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Abstract

:

Microorganisms (MOs) are prominent in ecological functioning and balance. The rhizosphere is considered one of the most diverse ecosystems on Earth and serves as a breeding spot for many MOs. Rhizosphere microbial diversity changes according to plant species, genotype, and the nature of the soil. The current study reports the possible use of bacteria isolated from the rhizosphere of Azadirachta indica for synthesizing silver nanoparticles (AgNPs). The physicochemical characterization and antibacterial activity of these green synthesized AgNPs are also reported. The gene (16S rRNA) sequence of bacteria isolated from the rhizosphere showed a maximum similarity of 99.25% with Bacillus subtilis. After incubation, the colorless reaction mixture transformed to brown, which indicates the formation of AgNPs, and UV-vis spectral analysis also confirmed the biosynthesis of AgNPs. Compared to lower temperatures, the efficiency of AgNP synthesis was high at the higher temperature. The scanning electron microscope image demonstrated spherical-shaped AgNPs with sizes ranging from 18 to 21 nm. Energy-dispersive X-ray analysis established the elemental analysis of synthesized AgNPs. The synthesized AgNPs showed strong bactericidal properties against pathogenic bacteria Klebsiella pneumonia, Pseudomonas aeruginosa, Escherichia coli, and methicillin-resistant Staphylococcus aureus.
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1. Introduction


Microorganisms (MOs) exist in almost all parts of the biosphere, and they play a pivotal role in maintaining ecological balance [1,2]. In the past decade, microbial biotechnology has attracted more attention due to the wide application of MOs in different sectors [3,4]. Soil is a kind of bioreactor that provides space for many MOs to carry out countless enzymatic and biochemical processes to degrade pollutants and organic and inorganic ingredients [5]. From a biodiversity perspective, soil is a suitable depository for MOs, the number of MOs per gram of soil is several billion, and hundreds of thousands of bacteria and archaea species reside in the soil [6]. Because of the interaction between plants and MOs, rhizospheres are the most microbe-rich area in the soil, and MOs can act on anything in the environment, including metals.



Advanced synthesis methods in nanotechnology revolutionize applications by allowing for precise control over the size, shape, and composition of nanoparticles (NPs), using their unique physical and chemical properties [7,8,9,10,11]. AgNPs are considered one of the most promising nanostructures, and their physicochemical and biological properties make them suitable for an eclectic array of biomedical applications. In addition, AgNPs have the advantage of being less reactive than Ag+, making them well suited for therapeutic and clinical applications [12,13,14]. AgNPs have a vital role in therapeutics, biomolecular sensors, and catalysis that can be applied to antibacterial applications, composite fibers, sensing materials, transformers, cosmetics, electronic components, etc. [15,16,17,18].



The green synthesis of AgNPs is becoming more attractive nowadays due to its minimal environmental and health risks. The green synthesis of AgNPs is based on a redox reaction, in which Ag+ ions are reduced to stable AgNPs using the components of living things [19]. The green synthesis of AgNPs involves the reduction of Ag+ ions to stable AgNPs through redox reactions facilitated by biological constituents like plant extracts, which utilize electron donors from the metabolism of organisms [20,21,22]. Plant extracts with antioxidant compounds like flavonoids or phenolics can donate electrons to Ag+ ions, while enzymes like laccase or peroxidase catalyze the reduction reaction through redox-active sites. This process transfers electrons or hydrogen atoms from the biological reducing agent to Ag+ ions, forming stable AgNPs. Understanding these biological components is crucial for optimizing NP synthesis and enhancing their properties. Biotic agents such as fungi, bacteria, algae, and plants in nanobiotechnology are generally used to synthesize NPs [23,24,25]. Microbial NP synthesis is environmentally approachable and has substantial advantages over other processes [26], and in microorganism-based synthesis, the shape and size of NPs can also be controlled [27]. The need for ideal conditions and mild temperatures makes microbial-based NPs more commercially feasible [28]. In addition, the occurrence of a biological styling agent of specific MO-based NPs acts as a shielding coating against oxidation, agglomeration, and aggregation, thereby offering more excellent stability to NPs [29].



