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Chemodynamic therapy (CDT) is an effective anti-tumor method, while CDT alone cannot achieve a good therapeutic effect. Moreover, the overexpression of glutathione (GSH) in tumor cells dramatically limits the efficiency of CDT. Here, we proposed a hydrogel co-loading SO2 prodrug and FeGA nanoparticles (NPs) for enhancing CDT by photothermal-triggered SO2 gas therapy (FBH) system by mixing benzothiazolyl sulfonates (BTS) and FeGA NPs in a certain ratio and encapsulating them in a heat-sensitive hydrogel. FeGA NPs could accelerate the release of Fe2+ under acidic conditions and light, and combine with excess H2O2 in the tumor for chemokinetic treatment. BTS, as a water-soluble prodrug of SO2, can accurately control the release of SO2 gas by virtue of the excellent photothermal conversion ability of FeGA NPs and the acidic pH value of tumor site. SO2 can not only induce cell apoptosis, but also consume excess GSH in cancer cells and increase the content of reactive oxygen species, which seriously destroyed the redox balance in cancer cells and further promotes the therapeutic effect of Fenton reaction. The intelligent FBH system provided a new approach for the synergistic treatment of CDT and SO2 gas, which demonstrated good anticancer effects both in vivo and in vitro.
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INTRODUCTION
Nanoparticles mediated drug delivery and chemodynamic treatment (CDT) is gaining popularity as a form of tumor therapy (Liu et al., 2021; Zhang et al., 2022a; Zhang et al., 2022b; Tang et al., 2022; Zhang et al., 2022). The Fenton or Fenton-like reaction is used by CDT to catalyze the conversion of weakly oxidizing hydrogen peroxide (H2O2) into strongly oxidizing hydroxyl radical (•OH), which increases intracellular oxidation levels, protein inactivation, DNA necrosis, lipid oxidation, and ultimately induces cancer cell apoptosis (Liu et al., 2018; Lin et al., 2020; Chen et al., 2021; Lin et al., 2021; Xu et al., 2021; Deng et al., 2022). This process takes advantage of the weak acidity and the presence of excess H2O2 in the tumor microenvironment (Ma et al., 2018; Zhang et al., 2020; Zhu et al., 2022a). CDT has the characteristics of strong specificity and independence, and is suitable for the treatment of tumors deep in the tissue. It is a research hotspot of cancer treatment in recent years. Compared with photodynamic therapy and sonodynamic therapy, CDT does not depend on the oxygen (O2) inside the tumor, nor does it require the input of external energy (light energy, ultrasound) (Zhu et al., 2020; Zhu et al., 2021a; Zhu et al., 2022b). It is independent and suitable for the treatment of tumors deep in the tissue, and has a good application prospect in tumor treatment (Li et al., 2017a; Fu et al., 2021). For instance Lin and others showed that copper-based CDT could cause tumor cells to die and release tumor-associated antigens, which could then elicit immunological reactions in the tumor. Nevertheless, since CDT is still in the development stage, the therapeutic efficiency of single CDT therapy is not ideal (Li et al., 2021a; Xin Li et al., 2021; Zhou et al., 2021; Li et al., 2022a; Li et al., 2022b; Guo et al., 2022). On the other hand, glutathione (GSH), as an important antioxidant in cells, can remove the produced •OH, which is the key to cell survival against oxidative stress, this antioxidant defense in cancer cells has become a major obstacle to the efficacy of CDT (Chang et al., 2019; Li et al., 2021b; Hu et al., 2021; Zhou et al., 2021). Depleting the GSH in the tumor microenvironment or using other therapies in combination with CDT is therefore urgently needed to enhance its therapeutic impact. Gas therapy is gaining popularity as a new therapeutic approach for the treatment of tumors (Zhu et al., 2021b). Numerous therapeutic gases, including carbon monoxide, nitric oxide, hydrogen sulfide, oxygen, and sulfur dioxide, have shown promise in the treatment of various diseases, including cancer (Wang et al., 2021; Zhu et al., 2022c). These gases also play important regulatory roles in various physiological processes of cells, tissues, or organisms. Gas therapy is preferable in comparison to chemotherapy, radiation, and other existing treatments due to its enhanced permeability and retention (EPR) impact on tumor tissue (Li et al., 2017b; Zhang et al., 2020; Zhao et al., 2022), which can boost the aggregation of nanoparticles at tumor locations. It