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Abstract

:

We constructed a sodium alginate/soy protein isolate/chitosan gel system and incorporated silver nanoparticles reduced by capsaicin into the system, forming a sodium alginate–soy protein isolate–chitosan–capsaicin–silver nanoparticle composite gel (SA/SPI/CTS/CAP/Ag). In tests, the SA/SPI/CTS/CAP/Ag gel exhibited excellent antimicrobial properties. Using the agar diffusion method, the inhibition zone diameter for Staphylococcus aureus was determined to be 29.5 mm. Soy protein isolate (SPI), containing a large number of hydrophobic amino acid residues, effectively enhanced the moisture retention capability of the gel and improved its stability to a certain extent at an appropriate addition concentration. In a milk preservation experiment, the SA/SPI/CTS/CAP/Ag gel significantly extended the shelf-life of the milk. In dye adsorption experiments, the adsorption curve of the SA/SPI/CTS/CAP/Ag gel well fitted a pseudo-second-order kinetic model. It showed a degree of adsorption capacity for methylene blue, malachite green, methyl orange, and Congo red, with the most significant adsorption effect for malachite green being 42.48 mg/g. Considering its outstanding antimicrobial performance, preservation ability, and adsorption capacity, the SA/SPI/CTS/CAP/Ag gel holds significant potential in wastewater treatment and as an antimicrobial gel in the exploration of food preservation.
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1. Introduction


In recent years, with the rapid advancement of modern industrial technology and the increasing complexity of human lifestyles, water resource pollution has become a growing concern [1,2]. The proliferation of pollutant sources has resulted in the extensive release of contaminants, such as bacteria, heavy metal ions, and dyes, significantly impacting water quality [3]. Dyes are considered highly hazardous pollutants due to their acute toxicity, persistence, and non-biodegradability. The colored components in industrial wastewater are toxic, and their removal remains a complex process. For instance, Congo red dye is an anionic water-soluble dye, particularly used in the leather, textile, biomedical, and cosmetics industries. Dye pollution prevents sunlight from penetrating water bodies, thereby delaying the photosynthesis process of aquatic life [4,5]. To address this series of issues, researchers have turned their focus to the development of antibacterial materials. These materials, with their ability to inhibit the growth and reproduction of bacteria, find application in water treatment [6,7]. However, antibacterial materials exhibit weak adsorption effects on dyes, and the simultaneous application of antibacterial materials and adsorbents increases the cost in water ponds. Therefore, the preparation of multifunctional adsorption–antibacterial gel composites has sparked broad interest among researchers. Consequently, there is an urgent need to develop an adsorption–antibacterial gel material with multifunctionality, demonstrating excellent antibacterial and adsorption performances. The distinctive properties of silver nanoparticles (AgNPs), along with their various applications at the nanoscale, have aroused widespread interest in the field of antibacterial materials [8]. AgNPs have been extensively utilized in the medical field owing to their strong antibacterial efficacy and minimal damage to the human body [9]. Once AgNPs penetrate the cell membrane, they interact with the alternating negative and positive charges around the membrane, which leads to membrane damage and the leakage of cellular contents, culminating in the deactivation of the bacteria [10]. Capsaicin, the active component found in chili peppers, possesses a variety of biological activities, including antibacterial, antioxidant, anti-tumoral, and analgesic properties [11]. The applications of capsaicin are incredibly diverse; not only is it a significant food additive, but it also plays a unique role in medicine, industry, and other sectors [12,13]. To enhance the stability and bioavailability of capsaicin, a variety of encapsulation technologies have been developed, such as coacervation, emulsification, spray cooling, and liposome delivery [14]. These methods have expanded the use of capsaicin in the food sector. Sodium alginate (SA), chitosan (CTS), and soy protein isolate (SPI) are all natural organic polymers that have extensive applications in fields such as food preservation, wastewater treatment, and antibacterial materials [15,16,17]. Chitosan, in particular, with its exceptional antibacterial properties, excellent biocompatibility, and adsorption capacity, has been widely applied in medical wound dressings, food safety, and wastewater treatment sectors [18,19]. In recent years, researchers have deeply explored and studied the adsorption performance of chitosan composite materials for dyes [20]. Furthermore, the mechanism of microbial inhibition by chitosan composite materials has increasingly attracted scholarly attention. Therefore, researchers have based their studies on chitosan gel systems, introducing natural organic polymers to alter their physical structures, allowing them to adapt to various wastewater environments [21]. It has been found that chitosan and sodium alginate are often considered cationic and anionic polysaccharides due to their capacity for easy protonation, where part of the carboxyl and amino groups can also be protonated [22]. Hence, these oppositely charged polysaccharide molecules can form polyelectrolyte complexes through electrostatic interactions. Some studies suggest that such polyelectrolyte complexes may amalgamate the properties of sodium alginate and chitosan, exhibiting good biocompatibility and biodegradability [23]. The sodium alginate-chitosan polyelectrolyte complexes are thus considered preferred adsorbents [24]. Soy protein isolate contains many charged and hydrophobic amino acid residues [25,26]. Therefore, leveraging soy protein isolate to enhance the physical properties of gels has captured widespread interest among researchers.



