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Abstract

:

The widespread and indiscriminate use of broad-spectrum antibiotics leads to microbial resistance, which causes major problems in the treatment of infectious diseases. However, advances in nanotechnology have opened up new domains for the synthesis and use of nanoparticles against multidrug-resistant pathogens. The traditional approaches for nanoparticle synthesis are not only expensive, laborious, and hazardous but also have various limitations. Therefore, new biological approaches are being designed to synthesize economical and environmentally friendly nanoparticles with enhanced antimicrobial activity. The current study focuses on the isolation, identification, and screening of metallotolerant fungal strains for the production of silver nanoparticles, using antimicrobial activity analysis and the characterization of biologically synthesized silver nanoparticles by X-ray diffraction (XRD) spectroscopy, energy-dispersive X-ray spectroscopy (EDX), and scanning electron microscopy (SEM). In total, 11 fungal isolates were isolated and screened for the synthesis of AgNPs, while the Penicillium notatum (K1) strain was found to be the most potent, demonstrating biosynthetic ability. The biologically synthesized silver nanoparticles showed excellent antibacterial activity against the bacteria Escherichia coli (ATCC10536), Bacillus subtilis, Staphylococcus aureus (ATCC9144), Pseudomonas aeruginosa (ATCC10145), Enterococcus faecalis, and Listeria innocua (ATCC13932). Furthermore, three major diffraction peaks in the XRD characterization, located at the 2θ values of 28.4, 34.8, 38.2, 44, 64, and 77°, confirmed the presence of AgNPs, while elemental composition analysis via EDX and spherical surface topology with a scanning electron microscope indicated that its pure crystalline nature was entirely composed of silver. Thus, the current study indicates the enhanced antibacterial capability of mycologically synthesized AgNPs, which could be used to counter multidrug-resistant pathogens.
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1. Introduction


Antibiotics are generally recognized as antimicrobial agents that have the potential to control microbial infections. In the medical field, antibiotics have been in use for decades [1]. There are many different types of antibiotics available on the market that are used as medications for very complicated and severe diseases. Antibiotics are extracted from a variety of microbiological sources and are designed to target specific functions of the cell to inhibit microbial growth [2]. However, self-medication, over-dosage, low socio-economic status, and improper health education are the major reasons for an increasing trend of antibiotic resistance. Nowadays, antibiotic resistance has become a worldwide risk that has not only resulted in an increased death rate and deadly infection but also the emergence of multidrug-resistant pathogens. Currently available antibiotics are temporary solutions to various deadly infections; therefore, novel approaches are needed to overcome the menace of microbial resistance.



Nanotechnology is an evolving multidisciplinary science that involves biology, physics, chemistry, material science, and medicine [3]. As a result of advances in nanotechnology, new vistas in nanomedicine have opened up, allowing for the manufacturing of nano-antibiotics/nanoparticles. Nowadays, nanoparticles (NPs) are used in a wide range of sectors, such as manufacturing and materials research, environmental science, energy, cancer treatment, gene therapy, drug delivery, tissue engineering, in vivo imaging, and the medical sector [4,5]. These nano-antibiotics have several advantages compared to conventional antibiotics, such as absorption, controlled release, targeted delivery, durability, and quick, targeted circulation, and are economical and highly effective against resistant microbial pathogens. These nanoparticles have garnered interest in the medical and health sectors because they not only possess antimicrobial activities but can also be used to enhance the efficacy of commonly used antibiotics [5].



Nanoparticles (NPs) are ultrafine units with dimensions that are measured in nanometers, ranging from 1–10−9 nm [2]. These small-sized particles show dramatic changes and novel properties that result in their application in various fields. The size, shape, surface topology, and different functional groups are important aspects that determine the specific properties of nanoparticles. There are numerous physical, chemical, biological, and hybrid methods for the synthesis of various types of nanoparticles (NPs). The biggest issue with the chemical and physical methods of silver nanoparticle manufacturing is that they are extremely expensive and also necessitate the use of toxic substances. These conventional methods of manufacture also result in potential environmental and biological dangers [6]. As these conventional approaches are expensive and have numerous limitations, scientists are thus working on developing clean, economical, and environmentally friendly biological approaches as an alternative method for NP synthesis [7].



Nanoparticles are biologically synthesized using various microorganisms that result in environmentally friendly, long-lasting, bio-functional, and durable nanoparticles. Among the microbes, bacteria, fungi, yeast, and actinomycetes have been reported to produce bio-functional nanoparticles that have wide-ranging applications in the health and medical sectors. The types of microbes and bioprocesses have a significant effect on the synthesis of nanoparticles. Among the microbes, bacteria and fungi are a preferred source for synthesizing nanoparticles, due to their physiology, established metabolism, and partial understanding of synthesis mechanisms. Mycogenesis is a most beneficial and new domain for nano-antibiotics synthesis because it results in the economical and bulk production of these biologically active substances within a very short period of time [8]. Moreover, fungi can be easily handled and cultured and are less prone to metal toxicity. Nanoparticles are synthesized by fungi in both intra- and extracellular environments. For advanced and modern scientific and medical research, nanoparticle synthesis utilizing fungi is becoming increasingly important due to the various qualities of nanoparticles, such as the size, structure morphology, targeted delivery, and stability of nanoparticles [9].