also has less drug resistance to tumor cells. Recent research has revealed that sulfur dioxide (SO2), long thought to be a hazardous environmental pollutant and a byproduct of industrial processing, also has beneficial benefits on mammals in addition to its poisonous ones. According to reports, SO2 has a lot of potential as a gas for the treatment of several diseases, including cancer, inflammation, and cardiac ischemia-reperfusion (I/R) injury (Li et al., 2021a; Li et al., 2021b; Li et al., 2022c). The study also found that SO2 can not only cause oxidative damage to various tissues and organs in mice, affecting the activities of various antioxidant enzymes, but also reduce the content of GSH in the tumor microenvironment (Fenton, 1894; Li et al., 2017a; Liang et al., 2021). For example, Wei et al. designed and fabricated a glutathione GSH-reactive SO2 polymeric prodrug that synergistically acts with doxorubicin (DOX) on McF-7 ADR in human breast cancer cells. They demonstrated that the released SO2 could promote the level of reactive oxygen species (ROS) in tumor cells (Lu et al., 2020). Therefore, combining CDT with SO2 gas therapy may enhance the anticancer effect (Shen et al., 2018). However, owing to the rapid diffusion of gas molecules and inadequate tissue penetration, achieving precise SO2 release doses in space and time is crucial for on-demand gas therapy. Therefore, nano systems with good biocompatibility and biodegradability for the controllable release of CDT and SO2 from tumor tissues are urgently needed.
Having a 1:1 iron/gallate stoichiometry, FeGA is a hexacoordinate complex with a slightly distorted geometry due to the Jahn-Teller effect (Yuan et al., 2021). Each iron center is complexed via a total of six iron-oxygen bonds to the benzoic and carboxylate oxygens of four gallate molecules. The five oxygen atoms of gallate act as electron donors due to its pseudo-radical electronic structure, which in turn is beneficial for the reduction of ligands to metals. Gallic acid ligand and iron center exhibit strong metal-ligand exchange coupling, which induces strong electron delocalization throughout the polymer, improving light absorption significantly and turning it dark black while also bringing the spin density of the ionic center closer to the value for high-spin iron (II) (Cun et al., 2022). As a result, the metal-gallate complex’s ionic center serves as its active site, allowing the gallate ligand to transfer electrons to nearby free oxygen molecules, reducing oxygen and producing reactive ROS, and subsequently reducing the iron center (Wang et al., 2020). In acidic environments, the electron loss of Gallate causes degradation of the surrounding ligand field, producing highly oxidized hydroxyl radicals (•OH) that lead to cell death. FeGA nanoparticles (NPs) can also demonstrate a synergistic therapeutic effect of high photothermal therapy (PTT) and CDT, i.e., PTT/CDT, because of its favorable photothermal characteristics [(Li et al., 2019), (Li et al., 2017a)]. GSH, a potent ROS scavenger, can, however, adaptively maintain intracellular redox equilibrium and lessen the cell-killing effects of ROS when it is overexpressed in tumor cells. Developing plausible strategies for GSH depletion in tumors is therefore crucial for promoting the therapeutic effect of the Fenton reaction on tumor death.
Here, we propose a SO2 prodrug doped FeGA NPs for enhanced CDT by photothermally triggered gas therapy (FBH) system, which is synthesized by mixing benzothiazolyl sulfonate (BTS) and FeGA NPs in a certain proportion and wrapping in heat-sensitive hydrogel. With the excellent photothermal conversion ability of FeGA NPs and the acidic environment of the tumor site, BTS, as a water-soluble SO2 prodrug, can precisely control the release of SO2 gas by photothermal. Studies have found that cytotoxic SO2 can not only induce apoptosis, but also consume excess glutathione in cancer cells and increase the quantity of reactive oxygen species, thereby severely disrupting the redox balance in cancer cells. FeGA can accelerate the release of Fe2+ in an acidic environment and under light, and combine with the excess H2O2 in the tumor for chemokinetic treatment. At the same time, SO2 can deplete GSH in the tumor, which can further assist the therapeutic influence of Fenton reaction on tumor killing. This FBH system provides a new approach for CDT and SO2 gas synergistic therapy and shows excellent anticancer effects in vivo and in vitro.