In this work, SA/SPI/CTS/CAP/Ag gel was prepared with SA-CTS polyelectrolyte complex as a carrier, SPI as a polyelectrolyte complex enhancer, and capsaicin-reduced silver nanoparticles as the primary antibacterial substance. The reduced silver nanoparticles were embedded into the gel to minimize the natural loss of nanoparticles, thus enabling the reusability of the gel. The antibacterial properties and synergistic antibacterial mechanisms of the gel material were investigated. The dye adsorption process of the gel was simulated using pseudo-first-order and pseudo-second-order kinetic equations. Based on this, the stability, antibacterial activity, diurnal stability, and preservation effect of the gel were tested. The swelling, dehydration, water absorption, and degradation properties of the gel were evaluated. By establishing kinetic models, the maximum dye adsorption capacity of the material was assessed. The SA/SPI/CTS/CAP/Ag gel composite material exhibits good antibacterial capability. It also possesses exceptional adsorption capacity, presenting potential applications in water treatment and food preservation.




2. Materials and Methods


2.1. Materials


All reagents used in this study were of analytical grade. AgNO3 (≥99.8%), chitosan (CTS) (molecular weight 1526), sodium alginate (SA) (molecular weight 10,000–60,000), soy protein isolate (SPI) (molecular weight 194), and boric acid (≥99%) were bought from Shanghai Lingfeng Chemicals Co., (Shanghai, China). The chili peppers were obtained from Xiaomiao Road market in Changzhou, China.




2.2. Pretreatment of Chili Peppers


Chili peppers were rinsed multiple times with water to remove surface dust particles. Furthermore, they were dried in a constant temperature oven at 50 °C for 24 h to eliminate all residual moisture. The dried chili peppers were then pulverized using a grinder, and the resulting powder was sieved through an 80-mesh screen for subsequent use. A quantity of 2.5 g of the chili pepper powder was soaked in 50 mL of 95% ethanol and subjected to ultrasonication at a water bath temperature of 80 °C for 30 min [27]. The solution was further filtered using a recirculating water vacuum pump, and the obtained capsaicin extract (CAP) was stored at 4 °C.




2.3. Characterization of SA/SPI/CTS/CAP/Ag Gel


Fourier transform infrared spectroscopy (FT-IR) was applied to measure SA/SPI/CTS/CAP/Ag gel over 500–4000 cm−1.




2.4. Antibacterial Property


The antibacterial properties of the antibacterial materials were tested using E. coli ATCC 25922, S. aureus ATCC 6538, and P. aeruginosa ATCC 9027 as experimental bacteria. All glassware used for antibacterial experiments was sterilized via high-pressure sterilization (121 °C, 20 min). The antibacterial activity of the materials was determined using the plate count method, and the antibacterial effect of the materials was evaluated via the well diffusion method. The bacterial suspension was diluted to 106 CFU/mL, and 100 μL of the bacterial suspension was evenly spread on the LB solid medium. A hole with a diameter of 9 mm was drilled on the LB solid medium covered with bacterial suspension. Then, 0.10 g (dry weight) of the CTS/SPI/Ag/CAP gel was added to the hole and incubated at 37 °C for 1 day. Then, the size of the inhibition zone was measured, and the antibacterial activity of the material was evaluated. The experimental data were recorded, and the antibacterial rate was given as shown in Equation (1):


   Antibacterial   rate     %  =   B 0 − B 1   B 0   × 100  



(1)




where B0 represents the colony number without inhibition, and B1 represents the colony number after inhibition.




2.5. SA/SPI/CTS/CAP/Ag Gel Preparation


Here, 1 g of CTS was added to 49 mL of deionized water along with 1 mL of glacial acetic acid and stirred to form a 2 wt% CTS solution. Then, 0.5 g of SPI and 1 g of SA were added to 50 mL of deionized water and then stirred in an 80 °C water bath until dissolved to create an SPI-SA solution. The CTS solution was then poured into the SPI-SA solution and stirred evenly, followed by the addition of 0.3 g of boric acid and 0.05 g of polyvinyl pyrrolidone for crosslinking for 30 min. Subsequently, 0.05 g of silver nitrate was added and dissolved, and then 5 mL of capsaicin was added for a light-avoiding reduction reaction, which was stirred for 8 h until the reduction reaction was complete. After the reaction was complete, the mixture was dripped into a 10 wt% calcium chloride solution to form a gel state (Figure 1). The gel was then removed, rinsed twice with deionized water, dried in a 60 °C oven, and stored in a sealed container to yield SA/SPI/CTS/CAP/Ag gel.




