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Near-infrared-light responsive degradable polysulfide pesticide

Introduction

Pesticides play a strategic role in ensuring food security all over the world by protecting crops from weeds, insects, and diseases [START_REF] Crist | The interaction of human population, food production, and biodiversity protection[END_REF][START_REF] Grillo | Foliage adhesion and interactions with particulate delivery systems for plant nanobionics and intelligent agriculture[END_REF][START_REF] Rizzati | Effects of pesticide mixtures in human and animal models: an update of the recent literature[END_REF]. Suffering from volatilization, migration, leakage, and decomposition in actual use, the growing use of traditional pesticide formulations has led to a continuous accumulation of pesticides in ecological environment [START_REF] Tang | Development of carrier-free self-assembled nanoparticles based on fenhexamid and polyhexamethylene biguanide for sustainable plant disease management[END_REF][START_REF] Nuruzzaman | Nanoencapsulation, nano-guard for pesticides: a new window for safe application[END_REF][START_REF] Zhao | Development strategies and prospects of nano-based smart pesticide formulation[END_REF][START_REF] Tilman | Agricultural sustainability and 30 intensive production practices[END_REF], posing serious risks for human health and conflicting with the concept of sustainable development in modern society. To address this global issue, one primary focus in recent years has been in constructing functional pesticide carriers with the controlled release capability due to their reliable delivery of active ingredients and intelligent responses to surrounding micro-environments [START_REF] Kumar | Nano-based smart pesticide formulations: emerging opportunities for agriculture[END_REF][START_REF] Xu | Copper ions chelated mesoporous silica nanoparticles via dopamine chemistry for controlled pesticide release regulated by coordination bonding[END_REF][START_REF] Singh | Advances in controlled release pesticide formulations: prospects to safer integrated pest management and sustainable agriculture[END_REF]. To date, a wide variety of materials including mesoporous silica [START_REF] Zhao | Fungicide-loaded mesoporous silica nanoparticles promote rice seedling growth by regulating amino acid metabolic pathways[END_REF], carbon materials [START_REF] Song | Carboxymethyl chitosan modified carbon nanoparticle for controlled emamectin benzoate delivery: improved solubility, pH-responsive release, and sustainable pest control[END_REF], metal-organic frameworks [START_REF] Liang | A light-triggered pH-responsive metal-organic framework for smart delivery of fungicide to control sclerotinia diseases of oilseed rape[END_REF][START_REF] Zhang | A pH-responsive MOF for site-specific delivery of fungicide to control citrus disease of Botrytis Cinerea[END_REF], and functional polymers [START_REF] Pirzada | Toward sustainable crop protection: aqueous dispersions of biodegradable particles with tunable release and rainfastness[END_REF][START_REF] Zhao | Catechol functionalized hat-shape carriers for prolonging pesticide retention and flush resistance on foliage[END_REF] have been applied to fabricate the pesticide carriers. For example, Liu et al. reported a lignin-based core-shell nanocarrier by iron-mineralized self-assembly, which exhibited high photostability, environmental security, and pH/laccase dualresponsive controlled release of lambda-cyhalothrin [START_REF] Zhang | Core/shell dualresponsive nanocarriers via iron-mineralized electrostatic self-assembly for precise pesticide delivery[END_REF]. Du et al. constructed poly(cyclodextrin)valved MoS2-embedded mesoporous silica towards hierarchical targets triggered by pH, αamylase, epicuticular waxes, and sunlight [START_REF] Dong | Cyclodextrin polymer-valved MoS2-embedded mesoporous silica nanopesticides toward hierarchical targets via multidimensional stimuli of biological and natural environments[END_REF]. Note that despite improving the utilization of pesticides to a certain extent, these reported carriers often involve tedious chemical synthesis and are time-consuming, which rise potential risks to environment and limit the large-scale industrialization [START_REF] Chen | Polyurea microencapsulate suspension: an efficient carrier for enhanced herbicidal activity of pretilachlor and reducing its side effects[END_REF][START_REF] Sun | Nano-pesticides: a great challenge for biodiversity?[END_REF][START_REF] Lowry | Opportunities and challenges for nanotechnology in the agri-tech revolution[END_REF]. Thus, searching for a simple and general approach to fabricate functional pesticide carriers in large-scale remains a big challenge.

Inverse vulcanization invented by Jeffrey Pyun et al. in 2013 paves a way to address this dilemma [START_REF] Chung | The use of elemental sulfur as an alternative feedstock for polymeric materials[END_REF]. In this reaction, the industrial waste sulfur (S8) melts at the elevated temperature initially, and then the ring opens with a generation of radicals that polymerize with unsaturated substances like alkene, polyene, and alkyne to produce diverse polysulfides [START_REF] Chalker | Synthesis and applications of polymers made by inverse vulcanization[END_REF][START_REF] Lee | Polymerizations with elemental sulfur: from petroleum refining to polymeric materials[END_REF]. Even the discarded cooking oil could also be the crosslinking agent in inverse vulcanization [START_REF] Worthington | Laying waste to mercury: inexpensive sorbents made from sulfur and recycled cooking oils[END_REF]. Such reaction solves the problem of "excess sulfur" in petrochemical industry and provides fascinating optical, electrochemical, mechanical, and biological properties in Li-S batteries [START_REF] Shen | Conductive sulfur-rich copolymer composites as lithium-sulfur battery electrodes with fast kinetics and a high cycle stability[END_REF], infrared optics [START_REF] Kleine | Infrared fingerprint engineering: a molecular-design approach to long-wave infrared transparency with polymeric materials[END_REF], heavy metal adsorbents [START_REF] Crockett | Sulfur-limonene polysulfide: a material synthesized entirely from industrial by-products and its use in removing toxic metals from water and soil[END_REF], adhesives [START_REF] Herrera | Polysulfides synthesized from renewable garlic components and repurposed sulfur form environmentally friendly adhesives[END_REF] and antibacterial surfaces [START_REF] Dop | Antibacterial activity of inverse vulcanized polymers[END_REF].

