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In this work, silver nanoparticles (AgNPs) were elaborated using a simple, low-cost, and reproducible method by thermal treatment at 90°C of chitooligosaccharides (COSs), produced by chitosan depolymerization using the digestives chitosanases from Portunus segnis viscera, in the presence of AgNO3. The characterization of the obtained AgNPs, using UV–visible spectroscopy, transmission electron microscopy (TEM), dynamic light scattering (DLS), and Fourier-transform infrared (FTIR) spectroscopy analyses, showed that they are crystalline, spherical and stable for a month at 4°C. Moreover, the biological properties of the synthesized AgNPs were evaluated, proving that they exhibited interesting antioxidant and antibacterial activities. The present investigation suggested that COSs will be a good source for the preparation of AgNPs that could be useful in different industrial and biomedical applications.
Keywords: chitooligosaccharides, bioactive silver nanoparticles, physicochemical properties, antioxidant activity, antibacterial activity
1 INTRODUCTION
Currently, silver nanoparticles (AgNPs) are of particular interest due to their potential applications in various fields, especially in pharmacological, biomedical, and food industries, due to their low toxicity, high stability, and unique optical, mechanical, catalytic, and biological properties (Dara et al., 2020; Wu et al., 2021; Yang et al., 2022; Mohan et al., 2024). Different methods of AgNP production are used, including chemical, physical, and biological processes (Hajji et al., 2017; Pirtarighat et al., 2018; Dara et al., 2020; Dong et al., 2022). Among these techniques, the biological synthesis of silver nanoparticles is a green, ecofriendly method that produces stable and soluble AgNPs with a high yield, mainly using natural biopolymers, such as cellulose, collagen, and chitosan (Novaes et al., 2020; Wu et al., 2021; Tang et al., 2023; Mohan et al., 2024). Noble silver nanostructures encapsulated within or on biopolymers are of particular interest in many applications as they combine the physicochemical features of noble metal structures and the biological features of polymers (Zienkiewicz-Strzałka et al., 2020; Dong et al., 2022; Santiago-Castillo et al., 2022).
Due to its interesting biological properties, such as biocompatibility, non-toxicity, biodegradability, and antimicrobial and antioxidant activities, as well as its ability to produce and stabilize silver nanoparticles, chitosan is one of the most exploited biopolymers, derived from chitin and extracted from the exoskeleton of crustaceans by deacetylation (Affes et al., 2020 b; Herrera et al., 2018; Muddin et al., 2024; Zienkiewicz-Strzałka et al., 2020). The basic structure of this natural polysaccharide is the sequence of repeated β (1–4)-linked N-acetyl-D-glucosamine and D-glucosamine units with one amino group (NH2) and two hydroxyl groups (OH) (Dara et al., 2020; Affes et al., 2021). Recently, owing to their lower viscosity and greater solubility, mainly due to their shorter chain lengths, as well as better antimicrobial and antioxidant properties, low-molecular-weight (Mw) chitosan derivatives or chitooligosaccharides (COSs), produced by chitosan modification using chemical, physical, or enzymatic methods, have attracted more interest than chitosan (Affes et al., 2020a; Affes et al., 2022a; Affes et al., 2022b; Chen et al., 2022).
The COS structure contains unique functional groups that play an important role in their interactions with metal ions and metal nanoparticles. Indeed, the primary amino groups of chitosan and chitooligosaccharides interact with metal surfaces and also act as capping sites for nanoparticle stabilization (Aranaz et al., 2018; Zienkiewicz-Strzałka et al., 2020; Muddin et al., 2024). Furthermore, the addition of chitosan and its derivatives in nanoparticle production enhances the overall biocompatibility and non-toxicity of the elaborated composite that will be suitable for use in biomedical and environmental applications (Muddin et al., 2024).
Moreover, the synthesis of nanoparticles using eco-friendly “greener” methods is important to consider, especially when using biomaterials extracted from renewable sources, such as several natural polymers, including dextrose, arabinose, starch, polyvinyl alcohol, and chitosan and its derivatives (Hajji et al., 2017). In addition, it has been reported that COS samples have a great ability to reduce and stabilize AgNPs (Aranaz et al., 2018; Tang et al., 2023), and they have been used as an alternative to high-Mw chitosan because of their similar biochemical properties but higher water solubility and biological activities, including antimicrobial and antioxidant properties (Tang et al., 2023). Indeed, the smaller Mw of COS also facilitates a better ability to penetrate bacterial cells and interfere with the transcription of DNA.