MOs can synthesize intracellular or extracellular metal NPs. Intracellular synthesis necessitates further steps to release the synthesized NPs, and it requires sonication treatment or reaction with an appropriate detergent [30,31,32]. Fortunately, the extracellular biosynthesis of NPs is inexpensive and necessitates only more straightforward processing. For this reason, various studies have focused on extracellular approaches for synthesizing AgNPs using MOs [33]. Hence, this study reports the extracellular biosynthesis of AgNPs using bacteria isolated from the rhizosphere of Azadirachta indica, commonly known as neem. This study also summarizes the molecular identification of bacteria isolated from the rhizosphere soil, as well as the physicochemical characterization and in vitro antibacterial activity of these green-synthesized AgNPs.




2. Materials and Methods


2.1. Isolation of Bacteria from Rhizosphere


A. indica rhizosphere soil was collected from the campus of EMEA College of Arts and Science, Kondotty, Kerala, India, in a sterile polythene cover. The soil sample was serially diluted, and each dilution was plated on nutrient agar plates. The plates were incubated at 37 ± 1 °C for 24 h, and the morphology of different colonies formed was observed.




2.2. Screening for the AgNPs Synthesizing Bacteria


The bacterial isolates were inoculated into 10 mL sterile nutrient broth (NB), incubated at 37 ± 1 °C for 48 h, and then centrifuged. The culture was kept at 6000 rpm for 5 min to remove the biomass, and the AgNPs were synthesized using the supernatant. To screen the synthesis of AgNPs, 100 µL of supernatant was added to 5 mL of 1 mM silver nitrate solution (AgNO3), and the reaction mixture was incubated for 24 h. The visual observation of NP synthesis was conducted by checking for brown color formation in the reaction mixture. From the isolates, one bacterial isolate that formed the highest color transformation in the reaction mixture was taken for further analysis.




2.3. Green Synthesis of AgNPs


To synthesize AgNPs, the selected bacterial isolate was cultured in 50 mL NB at 37 ± 1 °C for 48 h. Then, the culture was centrifuged at 6000 rpm for 5 min, and the cell-free supernatant was used to synthesize AgNPs. Cell-free supernatant (500 µL) was added to 50 mL 1 mM AgNO3 and incubated in the reaction mixture for 24 h. The color formation in the reaction mixture was observed, and the synthesized AgNPs were separated by centrifugation at 12,000 rpm for 15 min. The resultant pellet was washed three times with double-distilled water. The obtained AgNPs were lyophilized, and for further applicational studies, the lyophilized AgNPs were stored at 4 ± 1 °C. The impact of temperature on AgNP synthesis was studied by incubating the reaction mixture at various temperatures, i.e., room temperature (RT), 40 °C, 50 °C, and 60 °C, for 24 h.




2.4. Molecular Identification of the Bacteria


The gene sequence of 16S rRNA was used to identify selected bacterial isolate. With the help of the NucleoSpin Tissue Kit (Macherey-Nagel), the genomic DNA of the chosen bacteria was extracted using agarose (0.8% agarose) gel electrophoresis, and the purity of the extracted genomic DNA was examined. The 16S rRNA gene was amplified using the extracted genomic DNA as a template by a forward primer with the sequence 5′CAGGCCTAACACATGCAAGTC3′ and a reverse primer with the sequence 5′GGGCGGGTGTACAAGGC3′. The PCR mixture comprised 2.5 μL 10× reaction buffer, 0.20 μL Taq polymerase (5 U/μL), 1 μL (2 ng) DNA template, 2 μL primers (10 μM; 1 μL forward and 1 μL reverse), 2.5 μL (2 mM) dNTPs (dATP, dTTP, dGTP, and dCTP), and 16.8 μL nuclease-free water. The PCR temperature profile comprised initial heating, performed at 95 °C for 3 min. Subsequently, the mixture underwent 35 cycles at 96 °C for 30 s, 55 °C for 40 s, and 1 min at 72 °C, and the reaction was ended with a final stage at 72 °C for 3 min, and the amplified product was checked in 1.2% agarose gels. The purification of the PCR product was performed using an Ultraclean PCR Clean-up Kit (Mo-Bio Laboratories, Inc., Carlsbad, CA, USA), the amplified product was sequenced at the Rajiv Gandhi Centre for Biotechnology, Trivandrum, India, and the quality of sequence was measured using Sequence Scanner Software v.1 (Applied Biosystems, Waltham, MA, USA). The consensus DNA sequence was taken for analysis and similarity searches using BLAST to identify the organism, and the MEGA11 program was used to perform evolutionary analyses.