2.6. Optimization of Gel Preparation Method and the Influence of Ag and CTS Dosage in SA/SPI/CTS/CAP/Ag Gel on Antibacterial Effect


Gels containing different components (S: SPI; C: CTS; A: Ag; L: CAP) were prepared: S-C-L gel (without Ag ions but with other components), S-C-A gel (without capsaicin but with other components), S-A-L gel (without chitosan but with other components), and S-C-A-L gel (with all components). The antibacterial activity of these gels with different added components was evaluated using the diffusion method to assess their antimicrobial performance and determine the optimal combination of materials [28]. The antibacterial test was conducted on SA/SPI/CTS/CAP/Ag gels prepared with different concentrations of Ag (A content: 0.001–0.4 wt%) and CTS (C content: 0.5–4.0 wt%), and the influence of Ag and CTS content on the antibacterial effect was observed.




2.7. Effect of C/CTS/PVA/CNF Hydrogel Dosage and Incubation Time


Dosage and time optimization experiments were conducted with P. aeruginosa, S. aureus, and E. coli as the test bacteria. According to the plate counting method [29], different doses of gel (0.1, 0.2, 0.3, 0.4, and 0.5 g/L) were separately added to the physiological saline solution with a bacterial suspension concentration of 108 CFU/mL. The antibacterial gel was mixed in the bacterial suspension and incubated in a constant temperature shaker at 37 °C. Samples were taken every hour within 5 h, and 0.1 mL of the supernatant was diluted and spread on a plate. The antibacterial activity was detected via the plate counting method.




2.8. Antibacterial Reusability and Stability


The reusability of SA/SPI/CTS/CAP/Ag gel is an important aspect in practical applications [30]. The antibacterial activity of the gel against P. aeruginosa, S. aureus, and E. coli was tested in physiological saline. The gel was placed into a physiological saline solution with a bacterial suspension concentration of 108 CFU/mL for 6 h of bacterial inhibition, followed by the evaluation of the antibacterial performance of the gel after repeated use and a certain number of days using the plate counting method. Then, 0.1 g (dry weight) of SA/SPI/CTS/CAP/Ag gel was added to 50 mL of bacterial suspension (108 CFU/mL). After 1 h of antibacterial treatment, the bacterial content in the suspension was detected via the plate spreading method. After each antibacterial test, the gel was cleaned and dried for the next test. After 10 batches of antibacterial experiments, the antibacterial effects of the gel on the three types of bacteria were recorded and analyzed.



The stability of SA/SPI/CTS/CAP/Ag gel was another important characteristic of antibacterial materials [31]. The prepared SA/SPI/CTS/CAP/Ag gel was stored indoors, and its antibacterial performance was tested on different days (5–45 d). The antibacterial results were recorded and analyzed each time to evaluate the stability of the antibacterial material.




2.9. Milk Antibacterial Simulation Experiment


In the preparation process, plastic Petri dishes were sterilized in an ultraviolet sterilizer for 20 min, and then 20 mL of milk was poured into each Petri dish. The prepared gel (0.3 g) was placed in each Petri dish. The Petri dishes were sealed with tape for 24 h to ensure that the antibacterial substances in the gel migrate into the milk. The sealing tape was then removed and stored at room temperature for 14 days. The appearance and smell of the milk were recorded daily during these 14 days.




2.10. Swelling Ratio, Water Loss, Moisture Adsorption, Moisture Content and of SA/SPI/CTS/CAP/Ag Gels


The swelling behavior of the gel materials in water is one of the main methods to characterize their properties [32,33]. SA/SPI/CTS/CAP/Ag gels containing different amounts of SPI (0.5–3 wt%) were taken separately, each weighing 0.1 g (dry weight), for the swelling experiment. The gels were placed in deionized water (with the gel fully immersed). Within 2 h, the gel was removed every 10 min, the surface water was wiped off with filter paper, and then it was weighed to record the changes in the mass of the gel. The expansion ratio was calculated as shown in Equation (2):


   Expansion   ratio     %  =   W 2 − W 1   W 1   × 100  



(2)




where W2 represents the pellet weight after treatment, and W1 represents pellet weight before treatment.