Apparently, inverse vulcanization is an ideal strategy to prepare pesticide carriers because of the following four distinct merits: 1) the reaction is simple and solvent-free, which facilitates the encapsulation of agrochemicals and functional components; 2) the high utilization of "excess sulfur" and renewable crosslinking agents meets the requirement of sustainable agriculture development; 3) benefiting from the facile processing and the low-cost of raw materials, their large-scale productions can be achieved easily; and 4) the presence of dynamic S-S bonds endows the resulting polysulfides with good degradability.

In general, the stimulus responses induced by temperature, pH, light, enzyme, and magnetic field are demanded for intelligent carriers as they are beneficial to realizing the precise release of pesticides [START_REF] Camara | Development of stimuli-responsive nano-based pesticides: emerging opportunities for agriculture[END_REF][START_REF] Huang | Advances in targeted pesticides with environmentally responsive controlled release by nanotechnology[END_REF]. Among them, near-infrared (NIR) light-triggered systems are attracting attentions because NIR light can employ natural sunlight and be regulated remotely and easily by adjustable wavelength and intensity [START_REF] Dong | Cyclodextrin polymer-valved MoS2-embedded mesoporous silica nanopesticides toward hierarchical targets via multidimensional stimuli of biological and natural environments[END_REF][START_REF] Xu | A near-infrared and temperature-responsive pesticide release platform through core-shell polydopamine@PNIPAm nanocomposites[END_REF]. As a photothermal conversion reagent from pyrolysis products of agricultural wastes, biochar is reproducible, biocompatible, and low-cost [START_REF] Liu | Near-infrared light-responsively controlled-release herbicide using biochar as a photothermal agent[END_REF][START_REF] Mei | Novel fabrication of a yeast biochar-based photothermal-responsive platform for controlled imidacloprid release[END_REF][START_REF] Sashidhar | Biochar for delivery of agri-inputs: current status and future perspectives[END_REF], in sharp contrast to other photothermal reagents like Au nanoparticles [START_REF] Huang | Biodegradable gold nanovesicles with an ultrastrong plasmonic coupling effect for photoacoustic imaging and photothermal therapy[END_REF], carbon nanotubes [START_REF] Zhao | Temperature-sensitive lipid-coated carbon nanotubes for synergistic photothermal therapy and gene therapy[END_REF], graphene [START_REF] Savchuk | Determination of photothermal conversion efficiency of graphene and graphene oxide through an integrating sphere method[END_REF] and Fe3O4 nanoparticles [START_REF] Cui | Ferroferric oxide loaded near-infrared triggered photothermal microneedle patch for controlled drug release[END_REF]. Taking this advantage into account, in this work we have fabricated a NIR light responsive polysulfide carrier (SOCT, the acronym of each raw material) through inverse vulcanization of sulfur and soybean oil in one-pot, encapsulating biochar and tebuconazole (Teb) as the photothermal conversion reagent and model pesticide, respectively, as illustrated in Scheme 1. In this approach, the SOCT was prepared easily in kilogram-scale without the use of solvents and surfactants, and all starting materials were from industrial/agricultural wastes and bio-based resources. Similar to neat biochar, the SOCT had reliable photothermal efficiency and can release Teb in a controlled manner once irradiated by NIR light, thus exhibiting fungicidal activities against three pathogenic fungi (Rhizoctia solani, Gibberella zeae, and Sclerotinia sclerotiorum). Moreover, the SOCT can retard the leaching of Teb in soil and contribute to protecting groundwater from contamination. Additionally, the SOCT was biosafe for wheat seed germination and adult zebrafish rather than the Teb technical (Teb TC).

Benefiting from the available dynamic S-S bonds and ester bonds, the SOCT could be degraded completely in the presence of alkaline or the reducing agents like dithiothreitol (DTT). Our work provides a NIR light responsive pesticide carrier with chemical degradability by using an all-waste synthesis approach via one-pot inverse vulcanization for the first time, which holds potentials for enhancing utilization and reducing environmental pollution of pesticides in practical agroproductions. Scheme 1. Schematic illustration for the preparation of SOCT using one-pot inverse vulcanization and its performance in the photothermal controlled release, antifungal, biosafety, and degradation.

Material and methods

Materials

Sulfur (S8, 99.99%), dithiothreitol (DTT, 99%), and span 80 were purchased from Shanghai Aladdin Bio-Chem Technology Co. Biochar (150-250 mesh) was purchased from Jiangsu Desheng Activated Carbon Co., Ltd. Tebuconazole (Teb, 97.3%) was purchased from Jiangsu Huangma Agrochemical Co., Ltd. Soybean oil was purchased in local supermarket. All chemicals were used as received without further purification. Adult zebrafish (average body length of 2-3 cm) were provided by local aquarium. Rhizoctia solani (R. solani), Gibberella zeae (G. zeae), and Sclerotinia sclerotiorum (S. sclerotiorum) were afforded by the Key Laboratory of Pesticide Toxicology and Application Technique, Shandong Agricultural University.

Synthesis of SOC and SOCT

The carrier encapsulating Teb (SOCT) and the one without Teb (SOC) were synthesized in a similar way. As a typical procedure, soybean oil (0.40 kg) and biochar (0.30 kg) were initially added into a reactor shown in Fig. S1, and the mixture was heated to 170 °C under the constant stirring. After that, sulfur (S8, 0.4 kg) was added slowly and the reaction temperature was then risen to 180 °C. The mixture gradually became viscous and after 30 min formed a black rubberlike solid (1.088 kg). Finally, the solid was pulverized by a high-speed shredding machine, and the SOC was consequently obtained by collecting granules ranging from 1.5 to 2 mm. Similarly, the SOCT was prepared using the same process with addition of Teb (45.5 wt% to SOC).