RESULTS AND DISCUSSION
We prepared FeGA NPs according to the studies in the literature [(Xin Li et al., 2021)] and showed its transmission electron microscope (TEM) image (Figure 1A), then we synthesized the FBH system by encapsulating the prepared FeGA NPs and BTS in 2% agarose hydrogel, and it was imaged by scanning electron microscopy (SEM) (Figure 1B). We then determined the average hydrated particle size of FeGA NPs by dynamic light scattering (DLS) method (Figure 1C), and the results were in good agreement with TEM. The UV-Vis absorption spectra observed that FBH has broad absorption in the NIR (Figure 1D), which indicates that the metal-organic coordination polymer formed by the coordination of GA with iron ions may have better photothermal properties. The photothermal conversion performance was investigated by preparing FBHs containing FeGA NPs at different concentrations (0, 50, 100, 200 μg/ml) and exposing them to a 808 nm laser at 0.5 W/cm2 for 5 min. The resulting concentration- and time-dependent temperature rise curves are shown in Figure 1E. For example, the temperature of FBH containing 200 μg/ml FeGA NPs increased from 27.9 to 51.9 C after laser irradiation. In addition, the laser power dependent photothermal effect (0, 0.2, 0.5, 0.8, and 1.0 W/cm2) was also demonstrated (Figure 1F). This indicates that the temperature increases of the FBH containing FeGA NPs can be tuned from 27.7°C (0 W/cm2) to 67.3°C (1.0 W/cm2) by controlling the power density of the 808 nm laser, demonstrating the photothermal conversion dependence of performance on laser power density. Notably, the photothermal performance of FBH did not regress significantly during four laser on/off cycles, indicating that the as-prepared FBH has high photothermal stability for photothermal therapy (Figure 2A). These results indicate that FeGA nanoparticles have good photothermal stability. According to the photothermal conversion efficiency formula, the photothermal conversion efficiency of FeGA is 45.7%, which is higher than that of Au nanorods (21%) [(Xiong et al., 2021)]. Therefore, FeGA nanoparticles are an excellent photothermal conversion reagent. In our system, the hydrogel-encapsulated SO2 pre-drug BTS is a crystalline white solid with excellent water solubility. Studies have found that BTS can selectively generate SO2 in the acidic environment of tumors [(Yuan et al., 2021)]. Therefore, we further verified the SO2 release efficiency of the BTS-loaded FBH under light-stimulated acidic environment (Figure 2B). As mentioned before, under laser irradiation, our FBH system will achieve a photothermal response, which causes the agarose hydrogel to melt and release BTS. We found that the SO2 release efficiency of the system was significantly enhanced under acidic conditions. At neutral pH (7.4) the reaction is much slower. But in the absence of light, our FBH is in a solidified state at room temperature, and it is difficult to decompose to release BTS, so no SO2 is produced. This further proves that the FBH system prepared by us can controllably perform gas treatment and subsequent further treatment.
[image: Figure 1]FIGURE 1 | (A) TEM image of FeGA NPs (inset FeGA). (B) SEM image of FBH. (C) Hydrodynamic sizes of FeGA NPs. (D) UV-Vis absorption spectrum of FBH. (E) Temperature curves of FBH containing FeGA NPs with different concentrations under 808 nm laser at 0.5 W/cm2 irradiation. (F) Temperature curves of FBH containing 100 μg/ml FeGA NPs under different power densities.
[image: Figure 2]FIGURE 2 | (A) Heating curve of FBH under four cycles of heating and cooling processes. (B) The release curve of SO2 from FBH after different treatments. (C) Relative OH intensity in cells after treated by different experimental groups (n = 3). (D) Relative SO2 intensity in cells after treated by different experimental groups (n = 3). (E) The effect of different formulations on the intracellular GSH levels was determined by employing a GSH assay kit (n = 3). (F) Cell viabilities of control group (PBS) and FBH system without NIR irradiation (n = 3). (G)Various treatments’ in vitro cytotoxicity towards 4T1 cells (n = 3). *p < 0.05, **p < 0.01, ***p < 0.005; Student’s t-test.
[image: Scheme 1]SCHEME 1 | Schematic illustration of hydrogel co-loading SO2 prodrug and FeGA NPs for enhancing CDT by photothermal-triggered SO2 gas therapy.