SA/SPI/CTS/CAP/Ag gels with different SPI contents (0.5–3 wt%) were prepared, dried, and set aside. Then, 0.1 g (dry weight) of wet gel was evaporated in a 60 °C oven for 1, 2, 3, 4, 5, 6, 8, 10, 20, and 30 min, then taken out and weighed to record the mass loss. The effect of SPI on the dehydration rate of SA/SPI/CTS/CAP/Ag gel was studied. The water loss rate of the hydrogels was calculated as shown in Equation (3):


   Water   loss   rate     %  =   M 1 − M 2   M 1   × 100  



(3)




where M2 indicates the gel bead weight after treatment, and M1 represents the gel bead weight before treatment.



Moisture adsorption and water content are among the key indicators for evaluating the gel during daily storage. A 0.10 g sample of the gel is placed in a light-avoiding corner, and its weight was measured every 24 h. Over a span of 7 days, the morphological changes of the gel with different SPI concentrations were observed, and their water content was determined. The water content of the gel under varying SPI concentrations was measured to assess the moisturizing performance of the SA/SPI/CTS/CAP/Ag gel.




2.11. Degradation of SA/SPI/CTS/CAP/Ag Gels


Good degradation performance is a reflection of the environmental friendliness and energy conservation of gel materials [34]. The prepared SA/SPI/CTS/CAP/Ag gel was embedded in natural soil without adding any enzymes. The temperature and humidity were maintained at 37 °C and 80%, respectively. Every 5 days, over a period of 45 days, samples were taken from the soil, rinsed with water to remove dirt, and photographed to record the morphological characteristics of the gel. After drying in a constant-temperature drying oven, the weight of the gel before and after embedding was measured, and the degradation rate was calculated using the formula as a basis for evaluating the biodegradation performance of the gel.



The degradation rate (DR) formula is shown in Equation (4):


   DR     %  =   W 0 − W 1   W 0   × 100  



(4)




where W0 and W1 are the weight of the sample before and after being buried.




2.12. Dye Adsorption with SA/SPI/CTS/CAP/Ag Gels


Here, 5 mL of the dye solutions [malachite green (2.5 g/L), Congo Red (2.5 g/L), methyl orange (0.5 g/L), and methylene blue (1.0 g/L) were each mixed with SA/SPI/CTS/CAP/Ag gel (0.10 g) and placed in a constant-temperature shaker at 25 °C with a rotation speed of 160 rpm. After oscillating for 24 h, a fixed sampling was performed. The extracted samples were diluted and separated in a centrifuge (8000 rpm) for 2 min. The absorbance of the supernatant was measured using a UV-visible spectrophotometer [35].



The adsorption (mg/g) of C/CTS/PVA/CNF hydrogel under balance was defined as shown in Equation (5):


   q e  =      C 0  −  C e    V  M   



(5)




where C0 (mg/L) is the initial dye concentration. Ce (mg/L) is the equilibrium dye content. V (L) represents the dye solution volume. M (g) represents the mass of carbon aerogel. qe (mg/g) represents the capacity of equilibrium adsorption.



The equations representing the pseudo-first-order kinetic model and pseudo-second-order kinetic model were denoted as shown in Equations (6) and (7)


   q t  =  q e    1 − exp   −  k 1  t      



(6)






   q t  =    k 2   q e 2  t   1 +  k 2   q e  t    



(7)




where qt (mg/g) is the adsorption amount when the adsorption time is t (h). qe (mg/g) is the adsorption amount when the adsorption equilibrium is reached. k1 and k2 are the rates of the pseudo-first-order and pseudo-second-order dynamics mode.





3. Result and Discussion


3.1. Characterization of SA/SPI/CTS/CAP/Ag Gel


FTIR can be used to investigate the presence of specific chemical functional groups in materials and explore the molecular scale interactions between CTS, SA, Ag, and SPI (Figure 2a). The peak around 3420 cm−1 was associated with the hydrogen bonding interaction among the -OH groups of CTS and the Ag matrix [36]. The peak near 2927 cm−1 was ascribed to the stretching and bending vibrations of C-H [37]. The peaks about 1433 cm−1 and 1342 cm−1 indicated C-C stretching vibrations [38]. The presence of the peak at 1021 cm−1 suggested interactions between C-O-Ag [39]. At 819 cm−1, there were weak absorption peaks related to C-H bending vibrations and -OH rotations [40].



X-ray diffraction (XRD) measurements were performed on the S/C/L and S/C/A/L gels (Figure 2b). The observed diffraction peak positions at 38.32°, 44.56°, 64.52°, and 76.36° matched those of silver. The results revealed a significant amount of silver in the antimicrobial gel, confirming the successful synthesis of the S/C/A/L gel.