Gel content

The sample (~50 mg, m0) was immersed in 5 mL of tetrahydrofuran, dichloromethane, acetone, methanol, dimethyl sulfoxide, N,N-dimethylformamide, toluene, acetonitrile, pyridine, hydrochloric acid (1 mol L -1 ), and sodium hydroxide (1 mol L -1 ), respectively, at room temperature for 24 h. After that, the sample was taken out of the vial, dried in a vacuum oven at 80 °C for another 24 h, and then weighed (m1). The gel content was calculated by the following equation (1):

Gel content (%) = 𝑚 1 𝑚 0 × 100 (1)

Photothermal performance

SOCT (10 mg) was placed into a glass vial containing a mixed solution of methanol and water (2 mL, v:v = 1:1), and then irradiated by NIR light (808 nm, 1.5 W) for 20 min. The temperature variation was recorded using an infrared camera per 30 s. To evaluate its photothermal stability, the on/off cycles of NIR light were performed five times and the temperature changes were recorded in time. For biochar, a glass vial containing biochar in water (1 mL, 1.6 mg mL -1 ) was irradiated with NIR light (808 nm, 1 W), and the temperature variation as a function of irradiation time was monitored with an infrared camera.

Loading content

SOCT (30 mg, w0) was added in 3 mL of pyridine and sonicated for 5 min to destroy the polysulfide.

After that, the solution was centrifuged at a speed of 10000 rpm for 10 min, and 100 μL of the supernatant solution was diluted by 10 mL of methanol. The concentration (c1) of Teb was determined by high performance liquid chromatography (HPLC). Accordingly, the weight of Teb in SOCT (w1) and the loading content (LC) of SOCT were calculated by the following equations

(2) and ( 3):

w1 = 300c1 (2) LC (%) = w 1 w 0 × 100 (3) 

Release behavior

Briefly, SOCT (10 mg) was soaked in a mixed solvent of methanol and water (2 mL, v:v = 1:1).

At predetermined time intervals, 20 μL of the solution was taken out and another 20 μL of the same mixed solvent was added into the system as a supplement. After that, the sample was diluted to 1 mL by a mixture of methanol and water (v:v = 1:1), and the concentration of Teb was determined by high performance liquid chromatography (HPLC). All tests were repeated three times. The cumulative release rate (CRR) of SOCT was calculated by the following equation (4):

CRR (%) = ( c t .v 0 + ∑ c t .v t t-1 0 m 0 ) ×100 (4) 
where ct and vt are the Teb concentration and the solution volume removed at time t, respectively. v0 (2 mL) is the total volume of the released solution and m0 (10 mg × LC) is the total weight of Teb in SOCT.

The release kinetics was applied to analyze the release mechanism of Teb from SOCT, including zero-order, first-order, Higuchi, and Ritger-Peppas models, as follows in equations ( 5), ( 6), [START_REF] Tilman | Agricultural sustainability and 30 intensive production practices[END_REF], and (8) [START_REF] Kamaly | Degradable controlled-release polymers and polymeric nanoparticles: mechanisms of controlling drug release[END_REF]:

Zero-order model:

𝑀 𝑡 M ∞ = kt (5)
First-order model: ln(1-

𝑀 𝑡 M ∞ ) = -k×t (6) 
Higuchi model:

𝑀 𝑡 M ∞ = kt 1/2 (7)
Ritger-Peppas model:

𝑀 𝑡 M ∞ = kt n (8)
where Mt/M∞ is the Teb release ratio at time t, k is the kinetic constant, and n is the diffusion exponent.

For monitoring the release behavior of SOCT triggered by NIR light, a laser with the wavelength of 808 nm (1.5 W) was used to irradiate the solution for 10 min at different time (2, 7, and 12 h).

For evaluating the release behavior of SOCT under different ions and pH values, the aqueous solution of NaCl (0.1 M), Na2SO4 (0.1 M), NaHCO3 (0.1 M), and phosphate buffers (1 mM, pH = 5, 7, 9) were used, respectively, instead of pure water in the mixed solvents.

Bioactivity

The biological activities of SOC and SOCT against R. solani, G. zeae, and S. scleroriorum were determined by plate confrontation method. Firstly, three cultivated pathogenic fungi colonies were drilled with a hole puncher (diameter 5 mm), and the fungus cakes were placed in the center of PDA (potato dextrose agar) culture medium. Subsequently, two holes were punched with a diameter of 5 mm on left and right sides of fungus cakes, and a certain amount of SOC (20 mg), SOCT (20 mg), and sterile water (100 μL) were added, respectively. After that, they were incubated at 25 °C in a constant temperature incubator. When the control colony in the plate was nearly overgrown, the inhibition zones of the experimental groups were observed and their diameters were measured. All the procedures were carried out under aseptic conditions and three replications were performed in each group. The inhibition rate was calculated by the following equation ( 9):

Inhibition rate (%) = d 0 -d 1 d 0 -5 mm ×100 (9) 
where d0 and d1 represent colony diameter of control and treatment, respectively.