2.5. Characterization of AgNPs


A Shimadzu UV-1800 spectrophotometer (Shimadzu, Kyoto, Japan) was used to monitor the optical properties of bacteria-synthesized AgNPs by checking the visible spectrum from 350 nm to 600 nm, and 1 mM AgNO3 was measured as the blank. SEM (ZEISS® Gemini SEM instrument-300, Zeiss, Cambridge, UK) operating at 120 kV, which was connected to Octane Plus EDX, was used to reveal the structure of synthesized AgNPs. EDX analysis was performed to check the purity of the synthesized AgNPs.




2.6. Antibacterial Studies


Antibacterial studies were performed against four human infective bacteria, Escherichia coli, Staphylococcus aureus, Pseudomonas aeruginosa, and Klebsiella pneumonia. The antibacterial studies were conducted through the disc diffusion method on nutrient agar (NA) plates. In the lawn culture of bacteria, 10 mm wells were prepared with 20 µL of different concentrations of AgNPs; viz., 10 µg/mL, 20 µg/mL, 40 µg/mL, 80 µg/mL, and 100 µg/mL were added to separate wells. The antibacterial activity was calculated by determining the zone of inhibition after 24 h of incubation.





3. Results


3.1. Isolation and Identification of AgNP-Synthesizing Bacteria


Five morphologically different bacterial colonies (B1–B5) were isolated by serial dilution and the spread plate technique. Screening for AgNP synthesis revealed that all isolates caused the formation of brown color in the reaction mixture, and the color change indicated the formation of AgNPs as a result of the reduction of Ag+ to AgNPs by active metabolites produced by MOs. The isolate B4, which caused a stronger color transformation in the reaction mixture, was taken for further analysis. The chosen bacterial isolate was subject to identification using a 16S rRNA gene sequence. The BLAST similarity search revealed that the selected bacteria have 99.58% identity with Bacillus subtilis. The UPGMA algorithm was used to infer the evolutionary history of the species (Figure 1). The ideal tree is displayed. The phylogenetic tree is inferred using the evolutionary distances used to calculate the branch lengths, and the tree is scaled. The evolutionary distances were calculated using the maximum composite likelihood technique and are expressed in the units of the number of base substitutions per site. A total of 13 different nucleotide sequences were examined in this study. Each sequence pair has all unclear locations eliminated (pairwise deletion option). The final dataset had a total of 473 locations. Many researchers have proved the possibility of using bacteria as bio-nanoreactors to synthesize NPs in an eco-friendly manner [34,35,36]. The identified bacterial gene sequence is submitted in NCBI under the accession OP006732.