3.2. Antimicrobial Property


3.2.1. Optimization of Gel Preparation Method and the Influence of Ag and CTS Dosage in SA/SPI/CTS/CAP/Ag Gel on Antibacterial Effect


The materials used to prepare gel beads and the dosage of antimicrobial substances may affect the antibacterial activity [41]. The experimental data showed that, under the same experimental conditions, the S-C-L gel material without Ag ions had the weakest inhibitory effect on the three types of bacteria. The S-C-A-L gel material with all four materials added had the best antibacterial effect, and the S-A-L gel material without chitosan and the S-C-L gel material without capsaicin had moderate antibacterial effects (Figure 3a). The negative charge on the bacterial cell membrane interacted with the positively charged amines on CTS, disrupting the cell membrane. AgNPs enter the cell and affect microbial oxidative stress (ROS), leading to cell leakage and bacterial inactivation [42,43]. In S-C-A-L gels, the bonding interaction between CTS and SA might form a network-like adhesive structure, serving as a channel for the release of silver ions, thereby enhancing the antibacterial effect.



As illustrated in Figure 3b, with the increase in the dose of silver ions, the inhibitory effect of the gel on bacteria became stronger. The antibacterial activity was the strongest when silver ions were at 0.05 g/L. When the dosage reached a certain amount, AgNPs embedded in the S-C-A-L gel restricted the release of AgNPs, reducing the antibacterial capabilities. When the CTS dosage was 10 g/L, the antibacterial effect of the S-C-A-L gel reached its peak (Figure 3c). At the high loading of CTS, the network structure formed by CTS and SA became compact and dense, which influenced the release of AgNPs and significantly impacted the material’s inhibitory capacity [44].




3.2.2. Effect of SA/SPI/CTS/CAP/Ag Gel Dosage and Incubation Time


Increasing the dosage of antibacterial material and gradually extending the release time of the material can enhance its antibacterial effect [45]. As shown in Figure 4, with an increase in dosage and the prolongation of antibacterial time, the antibacterial efficiency underwent significant changes. E. coli is a common Gram-negative bacterium and a part of the gut flora [46]. It is a common microorganism in the intestines of humans and other mammals. By increasing the dosage of SA/SPI/CTS/CAP/Ag gel, the antibacterial effect was significantly enhanced within 1 h (Figure 4a). However, after 2 h, the antibacterial effect tended to stabilize. After 3 h of inhibition, the inhibition rate basically reached 100%. Increasing the gel dosage at this point did not further enhance the antibacterial effect. In some studies of composite gels, the antibacterial rate was less than 100% after 3 h with 0.8 g/L of antibacterial material [45]. In this study, the inhibition rate of 0.2 g/L SA/SPI/CTS/CAP/Ag gel was 100% within 2 h.



S. aureus is a significant pathogen capable of causing various infections, ranging from skin infections to severe visceral organ infections [47]. As shown in Figure 4b, with the increase in action time and the dosage of SA/SPI/CTS/CAP/Ag gel, the inhibition rate gradually increased, reaching its maximum intensity within 3 h, then stabilized, and the inhibition rate gradually increased at a slower pace. When the dosage of SA/SPI/CTS/CAP/Ag L gel reached > 0.5 g/L, the inhibition rate was greater than 90% after 5 h, indicating that the SA/SPI/CTS/CAP/Ag gel had excellent antibacterial activity against S. aureus.



P. aeruginosa is a multi-drug-resistant strain that is resistant to multiple antibiotics [48]. This would make it difficult to treat P. aeruginosa infections and increase the risk of treatment failure and serious complications. When the gel dosage was 0.4 g/L and the action time reached 3 h, the inhibition rate reached 100% (Figure 4c). Within 3 h, the antibacterial effect of the gel reached its maximum. When the antibacterial time exceeded 3 h, the antibacterial effect gradually increased steadily, and increasing the gel dosage no longer significantly enhanced the antibacterial effect.



Overall, the above results indicated that the SA/SPI/CTS/CAP/Ag gel exhibited significant antibacterial activity against both Gram-positive and Gram-negative bacteria, especially remarkable inhibitory effects against E. coli. Even at low dosages, the gel demonstrated excellent antibacterial activity during prolonged inhibition.