Biosafety

Safety evaluation on wheat seedings. Wheat seeds with the uniform size were disinfected with 0.5% (v/v) sodium hypochlorite for 5 min and washed with deionized water for three times. The Teb was dissolved in methanol and further diluted with an aqueous solution containing 0.1% span-80 to 15.625, 31.25, 62.5, 125, 250 and 500 μg/mL. Correspondingly, the aqueous solutions of SOCT were prepared with the same concentration of Teb. After immersing in different concentrated solutions for 12 h, fifty wheat seeds were evenly placed in a petri dish (d = 9 cm) covered with two filter papers, and then 6 mL of the sample solution was added. An aqueous solution containing 0.2% methanol and 0.1% span-80 was used as a control. Each test was performed in triplicate. The germination rate (GR) of wheat seeds was recorded after 72 h and calculated by the following equation [START_REF] Singh | Advances in controlled release pesticide formulations: prospects to safer integrated pest management and sustainable agriculture[END_REF]:

GR (%) = n t n 0 × 100 ( 10 
)
where nt is the germination number at time t and n0 is the initial seed number.

Soil leaching experiment. The soil (0-15 cm depth) was gathered from an experimental field from Beijing, which was air-dried at 25 °C and sieved to collect particle sizes less than 2 mm. 20 g of the soil was packed with a plastic column (height 8 cm and diameter of 2.8 cm). The bottom of the soil column was filled with cotton. After prewetting for 30 min, the Teb TC and SOCT were deposited on the top of the soil column, and overlapped with quartz sand at a height of 1 cm. The column was eluted with a mixture of methanol and water (v: v = 1:1), and the leachates were collected and determined using HPLC. Each test was carried out triplicate. The cumulative amount of Teb in leachate (El) was calculated by the following equation [START_REF] Zhao | Fungicide-loaded mesoporous silica nanoparticles promote rice seedling growth by regulating amino acid metabolic pathways[END_REF].

E l (%) = v t ∑ c i n i=1 m 0 ×100 ( 11 
)
Where vt is the volume of leachate per sampling time, ci the concentration of Teb in leachate at sample time n, and m0 (8.5 mg) is the total amount of Teb added to soil.

Acute toxicity to adult zebrafish. Adult zebrafish were reared under laboratory conditions with temperature of 27 ± 1 °C and photoperiod of 12:12 h (light: dark) for 7 days, and the natural mortality was kept below 5%. The healthy and lively zebrafish with similar body length were selected to evaluate the toxicity. For SOC, ten zebrafish were placed into aqueous solutions of SOC with different concentrations (0, 0.2, 0.4, 0.6, 0.8, 1.0 mg/mL). After 7 days, the number of surviving zebrafish was counted to determine the viability. For Teb technical (Teb TC) and SOCT, they were separately set five concentration gradients in the formal experiment, and 0.1% dimethyl sulfoxide (DMSO) aqueous solution was served as blank control. Ten zebrafish were treated with different concentrated Teb and SOCT. The treatment was repeated three times at each concentration. The dead fish were cleaned in time and the number of dead zebrafish was recorded 96 h later.

Degradability

Pathway I: SOC (300 mg) was initially placed into a DMF solution of dithiothreitol (DTT, 5 mL, 0.5 mol L -1 ) at 100 °C for 3 h. After that, the mixture was cooled down to room temperature and the solvent was removed under vacuum. Lastly, the crude was re-dissolved in dichloromethane, washed with water, and evaporated to afford a yellow oil as degradation product α.

Pathway II: SOC (300 mg) was firstly soaked in a solution of potassium carbonate in tetrahydrofuran and water (v:v = 4:1, 5 mL, 0.1 mol L -1 ) with stirring at 50 °C for 5 h. After cooling to room temperature, the pH of the degradation solution was adjusted to 2 by the diluted hydrochloric acid (1 mol L -1 ). Then, the solution was extracted by dichloromethane. The organic phase was washed with water and dried under vacuum to afford a yellow oil as degradation product β. On the contrary, the water phase was dried directly, giving the degradation product γ.

Results and discussion

Synthesis and structural characterization

As shown in Scheme 1, during the process of this one-pot inverse vulcanization, molten sulfur generated thiyl radicals to give rise to ring opening polymerization (ROP) at higher than 159 °C, and the terminal thiyl radicals reacted with alkene groups in soybean oil to afford stable crosslinked polysulfide, which can load diverse components like Teb and biochar. Before the investigation of the SOCT, we firstly processed a kilogram-scale batch of the carrier without Teb, namely SOC, to demonstrate the scalability that is an important factor to be considered in the production of pesticide formulations. As shown in Fig. 1A and S1, the reaction was carried out in a 3 L reactor with mechanical stirring by using sulfur, soybean oil, and biochar as starting materials.

After the one-pot inverse vulcanization, physically pulverizing and sieve, the kilogram-scale SOC was obtained successfully (synthetic details see Experimental Section), demonstrating that this one-pot inverse vulcanization system satisfied the demand of large-scale production of pesticide formulations.

The SOC was characterized by nuclear magnetic resonance (NMR), fourier transform infrared spectroscopy (FTIR), differential scanning calorimetry (DSC), and gel content test. As shown in Fig. 1B, the peaks at 0.98-1.02, 1.98-2.09, 2.75-2.82, and 5.30-5.42 ppm were assigned to methyl groups of linolenic (a), allylic groups (-CH2-CH=CH, b), bis-allylic groups (CH=CH-CH2-CH=CH, c), and alkene protons (d) in soybean oil, respectively. After inverse vulcanization, these peaks either disappeared or weakened in SOC, which indicated that thiyl radicals reacted well with the alkene groups in soybean oil. By comparing the integral area of alkenes (d) in soybean oil and SOC, the consumption of alkenes in inverse vulcanization was quantified to be 96.8%. The comparison of FTIR spectra for SOC, soybean oil, sulfur, and biochar provided more evidence for the completion of inverse vulcanization. As shown in Fig. S2, the peaks at 3009 and 1653 cm -1 belonging to the stretching vibration of alkene C-H and C=C in soybean oil disappeared in SOC, while the S-S stretching at 465 cm -1 was observed clearly. Moreover, the characteristic peaks for biochar, including the stretching vibration of carboxylate at 1582 cm -1 and the C-O bond in ether, ester, and carbonate at 1031 cm -1 , appeared in the SOC, revealing again the inverse vulcanization between sulfur and soybean oil. To estimate the consumption of sulfur in inverse vulcanization reaction, DSC experiments of sulfur and SOC were performed in Fig. 1C. The first endothermic peak of sulfur (S8) at 105 °C was the phase transition from rhombic to monoclinic, and the second peak at 119 °C was the melting of monoclinic phase. On the contrary, there was only one weak melting peak at 119 °C for the SOC thermograms, implying the residual sulfur in the resulting polysulfide. Accordingly, the percentage of residual sulfur in SOC was calculated to be 9.8% by integrating the area of this endothermic peaks after establishing a standard curve with crystalline S8 standard (Fig. S3). In addition, the SOC displayed high gel content in acetone, methanol (MeOH), dimethyl sulfoxide (DMSO), acetonitrile (MeCN), hydrochloric acid (1 mol L -1 ), and sodium hydroxide (1 mol L -1 ) (Fig. 1D), revealing a crosslinked nature of SOC. In short, the crosslinked polysulfide SOC has been prepared successfully in kilogram-scale through the inverse vulcanization from sulfur, soybean oil, and biochar in one-pot.