3.2. Synthesis and Characterization of AgNPs


The incubation temperature has a characteristic effect on the efficiency of AgNP synthesis. A browner color was visible in the reaction mixture when kept at 60 ± 1 °C compared to lower temperatures, indicating the temperature dependency of NPs during production (Figure 2A). Studies have defined the role of soil bacteria in synthesizing AgNPs. Soil contains possibly the highest microbial diversity globally, and in all types of soils, prokaryotes including bacteria are the most unrestrained living things found and constitute the primary portion of soil biomass [6]. MOs have inherent systems of converting metallic salt to NPs [37], and MOs like bacteria and fungi that are associated with various parts of plants perform a significant role in green-synthesized AgNPs’ stabilization [33]. Previous studies suggest that bacterial metabolites and interactive pathways are accountable for the bacteria-mediated synthesis of NPs [38] and bacteria can synthesize NPs at a massive scale [39]. The formation of the brown color in the reaction mixture after incubation can be associated with the excitation of the surface plasmon resonance (SPR) vibration of green-synthesized AgNPs [40,41]. The maximum absorbance peak was recorded between 410–450 nm in the UV-vis spectral measurement of the reaction mixture (λmax) incubated at various temperatures (Figure 2B). The UV-vis absorption spectra of synthesized AgNPs also revealed that temperature positively impacts the green synthesis of AgNPs, i.e., the maximum absorbance (0.67) was recorded in the reaction mixture incubated at 60 °C rather than at lower temperatures. The band links to the colloidal AgNPs in 400–450 nm in UV-vis spectral analysis due to the SPR [42]. The result of the temperature impact analysis on the synthesis of AgNPs was in line with previous studies [43,44]. The efficiency of AgNP synthesis will be increased with the rise in temperature [45], and Liu et al. (2020) [46] showed that at high reaction temperatures, the rate of synthesis of AgNPs is found to be significantly increased.



The structural and elemental characteristics of NPs were analyzed using SEM and EDX [47]. SEM analysis revealed that the synthesized AgNPs are uniform in shape and these spherical AgNPs are small in size, ranging from 18 nm to 21 nm with standard deviation ±3.4 nm (Figure 3A). The small-sized AgNPs have several advantages when used for biomedical purposes [48]. They can easily penetrate the cell wall and induce a direct effect on cells, and these small-sized AgNPs can be used as carriers to deliver drugs into the cell. EDX analysis depicted the purity of synthesized AgNPs by expressing a solid signal at 3 KeV (Figure 3B), which indicates the presence of AgNPs [49], and the unveiled strong signal at 3 KeV can be due to the SPR [50].




3.3. Antibacterial Activity of AgNPs


The potential antibacterial properties of microorganism-based AgNPs have motivated many researchers to identify bacteria from several environmental sources to synthesize AgNPs. This study also reports that bacteria-mediated synthesized AgNPs exhibited substantial bactericidal properties against Gram-positive and -negative human pathogenic bacteria (Figure 4), particularly against methicillin-resistant S. aureus (MRSA). The highest zone of inhibition, 15 mm, was found at 100 µg/mL of AgNPs against P. aeruginosa and K. pneumonia, followed by 13 mm against MRSA and 12 mm against E. coli. The possibilities of AgNPs as an antibacterial agent were demonstrated against many pathogenic bacteria [36,51,52]. The antibacterial activity of AgNPs depends on several factors. The activity of AgNPs against bacteria was reliant on the concentration and size [53,54]. Agnihotri et al. (2013) [55] proposed that the efficacy of small AgNPs is high compared to large ones, and AgNPs with sizes ranging from 10 to 100 nm expressed more antibacterial activity against both Gram-positive and Gram-negative bacteria [48].





4. Discussion


The present study aligns with numerous prior investigations highlighting the potential of NPs, particularly AgNPs, in controlling the proliferation of various bacteria, including pathogenic strains. As described by Rai et al. (2009), AgNPs possess distinctive characteristics that enhance their interaction with bacterial membranes, facilitating penetration into cells or direct cellular damage [56]. This property is further emphasized by Agnihotri et al. (2014), who demonstrated that the antibacterial activity of AgNPs escalates with decreasing particle size, a phenomenon observed in our synthesized AgNPs as well [57]. Consistent with previous research by Kim et al. (2017), our study reveals a concentration-dependent increase in the antibacterial efficacy of synthesized AgNPs [58]. The mechanism underlying the antibacterial action of AgNPs has garnered significant attention in bionanotechnology. Mendis et al. (2015) proposed that the formation of free radicals by AgNPs plays a pivotal role in disrupting bacterial membranes and inhibiting cellular growth [59].