In this context, an attempt was made to elaborate an effective process for the synthesis of chitosan and COS-based AgNPs with amplified biological properties. The physicochemical characterization of the produced AgNPs was carried out using UV–visible spectroscopy, transmission electron microscopy (TEM), dynamic light scattering (DLS), and Fourier-transform infrared (FTIR) spectroscopy analyses. Their antibacterial and antioxidant activity was further studied.
2 MATERIALS AND METHODS
2.1 Production and physicochemical characterization of chitosan and COSs
Chitosan (C1: Mw = 1,244.70 kDa; acetylation degree (AD) = 7.60 ± 0.54%) used in this work was prepared by the deacetylation of shrimp shell chitin, as mentioned in our previous study (Affes et al., 2019). COSs were prepared by the enzymatic depolymerization of chitosan using the digestive acid chitosanase extracted from blue crab Portunus segnis viscera (Affes et al., 2019). In brief, chitosan (1% (w/v), dissolved in acetic acid (1 M; pH 4.0) was incubated in a thermostatic water bath at 40°C with P. segnis chitosanolytic preparation (ratio E/S = 100 U/g chitosan). Samples were withdrawn at 1 and 24 h, then heated at 100°C for 10 min, neutralized to pH 8.0, and finally centrifuged at 8,000 ×g for 30 min. The insoluble parts obtained at 1 and 24 h were referred to as COS (C2 and C3), respectively. COSs were freeze-dried, and white powders were recovered.
The average Mw and AD of the prepared COSs were determined by SEC-HPLC and the first derivative UV–spectrophotometric method, respectively.
2.2 Elaboration and characterization of silver nanoparticles
Colloidal AgNPs were prepared using chitosan (C1) and COS (C2 and C3) as reducing and stabilizing agents, respectively. Chitosan (1% w/v) was dissolved in acetic acid (0.1 M), whereas COSs (C2 and C3) (1% w/v) were dissolved in ultrapure water, followed by stirring for 24 h. For AgNP production, 200 µL of freshly prepared silver nitrate (AgNO3 > 99%) (5 mM), dissolved in water, was added to 1 mL of each polymeric solution. The resulting mixtures were thermally treated at 90°C at different incubation times (1, 2, 3, 4, and 24 h) in a closed container to avoid solvent evaporation. Colloidal nanoparticles, referred to as AgNPs-C1, AgNPs-C2, and AgNPs-C3, were stored under dark conditions at 4°C until further study. For the preparation of scaffolds, the produced AgNPs were freeze-dried.
The produced AgNPs were characterized using UV–visible spectroscopy, transmission electron microscopy (TEM), and dynamic light scattering analysis.
2.3 Biological activity evaluation
2.3.1 Antioxidant activity
2.3.1.1 DPPH and ABTS radical-scavenging potentials
The ability of AgNPs to scavenge 1,1-diphenyl-2-picrylhydrazyl (DPPH) radical was determined according to the method proposed by Bersuder et al. (1998).
The capacity of AgNPs to quench the long-lived 2,2′-azino-bis (3-ethylbenzothiazoline-6-sulfonic acid) (ABTS+) species was also studied according to the method proposed byRe et al. (1999). Butylated hydroxyl-anisole (BHA) was used as a positive control at 1%.
2.3.1.2 Reducing power assay
The ability of BHA and AgNPs to reduce iron (III) was determined according to the method described by Yildirim et al. (2001). Higher absorbance of the reaction mixture showed higher reducing power. The experiments were carried out in triplicate.
2.3.1.3 Total antioxidant activity
The total antioxidant activity of BHA and AgNPs to reduce Mo (VI) to Mo (V) and to form a green phosphate/Mo (V) complex at acidic pH was tested, as reported by Prieto et al. (1999). The total antioxidant activity was expressed as α-tocopherol equivalents (µmol/mL).
2.3.2 Antibacterial activity
The antibacterial activity assay of the prepared AgNPs was performed according to the agar diffusion method described by Vanden Berghe and Vlietinck (1991). Three Gram-negative bacteria, Salmonella enterica, Pseudomonas aeruginosa, and Enterobacter spp., and four Gram-positive strains, Staphylococcus aureus, Micrococcus luteus, Listeria monocytogenes, and Bacillus cereus, were tested. First, culture suspension of the tested strains was spread over the Mueller–Hinton agar medium. Then, 60 µL of each solution was added to the wells, previously cut in the agar. The antibacterial activity was detected after incubation at 37°C for 24 h and determined by measuring the diameter of the growth inhibition zone around the wells (including a well diameter of 6 mm).