After having the SOC in hand, we further studied the carrier of SOCT with loaded Teb by high performance liquid chromatography (HPLC), FTIR, X-ray diffraction (XRD), and thermogravimetric analysis (TGA). The load content (LC) of Teb in SOCT was determined by HPLC. By using the calibration curve of peak area versus Teb concentration in Fig. S4, the LC of Teb in SOCT was calculated to be 34.1wt%. FTIR spectra showed that the peaks of alkene C-H (3009 cm -1 ) and C=C (1653 cm -1 ) of soybean oil disappeared in SOC and SOCT, whereas the S-S stretching vibration was located at 465 cm -1 (Fig. 1E andS2), illustrating that the addition of Teb did not affect the inverse vulcanization. Additionally, the characteristic peaks at 3300, 1406, 1309, and 735 cm -1 belonging to the O-H, C=N, C-N, and C-Cl stretching vibrations of Teb were clearly observed in SOCT, confirming that Teb was successfully encapsulated by biochar and polysulfide.

Furthermore, XRD patterns were evaluated to distinguish the crystal structure of SOCT. As shown in Fig. 1F, the diffraction peak of neat Teb was sharp and narrow, verifying that Teb had a good crystal structure. Similar diffraction peaks were also observed at the same dihedral angle in SOCT, implying that the crystal structure of the loaded Teb in SOCT remained. In addition, the characteristic peaks of biochar were detected at 5-30 • , indicating the presence of mineral crystals such as CaCO3, SiO2, and Al2O3 [START_REF] Hadroug | Valorization of salt post-modified poultry manure biochars for phosphorus recovery from aqueous solutions: investigations on adsorption properties and involved mechanism[END_REF]. Notably, the diffraction peaks of sulfur existed in the XRD pattern of SOCT, which was in agreement with DSC results and further revealed the residual sulfur in the carrier. Meanwhile, TGA were performed to determine the thermal stability of SOCT, and the results were summarized in Fig. 1G and1H. For biochar, the first stage (30 -180 °C) of weight loss (4.2%) was ascribed to the loss of structural water and low molecular weight alkanes. The second stage (180 -700 °C) of weight loss (21.5%) was assigned to the thermal cracking processes of hemicellulose, cellulose, and lignin. For Teb and sulfur, both of them displayed a clear and fleetly declining region of mass, where Teb was degraded from 190 to 310 °C and sulfur was pyrolyzed from 180 to 325 °C. As for the SOCT, it showed a gently decline within the limits of 15 180 -650 °C, and two apparent regions of weight loss could be expressly observed. The first weight loss from 180 to 325 °C was 45%, which was ascribed to the decomposition of the remaining sulfur, Teb, and S-S bonds in polysulfide. The second weight loss (24%) between 325 and 650 °C was probably due to the degradation of organic matters in polymer and biochar. Additionally, the temperature at 5 wt% mass loss was 221, 240, and 212 °C for sulfur, Teb, and SOCT, respectively.

The decrease in thermal stability of SOCT was mainly caused by the unreacted sulfur. 

Morphology and photothermal performance

The surface and cross-section morphologies of SOCT were characterized by scanning electron microscopy (SEM). The biochar presented irregular blocky morphologies (Fig. S5), while the surface of SOCT was rough with irregular polygons caused by mechanical crushing (Fig. 2A), and its cross-section was relatively smooth with pore structures that were conductive to the release of Teb molecules (Fig. 2B). The corresponding energy-dispersive spectra (EDS, Fig. 2C) and mapping results (Fig. 2D,2E) showed that the element S, N, and Cl were evenly distributed on the surface and cross-section of SOCT, proving that the Teb-loaded polysulfide carriers with considerable compatibility between each component were successfully prepared by inverse vulcanization.

To assess the photothermal conversion efficiency of biochar, the suspension of biochar in water was exposed to NIR light at 808 nm for 380 s, resulting in a temperature increase of 18.5 °C (Fig. 2F). Afterwards, the NIR light was turned off to record the temperature change with time. The conversion efficiency (η) was calculated by equation ( 12) [START_REF] Liu | Dopamine-melanin colloidal nanospheres: an efficient near-infrared photothermal therapeutic agent for in vivo cancer therapy[END_REF][START_REF] Liu | Metal ion/tannic acid assembly as a versatile photothermal platform in engineering multimodal nanotheranostics for advanced applications[END_REF]:

η = [hS(∆T max, mix -∆T max, water )] I(1-10 -A λ ) ( 12 
)
In this equation, ΔTmax,mix and ΔTmax,water are the maximum temperature variation of biochar suspension and water, respectively. I is the laser power (1 W) and Aλ is the absorbance (1.13) of the biochar suspension at 808 nm. h is the heat transfer coefficient, and S is the surface area of the container. Unknown hS can be calculated from equation [START_REF] Liang | A light-triggered pH-responsive metal-organic framework for smart delivery of fungicide to control sclerotinia diseases of oilseed rape[END_REF]:

τ s = mC hS ( 13 
)
where m is the weight of water in biochar suspension, and C is the heat capacity of water. By making a linear fit of cooling time (t) and -ln(∆Tt,mix/∆Tmax,mix), the time constant (τs) can be obtained as the slope. According to the temperature curve of the biochar suspension in Fig. 2G, the slope of the line can be obtained as 181.2 with a high correlation coefficient (R 2 ) of 0.998.