As previously shown, FeGA can accelerate the release of Fe2+ in an acidic environment and under light, and combine with the excess H2O2 in the tumor for chemokinetic treatment. To detect FBH-induced ·OH production in cells, we stained 4T1 cells with different treatments using the OH detection probe HPF. As illustrated in Figure 2C, the PBS group, the NIR group and the FBH alone group had almost no OH production, which means that OH was almost absent in normal cells and was not affected by NIR light stimulation, the FBH group alone did not cause cell damage because it was difficult to decompose and release drugs due to the encapsulation of hydrogel. In addition, a hydrogel containing only FeGA NPs (FH) was prepared for exploratory experiments. The FH + NIR group produced OH of moderate intensity, while the FBH + NIR group produced OH of maximum intensity. ROS can cause damage to DNA and cellular protein, leading to tumor cell death. However, in order to maintain cellular redox homeostasis, overexpressed glutathione GSH exists in the tumor microenvironment, and GSH can react with oxidative reactive substances to be oxidized to form oxidized glutathione (GSSG), thus resulting in an inhibition of the anti-tumor effect based on ROS. According to research, the SO2 produced by BTS will consume GSSG excessively, and the generated S-sulphoglutathione (GSSO3-) will be excreted in the form of thiosulfate, thereby disrupting the normal GSH cycle, reducing the GSH content, thereby increasing the level of ROS, changing the redox balance of cells, and producing oxidative stress. Stimulated, eventually triggering apoptosis (Osi et al., 2021). Therefore, we first studied the production of SO2 in different treatment groups by cell experiments. As shown in Figure 2D. The results show that only under laser irradiation, our FBH system can melt agarose hydrogel and release BTS to generate SO2 due to the photothermal effect. This also proves that our FBH system can be controlled for gas release. We then investigated GSH consumption in different cell treatment groups, as shown in Figure 2E. The results show that FBH and NIR radiation can fully consume GSH. Combined with the conclusion in Figure 2C, it is sufficient to prove that SO2 produced by our FBH system can promote the consumption of GSH, which is conducive to the subsequent FeGA-mediated Fenton reaction. In order to evaluate the cytotoxicity of FBH, we employed 4T1 cancer cells to conduct the standard MTT assay (Zuo et al., 2022). As shown in Figure 2F, FBH exhibited little cytotoxicity in the absence of irradiation. Furthermore, we evaluated the antitumor efficacy of FBH through MTT assay (Figure 2G). 4T1 cells were incubated with PBS, NIR (0.5 W/cm2, 5 min), FBH, FH + NIR (0.5 W/cm2, 5 min) and FBH + NIR (0.5 W/cm2, 5 min). From the results, the treatment effects of the control group, the NIR group and the FBH alone group were not satisfactory. In particular, FBH alone showed little cytotoxicity even at the highest doses. This is due to the encapsulation of the hydrogel, and FBH cannot have an effect on the cells. The FBH + NIR group treatment showed more significant cytotoxicity than the FB + NIR group treatment, which may be explained by the photothermal effect opening the SO2 release. As anticipated, the FBH + NIR group not only showed the synergistic treatment results of photothermal therapy and gas therapy, but also enhanced FeGA-mediated CDT killing ability of cancer cells by depleting glutathione of cancer cells through SO2. This additionally demonstrates that FBH + NIR has good antitumor.
Before studying the antitumor efficacy of FBH in vivo, we first studied the photothermal efficacy of the prepared FBH in mice. After intratumoral injection of PBS and FBH, respectively, the mice were exposed to 808 nm (0.5 W/cm2) laser light for 5 min, as shown in Figures 3A,B, Photothermal images showed that the tumor temperature in the control group only increased around ΔT = 4°C. In contrast, after light activation, the temperature of the tumor area in mice injected with FBH showed a rapid warming of ΔT = 17°C. This important result suggests that FBH may serve as an excellent therapeutic agent for the synergistic anticancer efficacy of FeGA-mediated CDT/PTT. We then examined the ability of this prepared FBH to induce the elimination of 4T1 mammary tumors in mice as they exhibited positive antitumor activity in vitro. We randomly divided unilateral 4T1 tumor-bearing mice with tumor volumes of approximately 200 mm3 into five groups: (Zhang et al., 2022a): PBS; (Zhang et al., 2022b); NIR; (Tang et al., 2022); FBH; (Zhang et al., 2022); FH + NIR; (Liu et al., 2021); FBH + NIR. As shown in Figures 3C,D, compared with the PBS, NIR group, the FBH alone group had a slight inhibitory effect on the tumor. Notably, this does not appear to be fully responsive to in vitro MTT results. This is because the encapsulated agarose can be slowly decomposed in the body, and the mechanism may be related to the action of some biological enzymes. While the FB + NIR group significantly