2.4 Statistical analysis
All experiments were carried out in triplicate, and average values with standard deviation (n = 3) were reported. Mean separation and significance were analyzed using the SPSS software package v17.0 professional edition (SPSS, Inc., Chicago, IL, United States) using ANOVA. Differences were considered significant at p < 0.05.
3 RESULTS AND DISCUSSION
3.1 Preparation and characterization of AgNPs
In this work, chitosan (C1) (Mw = 1,244.7 kDa; AD = 7.6%) and low-molecular-weight COSs (Mw < 4.4 kDa, AD around 18%), C2 and C3, obtained by the enzymatic hydrolysis of chitosan using the digestive acid chitosanases from P. segnis crab after 1 and 24 h, respectively, were studied in terms of their ability to produce and stabilize AgNPs (Table 1).
TABLE 1 | Average molecular weight (Mw, kDa) and acetylation degree (AD, %) of chitosan (C1) and chitooligosaccharides (COSs: C2 and C3).
[image: Table 1]To this end, chitosan and COS solutions containing AgNO3 were thermally treated at 90°C. As shown in Figure 1A, a change in the color of chitosan/AgNO3 mixtures was visualized from colorless at T = 0 h to yellow at T = 2 h and then to brown at T = 24 h. For COS/AgNO3 mixtures, brown solutions were obtained at 2 h, and treatment for 24 h led to their aggregation. The color changes indicate the formation of AgNPs by the coordination between Ag+ and NH2 functions of chitosan and their derivatives, followed by reduction by thermal treatment (Aranaz et al., 2018; Dara et al., 2020).
[image: Figure 1]FIGURE 1 | Photographs of the different silver nanoparticle solutions taken before (1) and after (2) thermal treatment for 24 h for AgNPs-C1 and 2 h for AgNPs-C2 and AgNPs-C3 (A). Evolution of the UV–visible absorption spectra of silver nanoparticle synthesis using chitosan (AgNPs-C1) and chitooligosaccharides (AgNPs-C2 and AgNPs-C3) by thermal treatment at 90°C for 1, 2, 3, 4, and 24 h (B). Continuous line: (−) indicates a stable solution, while not continuous line (- - -) indicates the presence of aggregates in the colloidal solution. UV–visible spectra of colloidal AgNPs during the time of storage in dark at 4°C over 7, 14, 21, and 30 days (C). The control in each spectrum was the corresponding freshly prepared AgNP solution.
The biosynthesis and stability of AgNPs were further highlighted by UV–vis spectroscopy based on the characteristic surface plasmon resonance (SPR) peak observed at approximately 400–450 nm, confirming the AgNP formation by the interaction between the amino and hydroxyl groups of chitosan and its derivatives with silver ions (Figure 1B). AgNPs-C1, obtained after heating during 24 h, showed broad spectra with higher maximum absorbance (438 nm) than those of AgNPs-C2 and AgNPs-C3, obtained after 2 h (436 and 427 nm, respectively), suggesting a broad AgNP distribution using chitosan and lower-sized and less polydispersed AgNPs using COS (Aranaz et al., 2018, Dara et al., 2020; Mohan et al., 2024; Santiago-Castillo et al., 2022) Dara et al. (2020) observed that chitosan–AgNPs prepared by thermal treatment in the presence of NaOH showed lower maximum absorbance at 419 nm, stating that the concentration of silver salt, the morphological shape, size, and distribution of AgNPs, and the addition of NaOH for the growth of AgNPs influence the intensity of the SPR band and the absorbance of AgNPs. Reicha et al. (2012) showed surface plasmon absorption at approximately 420 nm for chitosan–silver nanoparticles prepared by an electrochemical oxidation/complexation process, followed by UV irradiation reduction.
Furthermore, these same maximum wavelengths of AgNPs-C1 (24 h) and AgNPs-C2 and C3 (2 h) remained stable during storage for 1 month at 4°C (Figure 1C), demonstrating the ability of chitosan and its derivatives to stabilize the elaborated AgNPs and prevent their aggregation (Kalaivani et al., 2018; Dara et al., 2020).