Considering that the mass (m) and heat capacity (C) of water are separately 1 g and 4.2 J g -1 K -1 , the hS value of biochar was calculated to be 23.18 mW K -1 by formula [START_REF] Liang | A light-triggered pH-responsive metal-organic framework for smart delivery of fungicide to control sclerotinia diseases of oilseed rape[END_REF]. As a result, the η value of biochar was quantified to be 39.6% according to equation [START_REF] Song | Carboxymethyl chitosan modified carbon nanoparticle for controlled emamectin benzoate delivery: improved solubility, pH-responsive release, and sustainable pest control[END_REF], where the ΔTmax,mix and ΔTmax,water were 18.5 and 2.7 °C, respectively. It is noteworthy that the photothermal conversion efficiency of biochar is higher than that of other reported photothermal agents, such as MoS2 (15.7%) [START_REF] Dong | Cyclodextrin polymer-valved MoS2-embedded mesoporous silica nanopesticides toward hierarchical targets via multidimensional stimuli of biological and natural environments[END_REF], Au nanorods (22%) [START_REF] Huang | Biodegradable gold nanovesicles with an ultrastrong plasmonic coupling effect for photoacoustic imaging and photothermal therapy[END_REF], and Cu9S5 (26%) [START_REF] Tian | Hydrophilic Cu9S5 nanocrystals: a photothermal agent with a 25.7% heat conversion efficiency for photothermal ablation of cancer cells in vivo[END_REF].

To further clarify that the carrier coating did not impact the photothermal conversion performance, both biochar and SOCT were irradiated simultaneously with NIR light to observe the temperature variation. Compared with the silence of mixed solvent of methanol and water (CK), the temperature of biochar and SOCT boosted rapidly with a similar trend upon irradiation by NIR light (Fig. 2H). After 20 min, the temperature increased by 20.1 and 21.3 °C, respectively, for biochar and SOCT, revealing that the SOCT also owned high η value, as the polysulfide shell had no negative influence on the photothermal performance of biochar. In addition, the photothermal stability of SOCT was determined in the course of irradiation on/off cycles. The temperature of dependent data in the cooling period in (F). (H) Temperature change curves of methanol aqueous solution (v/v = 1:1) (CK), biochar, and SOCT under NIR light as a function of irradiation time (808 nm, 1.5 W). The concentration of biochar in SOCT solution was 1.9 mg/mL, same as the one of neat biochar solution. (I) The ΔT curve of SOCT (10 mg/mL) suspension with five repeated on/off irradiation cycles.

Release performance

The photothermal release behavior of SOCT were explored in a mixed solvent of methanol and water (1:1, v/v). As shown in Fig. 3A, the release rate of Teb was quite fast in the first 1 h because of the burst release characteristics, with a cumulative release of 13.12%. After that, it slowed down and the final cumulative release was 39.45% at 24 h. On the contrary, the release of Teb was accelerated significantly by NIR light irradiation. The cumulative release increased monotonically from 16.49% to 33.47% under the first irradiation of NIR light, while rose rather slowly after the cessation of irradiation. During the second irradiation cycle, the cumulative release reached 42.02% from 35.87% and then displayed a gentle trend again under no irradiation condition. After irradiating for the third time, the cumulative release was improved to 47.11% and finally reached 49.72% at 24 h, much higher than 39.45% without NIR light irradiation. This NIR light-triggered release of Teb was mainly promoted by the dispersed biochar in the cross-linked network of SOCT, as it can effectively convert the NIR light into heat energy, rising the temperature and accelerating the release rate of Teb. According to these cumulative release curves, the release rate under each irradiation period was illustrated in Fig. 3B, where the release rate of Teb was 16.98, 6.15, and 3.96% h -1 , respectively, for the 1 st , 2 nd , and 3 rd irradiation time. The decline in release rate with the exposure times was induced by the eliminated concentration gradient of Teb between SOCT and the release medium.

3F, S7, and Table S2), indicating the release of Teb from SOCT in the presence of coexisting ions was also controlled by the diffusion. All above results suggested that the SOCT possessed high stability under different pH values and coexisting ions, and this intrinsic inert will endow SOCT with a wider application range in the field of plant protection. 

Bioactivity and biosafety evaluation

As an efficient, broad-spectrum, and systemic triazole fungicide, tebuconazole (Teb) is extensively applied in the control of rice sheath blight, wheat head blight, and eggplant sclerotinia. Therefore, the fungicidal activities of SOC and SOCT against R. solani, G. zeae, and S. sclerotiorum were determined by plate confrontation method. Compared with the blank control (sterile water), the inhibition zone was observed on three pathogenic fungi both in SOC and SOCT treatment groups (Fig. 4A). By measuring their colony diameters, the inhibition efficiency of SOC were calculated to be 43.3%, 4.4%, and 11.6%, respectively, for R. solani, G. zeae, and S. sclerotiorum, while markedly enhanced to 84.4%, 53.8%, and 76.1% for SOCT (Fig. 4B). The fungicidal activity of SOC was attributed to the fact that polysulfide and residual sulfur in SOC had certain inhibitory effects against these three pathogenic pathogens [START_REF] Sadek | Antifungal activities of sulfur and copper nanoparticles against cucumber postharvest diseases caused by Botrytis cinerea and Sclerotinia sclerotiorum[END_REF]. On the contrary, the excellent fungicidal capability of SOCT was caused by the loaded Teb. This result testified that the active Teb in SOCT did not change during the preparation process, showing fungicidal activities through the slow release from SOCT.