3.2.3. Stability and Reusability of SA/SPI/CTS/CAP/Ag Gel


The actual application scenarios of antibacterial materials are complex and varied. The stability and repeatability of antibacterial gels are considered important factors for adapting to different environments. The high stability of antibacterial gel can reduce the application cost and reduce the waste of resources. As shown in Figure 5a, the SA/SPI/CTS/CAP/Ag gel exhibited long-term stable antibacterial performance. The inhibitory effect of the SA/SPI/CTS/CAP/Ag gel was weakened after 30 days, but even after 40 days, the inhibition rate still remained above 90%. In some studies of antibacterial materials, the antibacterial rate of the gel prepared after 30 days dropped below 80% [49]. As shown in Figure 5b, the antibacterial effect began to decline after seven repeated antibacterial tests. This was due to the loss of antibacterial compounds caused by the repeated use of the SA/SPI/CTS/CAP/Ag gel. However, even after ten antibacterial cycles, the inhibition rate still remained above 90%. However, the durability of natural antibacterial materials in some studies was relatively weak, and the antibacterial effect significantly decreased after five tests [50]. These results demonstrated that the SA/SPI/CTS/CAP/Ag gel exhibited good stability and repeatability.




3.2.4. Milk Antimicrobial Simulation Test


Milk is a food that is extremely prone to spoilage and susceptible to bacterial contamination [51]. As shown in Figure 6, on the 6th day, the milk samples of S-C-L, S-A-L, and S-C-A gels showed a small amount of solid milk residue and yellow bacterial colonies on the surface of the milk, accompanied by a slight foul smell. No significant changes were observed in the S-A-L gel samples. On the 9th day of the experiment, the smell of the S-C-A-L gel sample did not change, and the milk was light brown; all other three samples showed obvious spoilage, an increase in solid milk residue, and a large amount of growth of yellow colonies, with a strong acidic smell. S-A-L and S-C-A gel samples showed solid milk residue and an obvious spoilage smell, and S-C-L gel samples were noticeably dried into chunks, and yellow colonies appeared. On the 14th day, S-C-L gel, S-A-L gel, and S-C-A gel samples all showed a large amount of solid yellow milk residue, accompanied by a strong acidic smell. There were many bacterial colonies on the surface of the milk. In contrast, the S-C-A-L gel sample had a slightly acidic smell, no large number of bacterial colonies was found, and the color of the milk turned brown. This might be due to the presence of unsaturated fatty acids in milk. These unsaturated fatty acids might be easily oxidized by oxygen in the air, resulting in the production of oxidation compounds and the browning of milk [52,53].



Accordingly, the antibacterial test results of milk were consistent with the above-mentioned antibacterial results. The S-C-A-L gel demonstrated excellent antibacterial ability, as the antibacterial substances in the hydrogel could inhibit the growth of various bacteria. Hence, the S-C-A-L gel could significantly extend the shelf life of milk.




3.2.5. Synergistic Antibacterial Mechanism of SA/SPI/CTS/CAP/Ag Gel


The gel system was constructed with SA and CTS, and SPI was added to stabilize the network structure and provide a carrier for AgNPs. When the gel was immersed in water, the hydrophilic groups of CTS and SPI readily absorbed water [54], leading to pore expansion and promoting the release of AgNPs and -NH2 in the SA/SPI/CTS/CAP/Ag gel. AgNPs and -NH2 might penetrate the cellular membrane, causing an exchange of internal and external charges, leading to the leakage of cell contents. Additionally, AgNPs and -NH2 might enter the cell wall and subsequently disrupt ion transportation channels [55]. The synthesis of enzymes might be disrupted, and proteins would be destroyed, resulting in bacterial inactivation [51,56]. In this study, a crosslinked network structure gel was constructed, and AgNPs were fully loaded into the network structure. During the antibacterial process, good hydrophilicity and swelling properties expanded the apparent area between bacteria and gels, promoting the synergistic antibacterial action of AgNPs and CTS (Figure 7). The simple preparation of the SA/SPI/CTS/CAP/Ag gel could enhance the environmental friendliness and application potential of antibacterial materials, making it a promising candidate for microbial water treatment applications.





3.3. Swelling Ratio, Water Loss, Moisture Adsorption, Moisture Content and of SA/SPI/CTS/CAP/Ag Gel


The swelling rate of the gel is a key indicator characterizing its physical properties [57]. As shown in Figure 8a, over a certain period, the longer the SA/SPI/CTS/CAP/Ag gel material soaks in water, the higher the swelling rate. When the SPI content was 0.5–1.0%, the swelling rate of the gel increased with the increase in SPI dosage. When the SPI concentration was 1.0%, the swelling rate was the highest, approaching 300%. When the SPI content was 1.0–3.0%, the swelling rate decreased with the increase in SPI dosage. This was because SPI, as an enhancer, promoted the crosslinking of CTS and SA at low concentrations, leading to an increase in the structure of the gel pore and promoting gel swelling. However, too high SPI loading could cause the gel structure to be too dense, which would not be conducive to gel swelling.