The antibacterial property of silver has been known for centuries, and with advancements in nanotechnology, researchers have been able to synthesize AgNPs with various sizes, shapes, and surface coatings, enhancing their antibacterial effectiveness. The antibacterial mechanism of AgNPs is multifaceted and not exactly understood [60]. However, some of the key mechanisms through which AgNPs exert their antibacterial effects have been identified. AgNPs can interact with the bacterial cell membrane, leading to structural changes and disruption [61]. This can result in increased permeability, the leakage of cellular components, and eventual cell death. The lipopolysaccharides present on the membrane of the bacteria facilitated the contact of AgNPs with the bacterial membrane [62]. After the penetration of the cell membrane, the AgNPs damage various cell molecules like proteins, DNA, lipids, etc. [63], and they also inhibit different enzymes and cause DNA damage [64].



B. subtilis produces a variety of bacterial metabolites, including enzymes, proteins, peptides, and secondary metabolites, which can act as reducing agents, stabilizing agents, or capping agents in the synthesis of AgNPs [65,66,67]. Enzymes like reductases convert Ag ions into AgNPs, while proteins and peptides secreted by B. subtilis have reducing capabilities [68,69]. Secondary metabolites like surfactants, biosurfactants, and organic acids can act as stabilizing or capping agents in AgNP synthesis [70,71]. Exopolysaccharides (EPS) produced by B. subtilis can also serve as stabilizing agents, preventing AgNP agglomeration and providing stability to the synthesized NPs [72,73,74]. Ghosh et al. suggested that the biological synthesis of NPs by bacteria is achieved through the utilization of their diverse repertoire of biomolecules, including enzymes, proteins, amino acids, DNA, lipids, and carbohydrates, etc. [75]. This mechanism underscores the multifaceted biochemical pathways inherent within bacterial systems, which serve as the foundation for NP synthesis. In NP synthesis, bacterial extracts serve as both reducing and stabilizing agents, with biosurfactants, such as those found in B. subtilis, being extensively explored. Joanna et al. (2018) utilized B. subtilis cultivated on agro-industrial wastes to synthesize biogenic AgNPs, demonstrating enhanced stability and antimicrobial activity due to biosurfactant capping [76]. Similarly, Salazar-Bryam et al. (2021) investigated pH’s effect on AgNPs stabilized by rhamnolipids, showcasing their role in stabilization [77]. Furthermore, Reddy et al. (2009) reported the synthesis of silver and gold NPs using surfactin, a lipopeptide biosurfactant from B. subtilis, affirming the versatility of biosurfactants in NP stabilization [78]. All these findings underscore the potential of bacterial biomolecules, particularly biosurfactants, as effective capping agents in NP synthesis, offering improved stability and tailored properties for various applications.



Capping agents also play a significant role in the antibacterial activity of AgNPs. Biological capping agents, including lipoic acid, chitosan, polyethylene glycol, tannic acid, epigallocatechin, gelatin, and β-cyclodextrin, enhance the antimicrobial activity of AgNPs by stabilizing them and facilitating interaction with bacterial cells [79,80]. Lipoic acid is a potent antioxidant that stabilizes AgNPs and enhances their antimicrobial properties. Chitosan-coated AgNPs exhibit enhanced antimicrobial properties due to the interaction between positively charged amino groups on chitosan and negatively charged bacterial cell membranes [81]. PEG-coated AgNPs are stable and have improved antibacterial activity due to their enhanced dispersibility and prolonged retention on bacterial cell surfaces [82]. Tannic acid, a polyphenolic compound found in plants, provides stability and antimicrobial activity through interactions with bacterial cell components [83]. Gelatin, a collagen-derived protein, enhances AgNPs’ stability and antibacterial efficacy by forming a protective layer around the NPs [84]. β-cyclodextrin, a cyclic oligosaccharide, can also serve as a capping agent for AgNPs, enhancing their stability and antimicrobial activity by forming inclusion complexes with silver ions and facilitating their release at the bacterial cell surface [85]. These biological capping agents offer advantages such as biocompatibility, eco-friendliness, and the targeted delivery of AgNPs to bacterial cells.