reduced tumor growth, the FBH + NIR group exhibited higher tumor inhibition rates than FBH and FB + NIR alone. This can be attributed to the synergistic anticancer effects of FeGA-mediated CDT and SO2-mediated gas therapy released from FBH in response to light as described above, as well as enhanced CDT killing of cancer cells by disrupting redox homeostasis of the tumor microenvironment through GSH depletion by SO2. Furthermore, the high stability of FBH avoids premature drug release in the tumor site. Similarly, none of the groups demonstrated any weight loss during the medication (Figure 3E), indicating that FBH is safe in vivo. These findings imply that by photothermally activating the gas treatment, our synthetic FBHs can improve CDT effectiveness against tumor cells. To further explore the antitumor mechanism of FBH, we used the HPF kit to verify the in vivo OH production after different treatments (Figure 3F). Green fluorescence was hardly seen in the PBS and NIR groups, and the degradation rate of FBH alone was slow under the action of biological enzymes in vivo, so the production of OH was not high. While FH + NIR can also observe obvious fluorescence, but the production of OH is limited because GSH can consume OH. The amount of ROS in the FBH + NIR group was significantly higher than that in the FH + NIR group, showing that SO2 can increase the level of intracellular OH. Using H&E staining, the histology of tumor tissue was investigated. The findings demonstrated dense tumor tissue in the PBS and NIR groups, and necrotic tumor cells in the FBH group alone. The FH + NIR group would obviously induce tumor cell necrosis, and its nuclei would shrink or even disappear, while the FBH + NIR group treated tumors. The area of tissue necrosis was larger than that of FBH alone or FH + NIR group, indicating that the killing effect of FBH + NIR on tumor was higher than that of FBH or FH + NIR group. There were hardly any apoptotic cells in the PBS and NIR groups. Taken together, these results indicated that our prepared FBH system could effectively inhibit tumor cell proliferation and promote apoptosis.
[image: Figure 3]FIGURE 3 | (A)Infrared thermal images of tumors in the specified treatment groups. (B) After being irradiated with 808 nm laser (0.5 W/cm2) for 5 min, the temperature elevates in mice having 4T1 tumor, in the specified treatment groups. (C)The treatment groups’ tumor volume alters over time (n = 5). (D) Average tumor weight values associated with the indicated treatments (n = 5). (E) Changes in body weight in response to the indicated treatments (n = 5). (F) HPF and H&E-stained tumor sections from the indicated treatment groups (n = 5). Scale bars: 100 μm *p < 0.05, **p < 0.01, ***p < 0.005; Student’s t-test.
Additionally, mice in good health were used to test FBH’s long-term biocompatibility. Each group’s mice had their major organs removed and subjected to H&E examination. As seen in Figure 4A, the lung, liver, heart, spleen, and kidney sections of these animals displayed normal histological morphology and no evident pathological alterations, demonstrating that FBH has a low level of systemic toxicity in vivo. Blood from FBH-treated mice (n = 5) was obtained 16 days after treatment, and hematological and blood biochemical analyses were performed to assess blood cell and major organ function in mice during treatment (Figures 4B–D). Urea (BUN) and creatinine (CRE) are biomarkers of renal function, and alanine aminotransferase (ALT), aspartate aminotransferase (AST), and alkaline phosphatase (ALP) are biomarkers of liver function. These biomarkers did not differ significantly from those of the control group, indicating that the substance did not have any obvious hepatotoxicity or nephrotoxicity. All of the aforementioned findings imply that FBH is a secure medication delivery method with minimal systemic toxicity.
[image: Figure 4]FIGURE 4 | (A) Results of H&E-stained images for the mice’s major organs, including the heart, lung, liver, kidneys, and spleen, after exposure to various therapies 16 days after the injection. Scale bars: 100 µm. (B) Kidney function markers: BUN, (C) CRE, and (D) liver function indicators: ALT, AST, and ALP following different treatments.
CONCLUSION
In summary, we proposed a hydrogel co-loading SO2 prodrug and FeGA NPs for enhancing CDT by photothermal-triggered SO2 gas therapy system. With the excellent photothermal conversion ability of FeGA NPs and the acidic conditions of the tumor site, BTS can precisely control the release of SO2 gas under NIR irradiation. Under NIR irradiation, FeGA could accelerate the release of Fe2+ in the acidic tumor microenvironment and react with the excess H2O2 in the tumor for chemokinetic treatment. At the same time, SO2 can deplete GSH in the tumor, which can further enhance the therapeutic impact of Fenton reaction on tumor killing. This FBH system provides a new approach for CDT and SO2 gas synergistic therapy and shows excellent anticancer effects in vivo and in vitro.
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