In the dehydration test experiment, as the exposure time of the SA/SPI/CTS/CAP/Ag gel in the oven increased, the water inside the hydrogel began to evaporate. SPI affected the crosslinking of CTS and SA, thereby affecting the water loss in the gel. Figure 8b shows the effect of SPI dosage on the gel water loss rate. Within a certain range of SPI concentration, the water loss rate of the gel gradually decreased as the SPI dosage increased. When the SPI concentration was 1.0%, the water loss rate of the gel was lowest. When the SPI concentration was 0.5%, the water loss rate approached 94% after drying for 30 min. When the concentration was 1.0% and 1.5%, the water loss rates were both below 80%. This indicated that the addition of an appropriate amount of SPI could significantly improve the water retention of the hydrogel.



Figure 8c,d shows that SPI concentration affects the moisture absorption rate and moisture content of the SA/SPI/CTS/CAP/Ag gel. When the SPI concentration was 1.0% and 1.5%, the moisture absorption rate of the gel still showed an increasing trend, even after 96 h, and the moisture absorption rate was significantly higher than that of the gel with concentrations of 0.5% and 3.0%. This indicated that an appropriate amount of SPI significantly enhanced the moisture absorption capability of the gel. In the moisture content test, the SA/SPI/CTS/CAP/Ag gel showed strong water retention. When the SPI concentration was greater than 1.0%, the moisture adsorption and moisture content of the gel decreased with the increase in SPI dosage. This was due to the impact of SPI concentration on the structural morphology and crosslinking strength of the gel, representing the typical diffusion of water in the networked, adhesive structure [58,59]. The results of the swelling rate, water loss rate, moisture absorption rate, and moisture content tests showed that the SA/SPI/CTS/CAP/Ag gel had excellent physical properties, with a complex porous network structure that effectively controls water permeation.




3.4. SA/SPI/CTS/CAP/Ag Gel Degradation


Degradability is an important indicator for evaluating the performance of antimicrobial materials, reflecting the principle of environmental friendliness [60]. The hygroscopic property of SPI is beneficial for absorbing moisture from the soil, accelerating degradation. S-C-A-L and S-C-A gels had the highest degradation rate, reaching 96% (Figure 9). In S-A-L gel, the absence of CTS addition made the structure compact. It was difficult for water to permeate, and the gel degradation rate was greatly reduced. The degradation rate of the S-C-L gel was only 85%. When both CTS and silver ions were added simultaneously, the silver ions permeated into CTS, creating small pores. During the degradation process, the gel absorbed water and swelled, increasing the size of the pores, thereby enlarging the contact area and promoting the entry of microorganisms and oxygen. The degradation efficiency was significantly enhanced. S-C-A-L gel did not harm the environment during the antimicrobial process and was an environmentally friendly antimicrobial material with high market value.




3.5. SA/SPI/CTS/CAP/Ag Gel Dye Adsorption Properties


The adsorption results showed that the adsorption rates of MB, MG, and MO reached equilibrium around 4 h, while the adsorption rate of CR reached equilibrium around 6 h (Figure 10). This indicated that the pores inside the gel were filled with a large amount of dye during the adsorption process. The adsorption action of the gel was mainly achieved through electrostatic adsorption and physical adsorption. The charges in the gel would spark an electrostatic reaction with dye ions. Physical adsorption mainly involved the hydrogen bond interaction between hydroxyl and carboxyl groups with pollutant molecules. Data fitting showed that the gel had a significant affinity for MG, with a maximum adsorption capacity reaching 42.48 mg/g. This was comparable to the adsorption efficiency of some nanomaterials [61]. As shown in Table 1, the adsorption kinetics of SA/SPI/CTS/CAP/Ag gel could be well described by the pseudo-second-order equation, where the R2 value of all four groups was 0.99, while the pseudo-first-order kinetics equation only had two groups with R2 values of 0.99.



The equilibrium adsorption capacities (qe cal) calculated by fitting the pseudo-first-order kinetic model for MB, MG, MO, and CR were 5.87, 40.41, 16.03, and 17.52 mg/g. According to the pseudo-second-order kinetic model, the calculated equilibrium adsorption capacities for MB, MG, MO, and CR were 6.12, 41.42, 16.68, and 17.58 mg/g. The maximum adsorption capacities (qe exp) for MB, MG, MO, and CR were 6.10, 42.48, 16.42, and 17.01 mg/g. It could be seen that the fitting curve well matched the pseudo-second-order kinetic equation.