When discussing the plausible antibacterial mechanisms of produced nanosilvers, two theories are postulated, where the first way is described as follows: AgNPs are toxic when they come into direct contact with cell culture medium, proteins in the cytoplasm, or the acidic environment of the lysosome; antibacterial activity occurs by inducing the production of reactive oxygen species (ROS). Ag+ and produced AgNPs escape from lysosomes, thereby promoting the amplification of intracellular ROS. AgNPs enter the nucleus via nuclear pore complexes formed by reactive oxygen species (ROS), which induce DNA damage and chromosomal abnormalities directly. The ROS group consists of components that are highly relative, such as hydrogen peroxide, hydroxyl radicals, and superoxide anions. These radicals induce mitochondrial dysfunction by causing oxidative damage to DNA and proteins. Ag+ is liberated in vivo when hydrogen peroxide (H2O2) and AgNPs undergo a chemical reaction. Additionally, Ag+ interacts with the thiol groups of molecules found in cellular components; as a result, lipid peroxide is released, and cell membrane and mitochondrial permeation are increased. It ultimately leads to necrosis by causing the leakage of cytoplasmic contents; the rupture of lysosomal membranes triggers lysosome-mediated apoptosis; and damage to mitochondria disrupts electron transfer, which triggers apoptosis dependent on the mitochondria. It has also been reported that AgNPs upregulate genes associated with oxidative stress and metabolism, thereby increasing ROS production (Figure 5).



AgNPs have been reported to exhibit broad-spectrum antimicrobial effects against various pathogenic bacterial species, namely Pseudomonas aeruginosa, Enterobacter cloacae, Escherichia coli, Streptococcus pyogens, Staphylococcus aureus, Klebsiella pneumoniae, Proteus vulgaris, Salmonella enterica, Aeromonas hydrophilla, Shigella dysenteriae, Salmonella paratyphi, Micrococcus luteus, Shigella sonnei, Proteus mirabilis, Corney bacterium, Bacillus cereus, Vibrio cholerae, Staphylococcus saprophyticus, etc. They are also used against fungal species such as Candida krusei, Candida tropicalis, Candida crusei, Candida kefyr, Aspergillus flavus, Candida tropicalis, Aspergillus niger, Aspergillus fumigates, Fusarium, Curvularia, Rhizopus, etc. From the above reports, a second mechanism can be postulated: Antibacterial inactivation is largely dependent on the reaction between Ag+ ions and the thiol groups of proteins. Reacting with electron-donating groups and producing reactive oxygen species, AgNPs deactivate cellular enzymes, DNA, and proteins within bacterial cells. AgNPs also disrupt membrane permeability or impede enzymes implicated in the respiratory chain by detaching respiratory electron transport from oxidative phosphorylation. Through interaction with the bacterial plasmid, cell wall, plasma membrane, and/or bacterial protein assembly, AgNPs may possess antibacterial properties. The deformation of peptidoglycan structures within the bacterial cell wall is induced by Ag+ ions, which subsequently lyse the cell membrane and impede bacterial growth. Ag+ causes the denaturation of ribosomes at the site of protein assembly, thereby successfully impeding protein synthesis in its entirety. Plasmid growth is impeded when Ag+ ions interact with DNA bases in bacterial plasmids, resulting in DNA condensation and the subsequent cessation of replication (Figure 6).



Studies have noted the ability of AgNPs to produce ROS and free radicals inside the cell, which eventually increases oxidative stress and cell death [62,63]. AgNPs can generate ROS, such as H2O2 and superoxide radicals, within bacterial cells. ROS can cause oxidative damage to cellular components, leading to bacterial cell death [86]. AgNPs can interact with bacterial proteins and enzymes, affecting their structure and function. This interference disrupts essential cellular processes and ultimately leads to bacterial cell death [87]. The unique properties of AgNPs make them effective against a broad spectrum of bacteria, including both Gram-positive and Gram-negative bacteria. They have demonstrated potential in combating antibiotic-resistant bacteria, a significant issue in modern medicine, underscoring their importance in addressing contemporary medical challenges.



