal therapy are shown in Figure 11. The temperature profile shows that the heat is mainly localized where the nanocomposite hydrogel was deposited along with the tumor remnants, but gradually attenuates along with the surrounding healthy tissue (Figure 11A). Figure 11B shows the temporal evolution of temperature at the hydrogel nanocomposite, tumor tissue, and skin multilayer model domains. The temperature raised sharply during the first 200 s of photothermal therapy, then steadily increased and stabilized after 300 s. According to Figure 11B, a maximum temperature of 54°C is achieved at the center of the hydrogel computational domain. The residual tumor cells were exposed to higher temperatures (∼50°C) than the healthy tissue cells because they were close to the heated hydrogel nanocomposite. The temperature values reached within the tumor exceeded the threshold for protein denaturation and the activation of the cell-death pathway, which has been reported to be above 42.5°C (Wust et al., 2002; He et al., 2006; Simanovskii et al., 2006). In contrast, the surrounding healthy tissue reached temperatures ranging from 44 to 47°C, which is insufficient to produce tissue damage (Xu et al., 2019).
[image: Figure 11]FIGURE 11 | Heat transfer and transport of diluted species results for the chemo/photothermal therapy. (A) Temperature profile due to NIR-induced heating in the skin multilayer model. (B) Heat transport with respect to time at locations of interest along with the different components of the computational domain. (C) Doxorubicin release profile and streamlines. (D) Time evolution of doxorubicin mass diffusion after thermo-linker breakup. (E) Degree of tissue injury due to NIR-induced injury as calculated by the Henriques-Moritz equation. (F) Optimization function for heating the tumor tissue relative to the healthy tissue.
Figure 11E shows the degree of tissue injury caused by hyperthermia achieved with the proposed therapy. The critical value, Ω = 1, implies that enough permanent heat damage took place (Henriques and Moritz, 1947; Ani et al., 2018). The Arrhenius equation was originally related to the percentage of a volume of cells surviving a uniform temperature exposure for some time (Ani et al., 2018). It was evidenced that damage mainly focused on the malignant tissue and spread, to a lesser extent, towards healthy tissue close to the tumor, leading to insignificant damage. Our findings reveal that deleterious healthy tissue damage is highly limited if heating lasts for about 160 s, implying that the tumor tissue can be potentially eliminated with high efficiency.
Regarding the release of DOX after the thermo-linker breakdown, a mass diffusion profile corroborates that the drug concentration is higher within the tumor region, which is beneficial to complement thermal therapy and increase the eradication of cancerous tissue remnants (Figure 11C). Likewise, it is possible to observe that only a low concentration of the drug reached small portions of healthy tissue, thereby reducing the possible undesirable damage. Figure 11D shows that as a function of time the concentration of released DOX was higher in the tumor than in the skin tissue, which provides further evidence for the therapy’s high effectiveness. All in all, the combined effects of higher drug concentration and highly localized hyperthermia in tumor tissue provided by our therapy are anticipated to have a positive impact and improve clinical outcomes as an alternative to current approaches for melanoma treatment (Urano, 1999; Wust et al., 2002).
Therapy
Results for the in vitro evaluation of the proposed chemo/photothermal therapy are presented in Figure 12. Temperature changes during irradiation confirm that rGO serves as the active PTA responsible for the hydrogels heating, as evidenced by the 62°C achieved with S2C1GO in under 3 min. In contrast, S2C1 barely increased 2°C with respect to the initial temperature in the same timeframe. Additionally, the temperature distribution (Figure 12B) evidenced that hyperthermia is restricted to the nanocomposite hydrogel vicinity since heat transfer is only favored by rGO’s thermal conductivity. No significant changes in the photothermal conversion of rGO were observed between therapies with different numbers of cycles (Figure 12D), indicating that the material’s photothermal capacity remains even after repeated stimulation. However, repeated stimulation was expected to promote even more heating as the cycles progress, since rGO might further reduce when exposed to heat, and thus, the lack of enhanced heating suggests that the material’s reduction in the presence of ascorbic acid was very efficient. Additionally, since photothermal heating surpasses the threshold of 45°C within the first minute, the v50 linker was successfully destabilized and DOX was released into the surrounding medium, achieving a concentration of about 3 ng/ml (Figure 12E). For the different treatments, however, no significant changes in the DOX concentration achieved were identified, and controls suggest that no DOX was passively released into the media during the first 8 h of incubation. The simulation results agree well with those obtained experimentally.
[image: Figure 12]FIGURE 12 | In vitro evaluation of the chemo/photothermal therapy. The temperature profile of (A) SISMA 2%/ChiMA 1% (S2C1) and (B) SISMA 2%/ChiMA 1%/graphene oxide (S2C1GO) hydrogels after 3 min irradiation with NIR. Photothermal heating of S2C1 and S2C1GO during (C) a first therapy cycle (T1) and (D) subsequent second (T2) and third (T3) therapy cycles. (E) Concentration of DOX released from S2C1GO for the different therapies using simulations (in silico) and unirradiated hydrogels with (w/) and without (w/o) ascorbic acid (aa) as positive and negative controls.
CONCLUSION
Despite remarkable advancements in surgical techniques for melanoma tumor resection, cancer recurrence from the proliferation of undetectable microtumor residues remains a concern. In this work, we put forward a SISMA/ChiMA/rGO-DOX nanocomposite smart hydrogel capable of both generating local hyperthermia and releasing DOX under NIR light stimuli. By adding methacryloyl groups to the polymeric structure, we synthesized a material suitable for in situ deposition and crosslinking, and by dispersing ascorbic acid into the hydrated structure, we yield a material capable of self-reducing GO at body temperature. Moreover, we modified GO into a vehicle that temporarily binds and inactivates DOX and dispersed it into a biomimetic matrix with wound healing potential, thus achieving a multifunctional platform for stimuli-dependent drug delivery and post-treatment recovery. Furthermore, we put forward an in silico model in agreement with experimental results, which enabled us to plan treatments to maximize tumor death and minimize unspecific damage to healthy tissue. We are confident that these results pave the way for the development of new multifunctional materials for novel applications in cancer treatments. Future work should focus on its further validation in vivo.
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