To evaluate the safety of SOCT on plants, the germination rate and the sprouts length of wheat seeds were studied, where the concentrations of Teb were set at 0, 31.25, 62.5, 125, 250, and 500 μg/mL. As shown in Fig. 4C and 4D, after 3 days of treatment with Teb technical (Teb TC), the germination rates of wheat seeds were not impinged in the concentration range from 0 to 125 μg/mL, while significantly reduced to be as low as 13% when the concentration of Teb TC was higher than 125 μg/mL. In striking contrast, the germination rates of wheat seeds were 94%-99% in the whole test concentration range of SOCT, comparable to blank control with a germination rate of 97%. Notably, although the germination rates of wheat seeds treated with Teb TC were not abated in the concentration range of 0-125 μg/mL, their sprouts length deteriorated continuously from 2.87 to 1.05 cm, and finally only 0.67 cm was observed at 500 μg/mL. For SOCT treatment, the presence of polysulfide carrier material weakened the negative effect of Teb on wheat growth, and the sprouts length was measured to be 1.88 cm at the concentration of 500 μg/mL, making SOCT perform a favorable safety for plants.

In practical use Teb can enter the water through leaching and migration, menacing the safety of aquatic organisms, so the soil mobility of Teb was determined by soil column leaching experiment.

As shown in Fig. 4E and4F, the cumulative amount of Teb leached from the soil column was tremendously divergent between Teb TC and SOCT. When the elution volume was 50 mL, the cumulative amount of Teb was only 3.86% for SOCT, while practically all Teb TC was entirely leached from soil (98.05%). When the volume of eluent was 200 mL, the cumulative leach amounts of Teb for SOCT inclined to be stable at 13.62%. This result demonstrated that the SOCT can retard the leaching of Teb in the soil and contribute to protecting groundwater from contamination.

In addition, the environmental toxicology assessment of SOC and SOCT has a significant meaning to its further application. Herein, adult zebrafish was selected as a model organism to evaluate the biosafety. As shown in Fig. 4G, the zebrafish were healthy and lively to be treated by SOC with different concentrations within 7 days. The fish viability at different concentrations was nearly 100% by counting the number of surviving fish (Fig. 4H), indicative of good biosafety. Moreover, the median lethal concentrations (LC50) and 95% confidence intervals were calculated by using probit method, for evaluating the acute toxicity of Teb TC and SOCT. As shown in Fig. 4I and Table 1, the mortality of zebrafish increased with the concentration rise of active ingredient. The LC50 values of Teb TC and SOCT treatments at 96 h were 13.39 and 62.85 mg L -1 , respectively.

The reduced toxicity by 4.7 times was due to the encapsulation of Teb by polysulfides, availably preventing immediate contact between Teb molecules and aquatic organisms, proving that SOCT can effectively improve the biosafety of Teb on aquatic environment. 

Degradable performance

From the perspective of material structures in Scheme 1, dynamic covalent bonds, ester bonds and S-S bonds, would enforce the degradation performance of the carrier materials in the presence of dithiothreitol (DTT) or alkaline. As shown in Fig. 5A, the sample of SOC was degraded completely in a N, N-dimethylformamide (DMF) solution of DTT at 100 °C for 3 h (pathway I), or in a K2CO3 solution (0.1 mol L -1 , tetrahydrofuran: water = 4:1, v/v) after 5 h at 50 °C (pathway II). In pathway I, the solvent of the degradation solution was initially removed, and then the mixture was redissolved in dichloromethane and washed with water. After collecting the organic phase, the dichloromethane was evaporated to afford a yellow oil as the degradation product α. For pathway II, the pH of the degradation solution was firstly adjusted to 2, and then extracted by dichloromethane. The organic phase was washed by water and dried under vacuum to afford a yellow oil as degradation product β. On the contrary, the water phase was dried directly, giving the degradation product γ. All the degradation products were analyzed by 1 H NMR and FTIR spectra.

As shown in Fig. 5B, the proton peaks of degradation product α in pathway I at 1. 

Conclusions

In summary, by using industrial waste sulfur (S8), bio-based soybean oil (SO), and agricultural waste biochar as raw materials, we have synthesized a NIR-light responsive polysulfide carrier of SOCT loading tebuconazole (Teb), through one-pot inverse vulcanization. Benefiting from the facile processing and the low-cost of raw materials, the SOCT can be produced easily in kilogramscale without the use of solvents and surfactants. The resulting SOCT had irregular polygon shape and its loading content of Teb reached 34.1% (w/w). More importantly, the SOCT exhibited reliable photothermal properties upon irradiation of NIR light, implementing the controlled release of Teb. And the release behavior was stable enough against different pH values and coexisting ions.

In addition, the SOCT can significantly inhibit the growth of pathogenic fungi (R. solani, G. zeae, and S. scleroriorum) with the inhibition efficiency of 84.4%, 53.8%, and 76.1%, respectively.