The characterization of the produced AgNPs, AgNPs-C1 (24 h), AgNPs-C2 (2 h), and AgNPs-C3 (2 h) was then carried out. TEM analysis was used to visualize the crystalline nature, morphology, and size of the produced NPs (Figure 2). TEM micrographs showed the polycrystalline (Figure 2A), dispersed, and spherical form of NPs (Figure 2B), except AgNPs-C1 that contain some triangle shapes. The estimation of the average NP size from TEM distribution (Figure 2C) showed that it was approximately 21, 16.5, and 6 nm for AgNPs-C1, AgNPs-C2, and AgNPs-C3, respectively, confirming the hypothesis of the lower-sized AgNPs using COSs as reducing and stabilizing agents (p < 0.05). Interestingly, AgNPs-C2 prepared using C2 (COS 1 h) exhibited more polydispersed NPs than those produced using C3 (COS 24 h). Such a result agrees with the UV–visible spectra given in Figure 1B, showing broad spectra with higher maximum absorbance (436 nm) than that of AgNPs-C3 (427 nm), suggesting broad AgNP distribution using C2 and lower-sized and less polydispersed AgNPs using C3. This difference in particle size distribution between two AgNPs produced using COS, as reducing and stabilizing agents, was probably attributed to the variation of the composition and degrees of polymerization (DP) of the used COS. Indeed, the estimation of the DP using MALDI-TOF showed that COS 2 (COS 1 h) had DP up to 17, whereas COS 3 (COS 24 h) was a mixture of hetero-chito-oligomers with DP up to 6 (Affes et al., 2019).
[image: Figure 2]FIGURE 2 | Polycrystalline nature of colloidal AgNPs based on the SAED pattern (at a magnification of ×150) (A). TEM micrographs of the produced colloidal AgNPs (B). Particle size distribution histograms (contents in %) estimated from TEM micrographs, n ≥ 100 (C).
Similarly, the estimation of the average size of NPs using DLS analysis showed the same distribution profile, whereas DLS values were higher than those obtained by TEM. Similar micrographs were obtained by Novaes et al. (2020), who synthesized silver nanoparticles from chitosan and collagen with an average size of 25 nm by heating in the presence of AgNO3 at 80°C for 2 h. In the same context, silver nanoparticles synthesized using leaf extracts of the neem plant by maceration and boiling showed particle sizes between 22 and 30 nm (Ansari et al., 2023).
The zeta potential of NPs, which is the potential that can be determined from particle mobility under an electric field, was further measured, and the results given in Table 2 show that it was found to be correlated with the Mw of chitosans and the size of NPs. Indeed, chitosan-based AgNPs showed significantly higher zeta potential (+99.3 ± 5.87 mV) than COS-based AgNPs (+23.1 ± 0.5 mV and + 16.8 ± 0.2 mV for AgNPs-C2 and AgNPs-C3, respectively) (p < 0.05). The difference in the zeta potential values might be due to the adsorption of chitosan and COS AgNPs (Dara et al., 2020; Mohan et al., 2024).
TABLE 2 | Average size (nm) and charge (mV) of AgNPs determined from TEM distribution, DLS, and zeta potential measurements.
[image: Table 2]The physicochemical properties of the produced nanoparticles were studied by FTIR spectroscopy and compared to native chitosan and COS. As shown in our previous study (Affes et al., 2019), the FTIR spectra of chitosan and its derivatives were similar, with characteristic absorption bands at 3,370, 2,875, 1,650, 1,562, and 1,462 cm-1 attributed to the -OH, CH, amide (C=O), amine (NH) groups, and the alkyl radical -CH2, respectively. The results given in Figure 3 reveal that in the spectra of AgNPs, the peaks observed at 1,650, 1,562, and 1,462 cm-1 shifted to 1,640, 1,540, and 1,450 cm−1, indicating the presence of interactions between silver metal (Ag) and chitosan molecules (O and N atoms) (Hajji et al., 2017; Kalaivani et al., 2018; Dara et al., 2020; Mohan et al., 2024).
[image: Figure 3]FIGURE 3 | FTIR spectra of chitosan and the produced silver nanoparticles.
The ability of the elaborated AgNPs to produce 3D scaffolds was evaluated by a versatile freeze-drying method of the colloidal solutions. The SEM micrographs of AgNP-loaded scaffolds are given in Figure 4A and show the 3D structure achieved by freeze-drying. The results demonstrated that scaffold S1, produced using chitosan–AgNPs-C1, exhibited two different structures: (a) a uniform and porous filamentary 3D structure and (b) a smooth structure, suggesting that the nanoparticles were encapsulated into the chitosan matrix. However, SEM micrographs of the COS-based scaffolds S2 and S3 showed a smooth structure (data not shown), suggesting that COS-based AgNPs cannot produce scaffolds. The abovementioned results prove the feasibility of the chitosan–AgNP scaffold to serve as a potential biomaterial for tissue-engineering applications (Shaheen et al., 2019).
[image: Figure 4]FIGURE 4 | Typical SEM photo–micrographs of the synthesized AgNPs-C1 in its scaffold form (S1) (A). EDX spectra of the AgNPs-C1 scaffold (S1) (B).