Chemically synthesized NPs offer simplicity, high yields, and scalability, while biosynthesis, particularly through green methods, offers environmental sustainability, biocompatibility, cost effectiveness, and precise control over properties. Biosynthesized NPs are stable, easily functionalized, and suitable for various applications, making them a promising approach for healthcare and environmental fields. Biosynthesis is an environmentally friendly method for producing NPs, using biological entities like microorganisms or plants, resulting in reduced toxic chemicals and hazardous waste. It also enhances biocompatibility, crucial for biomedical applications like drug delivery and tissue engineering. Biosynthesis is cost-effective, using inexpensive raw materials like agricultural waste or plant extracts and reducing the need for expensive reagents and energy-intensive processes, leading to long-term cost savings. Biosynthesis offers tunable properties for NPs, allowing for specific applications like drug delivery or targeting. It reduces agglomeration and improves stability due to biomolecules acting as capping agents. Biosynthesized NPs also have the potential for functionalization, as they offer functional groups for further modification, enabling the attachment of targeting ligands, imaging agents, or therapeutic payloads. This enhances the versatility and utility of biosynthesized NPs across biomedical and industrial domains. The composition of ligands on biosynthesized AgNPs is influenced by the biological source and synthesis method, typically proteins, peptides, polysaccharides, and organic compounds, which act as capping agents and enhance NP stability. Proteins, peptides, polysaccharides, and other organic compounds are essential for biomedical applications. Understanding their composition and characteristics is crucial for tailoring biosynthesized AgNPs to diverse applications, such as healthcare and environmental remediation. These ligands facilitate interactions with biological systems, enhancing the stability and functionality of NPs.




5. Conclusions


Antibiotic resistance has prompted a quest for alternative antimicrobial therapy options. Engineered NPs designed for effective penetration into biological systems are becoming more widespread in health and hygiene. The use of microbial proteins and enzymes as potential reducing agents for the production of NPs has rapidly increased compared to physical and chemical methods. It is an economical, eco-friendly, and efficient method. Fungi and bacteria are preferred among biogenic sources because they can produce a higher concentration of the reductase enzyme needed to transform ionic forms into their nanoforms. They are also preferred because it is easier to cultivate them and control the size and morphology of the synthesized NPs, which can significantly lower the cost of large-scale manufacturing. The ability of NPs to limit bacterial growth is enabled by effective penetration through the exopolysaccharides of a biofilm matrix. The rhizosphere soil is a good reservoir of bacteria with potential applications in industrial, food, and biomedical industries. The bacteria isolated from the rhizosphere soil of A. indica showed 99.25% identity with Bacillus subtilis, and it has high biotransformation efficiency to convert Ag+ to AgNPs. The physical, chemical, and biological properties of AgNPs synthesized by bacteria were analyzed. The formation of brown color and UV-vis spectral analysis proved the formation of AgNPs, and this study reports the positive effect of temperature on the efficiency of AgNPs synthesis. Morphological analysis revealed the formation of small uniformly structured spherical AgNPs ranging from 18 to 21 nm. The synthesized AgNPs showed bactericidal properties against both Gram-positive and -negative bacteria, including MRSA. Therefore, this study concludes that the rhizosphere soil of A. indica is a potential source of bacteria for the extracellular synthesis of AgNPs in a green way. These bio-synthesized AgNPs can be applied as antibacterial agents in industrial and biomedical applications.
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Figure 1. Phylogenetic tree of sequenced organism. 
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Figure 2. (A) AgNPs synthesized using bacteria at different temperatures. (B) UV-vis absorption spectra of AgNPs synthesized by soil bacteria at different temperatures. 
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Figure 3. (A) SEM photographs of AgNPs synthesized by bacteria isolated from rhizosphere. (B) EDX analysis of green-synthesized AgNPs by Octane Plus EDX system. 
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Figure 4. (A) Well diffusion assay for the bactericidal activity of soil-bacteria-synthesized AgNPs (different concentrations) against human pathogenic bacteria. (B) The antibacterial effect of bio-synthesized AgNPs against human pathogenic bacteria. 
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Figure 5. Mechanisms of cytotoxicity induced by AgNPs: AgNPs exhibit cytotoxicity by DNA damage, impaired ETS, upregulated oxidative stress gene, and increased reactive oxygen species (ROS) production. 
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