Compared with Teb technical, SOCT was able to effectively reduce the toxicity to wheat seed and adult zebrafish in virtue of protective polysulfide coating. Furthermore, due to the available dynamic ester and S-S bonds in polysulfide, the carrier material was degraded completely in the presence of alkaline or dithiothreitol molecules. All aforementioned features, such as all waste raw materials, one-pot synthesis without solvents and surfactants, NIR-light-triggered controlled release, and chemical degradability, endow our carriers with promising potentials for enhancing utilization and reducing environmental pollution of pesticides in practical agro-productions. As far as we know, this is the first time to use inverse vulcanization to prepare carrier materials for pesticides, which provides an effective strategy for the design of pesticide formulations with multifunctionality and sustainability.
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 1 Fig. 1. (A) Digital photo of the SOC in kilogram-scale after mechanical crushing (1.088 kg). (B) 1 H NMR spectra of soybean oil and SOC in CDCl3. The SOC was first dissolved into pyridine and

Fig. 3 .

 3 Fig. 3. (A) Release performance of SOCT with and without irradiation of NIR light at 2, 7, and 12

Fig. 4 .

 4 Fig. 4. (A) Digital photos of colony growth state after incubating R. solani, G. zeae, and S.

  34 ppm were assigned to thiol groups (a), and the peaks at 2.88-3.23, 4.10-4.15, and 4.42-4.44 ppm were belonged to methyne groups (b, c, d). Moreover, no obvious difference was observed between the degradation product α and SOC in FTIR spectra (Fig.S8). These results revealed that the introduction of DTT molecules caused the breakage of S-S bonds, leading to the destruction of the cross-linking structure and the generation of the degradation product α. In contrast, for the degradation product β in pathway II, the peaks of methylene (4.28-4.34 and 4.19-4.25 ppm) and methyne (5.11-5.25 ppm) groups from triglyceride almost disappeared (Fig.1B and 5B). Moreover, the stretching vibration of carbonyl group in carboxylic acid at 1706 cm -1 was observed in FTIR spectra (Fig.S8), with the disappearance of the vibration of carbonyl group in ester bonds at 1740 cm -1 from SOC. Meanwhile, the proton peaks of the degradation product γ located at 3.23-3.48 and 4.38-4.47 ppm, assigning to the methylene and methyne groups of glycerol. Obviously, in pathway II SOC was completely degraded into linear polymers (β) and glycerol (γ) due to the hydrolysis of ester bonds under basic conditions.

Fig. 5 .

 5 Fig. 5. (A) The chemical degradation of SOC under different conditions. Pathway I: in DMF solution of DTT (0.5 mol L -1 ) at 100 °C for 3 h. Pathway II: in aqueous solution of potassium carbonate (0.1 mol L -1 ) at 50 °C for 5 h. Insets show digital photos of the degradation solutions.

  

  

Table 1 .

 1 The LC50 values of Teb TC and SOCT against zebrafish at 96 h.

	Samples	Toxicity regression equation	LC	50 (mg L -1	)	interval (mg L 95% confidence ) -1	R	2
	Teb TC	Y = -56.62 + 50.25x		13.39		12.99-13.95	0.92
	SOCT	Y = -22.99 + 12.76x		63.21 a		51.82-79.20	0.97

a The concentration of Teb in SOCT aqueous solution was calculated by using CTeb in SOCT = LC × CSOCT.
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SOCT in the first cycle raised by 16.2 °C within 10 min under irradiation of NIR light, and after 5 cycles the equilibrium temperature was nearly identical to that after the first irradiation (Fig. 2I), implying the good photothermal stability of SOCT. Without a doubt, the reliable photothermal performance and cycling stability endowed the SOCT with the controlled release ability triggered by NIR light. The influence of pH (5, 7, and 9) and coexisting ions on the release properties of SOCT were also investigated. As shown in Fig. 3C, the SOCT displayed similar release curves of Teb at pH values of 5, 7, and 9. Teb was released rapidly in the first 24 h, and the accumulative release reached 37.72%, 37.75%, and 36.74% at pH value of 5, 7, and 9, respectively. After 24 h, the release rate slowed down due to the gradual dispersion of Teb from SOCT into the surrounding medium, which was beneficial to the protection of pesticides on crops for long term pest control [START_REF] Zhao | pH/redox dual responsive from natural polymer-based nanoparticles for on-demand delivery of pesticides[END_REF]. At 100 h, the final accumulative release amount of Teb was 60.56%, 59.79% and 58.74% at pH values of 5, 7, and 9. In addition, four kinetic models, including zero-order, first-order, Higuchi, and Ritger-Peppas models, were carried out to investigate the release mechanism and the corresponding fitting outcomes were shown in Fig. 3D andS6. Compared with the other models, the release performance of SOCT was more suitable for Ritger-Peppas model with high correlation coefficients (R 2 ) of 0.976, 0.992, and 0.987 for pH 5, 7, and 9 (Table S1). For Ritger-Peppas model, the fitted parameter, n, gives an indication of the release mechanism, where n ≤ 0.43 conforms to Fickian diffusion, 0.43 < n<0.85 is attributed to non-Fickian or anomalous transport that is a synergism result of matrix erosion and drug diffusion, while n>0.85 is ascribed to matrix skeleton corrosion [START_REF] Ritger | A simple equation for description of solute release II. fickian and anomalous release from swellable devices[END_REF]. Clearly, all n values were lower than 0.43 for SOCT, implying that the release behavior of SOCT followed the Fickian diffusion mechanism. That is to say, the release was controlled by the diffusion from inner to external surface, without structural collapse of the carrier [START_REF] Singh | Advances in controlled release pesticide formulations: prospects to safer integrated pest management and sustainable agriculture[END_REF]. Furthermore, the SOCT exhibited a similar release trend when different coexisting ions (NaHCO3, NaCl, and Na2SO4) were present in the release medium, where the accumulative release of Teb at 100 h achieved 59.01%, 58.09%, and 59.31%, respectively (Fig. 3E). The release kinetic studies revealed that they still followed the Ritger-Peppas model with n no more than 0.43 (Fig.
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