Chemical analysis of the produced scaffolds was accomplished by EDX, and an EDX spectrum of scaffold S1 is shown in Figure 4B. The results confirmed the existence of silver particles at a nanometer scale, showing a signal between 2.5 and 2.75 keV, characteristic of Ag atoms (Vinod et al., 2011).
3.2 Biological potential of the synthesized AgNPs
3.2.1 Antioxidant activity
The antioxidant activity of the elaborated AgNPs was determined and compared to chitosan and the positive control BHA using DPPH and ABTS radical-scavenging, reducing power, and total antioxidant assays. The results given in Table 3 show that all the elaborated AgNPs possessed good antioxidant potential. Furthermore, it can be concluded that this antioxidant effect was correlated with the size of AgNPs and the characteristics of the reducing and stabilizing polymer used in their preparation. Indeed, lower-sized AgNPs (AgNPs-C2 [16.5 nm] and particularly AgNPs-C3 [6.5 nm]), produced using low-Mw COS, exhibited higher antioxidant activity than AgNPs-C1 (21 nm) produced using chitosan (p < 0.05). For the DPPH and ABTS radical-scavenging tests, AgNPs-C2 and AgNPs-C3 exhibited very good ability to scavenge all free DPPH and ABTS+ radicals (100%), which is similar to the effect of BHA. Similarly, Dara et al. (2020) showed that AgNPs produced using chitosan exhibited an antioxidant potential via DPPH, FRAP, and beta-carotene antioxidant tests and suggested that this effect was related to the amino and hydroxyl groups of chitosan. The results revealed that the produced AgNPs may act as natural antioxidants to protect against oxidative stress related to tissue engineering, wound healing, and degenerative disease.
TABLE 3 | DPPH and ABTS+ radical-scavenging activity (%), reducing power (OD700 nm), and total antioxidant activity (α-tocopherol [µmol/mL]) values of the elaborated silver nanoparticles compared to the positive control BHA.
[image: Table 3]3.2.2 Antibacterial activity
The antibacterial potential of the produced AgNPs was assessed against three Gram (−) and four Gram (+) pathogenic bacteria using the agar well diffusion method. The results given in Table 4 reveal that the three prepared AgNPs exhibited important antibacterial effects against all tested bacteria, which differed regarding the target strain and the characteristic of AgNPs and the polymer used as the reducing and stabilizing agent in their preparation process. Indeed, the Gram (−) bacteria were significantly more inhibited than the Gram (+) strains, especially for S. enterica and P. aeruginosa, whereas the lowest effect was obtained against the Gram (+) strain B. cereus for all tested AgNPs. The cell wall of the Gram (+) bacteria possesses thicker peptidoglycan layers than Gram (−) strains, which prevent the uptake of Ag ions in their cytoplasm, leading to a lower antibacterial effect of AgNPs (Katas et al., 2019).
TABLE 4 | Antibacterial potential of the produced silver nanoparticles obtained through the agar well diffusion method.
[image: Table 4]Moreover, AgNPs-C2 (16.5 nm) exhibited the significantly highest antibacterial effect against all tested bacteria, compared to AgNPs-C1 (21 nm) and AgNPs-C3 (6.5 nm) (p < 0.05). The latter showed the same antibacterial behavior without significant differences (p > 0.05). From these results, the antibacterial activity of AgNPs was related to the activity of the polymer used as the reducing and stabilizing agent in their preparation process. COS1 h (C2) exhibited better antibacterial potential than chitosan and COS24 h (C2), as mentioned in our previous study (H 24 h) (Affes et al., 2019), where they are named H 1 h and H 24 h, respectively. It has been reported that the antibacterial potential of AgNPs is derived from their Ag ions and their smaller sizes, which promote their diffusion through the microbial membrane, causing oxidative stress and inactivation of respiratory enzymes, important for the growth of bacterial cells, which interrupts electron transport and DNA replication and leads to bacteriolysis (Dara et al., 2020; Novaes et al., 2020; Zienkiewicz-Strzałka et al., 2020; Wu et al., 2021; Mohan et al., 2024).
4 CONCLUSION
Using the green method, three silver nanoparticles were produced: one using chitosan (C1) and two using chitooligosaccharides (COS: C2 and C3) as reducing and stabilizing agents, respectively. The synthesized crystalline and spherical AgNPs-C1, AgNPs-C2, and AgNPs-C3, with sizes of 21, 16.5, and 6 nm, respectively, were stable for a month at 4°C and presented excellent antioxidant and antibacterial activity, mainly COS-based AgNPs. The good biological properties elicited by AgNPs make them suitable for use as bactericidal and antioxidant agents for several biomedical and environmental applications.
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