The reliability of the adsorption model was determined by the correlation coefficient R2 of the curve (its value was close to 1), indicating strong correlation and high reliability [62]. Therefore, the pseudo-second-order kinetic equation could effectively describe the entire adsorption process. The results of the adsorption experiments showed that the SA/SPI/CTS/CAP/Ag gel had good adsorption capacity for dyes, highlighting its application potential in various practical scenarios. The hydrogel had good antibacterial and adsorption properties and had extensive application value in the field of wastewater treatment and water purification.





4. Conclusions


This study adhered to the principles of green, environmental protection, and sustainable development, using natural products to prepare SA/SPI/CTS/CAP/Ag gel with antibacterial and dye adsorption capabilities. In the antibacterial experiment, the SA/SPI/CTS/CAP/Ag gel displayed good antibacterial performance. This was attributed to the porous hydrophobic structure of the gel promoting the release of silver ions and amines, playing a synergistic antibacterial effect of CTS and AgNPs. In the milk preservation simulation experiment, the SA/SPI/CTS/CAP/Ag gel significantly extended the shelf life of the milk. This was a strong exploration of the application of antibacterial gel materials in the field of food preservation. The large number of hydrophobic amino acid residues in SPI effectively improves the high swelling performance of the gel. In addition, the gel had a good adsorption capacity for dyes, with the highest adsorption capacity for malachite green being 42.48 mg/g. Therefore, this environmentally friendly and energy-saving antibacterial material represented a new exploration in the use and development of green energy.
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Figure 1. Preparation of the SA/SPI/CTS/CAP/Ag gel. 
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Figure 2. FT-IR spectra of S/C/L gels, S/A /L gels, S/C/A gels, and S/C/A/L gels (a), XRD patterns of S/C/L and S/C/A/L gels (b). 
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Figure 3. Antibacterial effect of gels prepared from different materials (S/C/L, S/A/L, S/C/A, and S/C/A/L) (a), C–Ag dosage (0.001,0.005,0.01, 0.05, 0.1, 0.2, 0.3, and 0.4 g/L) (b), chitosan dosage (5, 10, 15, 20, 25, and 30 g/L) (c). 
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Figure 4. Antibacterial activity against E. coli (a), S. aureus (b), and P. aeruginosa (c) was observed in SA/SPI/CTS/CAP/Ag gel at different dosages (0.1, 0.2, 0.3, 0.4, and 0.5 g/L) and time (1.0, 2.0, 3.0, 4.0, and 5.0 h). 
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Figure 5. Antibacterial effect images of SA/SPI/CTS/CAP/Ag gels prepared on different days (5, 10, 15, 20, 25, 30, 35, and 40 days) (a), repetitive antibacterial properties (1, 2, 3, 4, 5, 6, 7, 8, 9, and 10 times) (b). 
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Figure 6. Microbial growth in fresh milk containing S/C/L, S/A/L, S/C/A, and S/C/A/L gels after 14 days. 
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Figure 7. Synergistic antibacterial mechanism of SA/SPI/CTS/CAP/Ag gels. 
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Figure 8. Swelling effect (a), water loss (b), moisture adsorption (c), and moisture content (d) images of different SPI dosage (0.5, 1.0, 1.5, 2.0, 2.5, and 3.0 wt%). 
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Figure 9. Degradation curve images of S/C/L, S/A/L, S/C/A, and S/C/A/L gels within 45 days. 
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Figure 10. Kinetic fitting results for methylene blue (MB: 1 g/L) (a), malachite green (MG: 2.5 g/L) (b), methyl orange (MO: 1 g/L) (c), and Congo red (CR: 2.5 g/L) (d) adsorption onto SA/SPI/CTS/CAP/Ag gels. Dye adsorption mechanism (e). 
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Table 1. Kinetic parameters for the adsorption of dyes on SA/SPI/CTS/CAP/Ag gel.
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Dye

	
qe exp (mg/g)

	
Pseudo-First-Order Model

	
Pseudo-Second-Order Model




	
qe cal (mg/g)

	
k1 (min−1)

	
R2

	
qe cal (mg/g)

	
k2 (g/mg·min)

	
R2






	
MB

	
6.10

	
5.87

	
1.18

	
0.99

	
6.12

	
0.22

	
0.99




	
MG

	
42.48

	
40.41

	
0.57

	
0.98

	
41.42

	
0.01

	
0.99




	
MO

	
16.42

	
16.03

	
0.94

	
0.98

	
16.68

	
0.05

	
0.99




	
CR

	
17.01

	
17.52

	
0.14

	
0.99

	
17.58

	
0.01

	
0.99
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