Biosynthesized nanoparticles have also been reported as potential pesticides for the treatment of a variety of planted plant and fungal ringworm in laboratory studies. In order to attain sustainable food production, nanoparticles have the potential to be widely used in food production as a biocontrol. Among nanoparticles, AgNPs have been reported for a wide range of antimicrobial activity against various plant and human pathogens. Moreover, AgNPs in the form of inclusion are used in wound healing and dressings. Biologically synthesized AgNPs have multiple applications in various sectors, such as medicine, infection control, food, pharmaceutical, cosmetics, etc. The fact that bacterial resistance to elemental silver is extremely rare emphasizes the increased interest in using AgNP as a potent antimicrobial agent in biomedical applications. Nowadays, fungi are the preferred source for biogenic nanoparticle synthesis because fungi are more metal-tolerant, can be easily handled, and can produce bulk quantities of the desired product.



Thus, this study aims to achieve the synthesizing and characterization of AgNPs of natural origin by utilizing heavy metal-tolerant fungal strains that could be used in a variety of applications, including biocontrol in the form of pesticides, potent antimicrobial substances, pollution control, etc.




2. Results and Discussion


Nanotechnology is a multidisciplinary field that involves the production of valuable nanoproducts on a physical, chemical, and biological scale, as well as their utilization on a larger scale in various sectors. Various types of nanoparticles are commonly synthesized and utilized for numerous biological functions, such as copper (Cu) [10], gold (Au), iron (Fe), and silver (Ag). Silver nanoparticles (AgNPs) are ultrafine units with dimensions measured in the range of 1–100 nm [11,12]. Traditionally these nonantibiotics were synthesized using different physical and chemical methods. Non-ecofriendly, toxic, expensive, and limited yields are a few of the drawbacks associated with traditional methods; therefore, new approaches to NP synthesis must be designed to overcome the consequences of these previously used methods [13]. Nowadays, nanoparticle synthesis is practiced using biological sources. Microorganisms are the most effective source for the synthesis of silver nanoparticles because their physiology and metabolism are already known. Moreover, microbial synthesis results in bulk production and less hazardous manufacturing processes [14,15].



2.1. Isolation of Metal-Resistant Fungal Strains


In the current study, a total of 11 fungal strains were isolated from heavy metal-contaminated soil and then cultured on potato-dextrose agar (PDA) to determine their potential for growth. All 11 strains were used in the synthesis of silver nanoparticles; the K1 strains showed the highest ability to synthesize silver nanoparticles, compared to other strains. Thus, the k1 strains were selected for further study.




2.2. Identification of k1 Strain


2.2.1. Microscopic Identification


The morphological identification of the selected fungal isolate was performed using potato-dextrose agar (PDA), Sabouraud dextrose agar (SDA), and malt extract agar (MEA) media at 30 °C for 7 days. The K1 strain colonies cultured on PDA medium showed rapid development, with the upper portion of the colonies being olive green in color (Figure 1a) and were radially sulcate to plicate, whereas the lower portion of the colonies was a dull white in color (Figure 1d), while the colonies on the SDA plates showed light green characterization with a velutinous (soft and velvety) surface texture (Figure 1b). Completely brown colonies were found with soluble pigments, while the reverse side of the colonies was found to be yellowish in color (Figure 1e). The K1 strain that was cultured on MEA plates displayed moderate growth, velvety smoothness, parrot-green frontal sides, sporangial hyaline hyphae, branching conidiophores, and phialides arranged in branching filamentous clusters (Figure 1c). The reverse side of the colony was white (Figure 1f). Upon microscopic analysis, the hyphae were found to be sporangial and hyaline and the conidiophores were observed to have a branched structure, indicating that the K1 strain has many characteristics similar to Penicillium (Figure 1g). A similar study by Gautam et al. [16] could be correlated with the present study; the authors isolated the metallotolerant fungal species R. pusillus, A. flavus, A. terreus, A. tubingensis, and N. hiratsukae from a Pb- and Cr-contaminated industrial site.




2.2.2. Molecular Identification


A PCR product of 541 bp was obtained by isolating the DNA of the fungal isolates during the entire genomic process, utilizing DNA as a template. The ITS sequences of the fungal isolate were aligned, and a phylogenetic tree was constructed. The similarity of ITS between the isolated fungal strain and NCBI record showed that the isolate strains used in this study showed a similarity to Penicillium notatum (Figure 2). A similar study was conducted by Khan et al. [17], in which the authors identified different fungal species on the basis of colony morphology on differential media (SDA, PDA, and MEA) and ITS analysis, which showed these isolates as: M1 (Aspergillus niger DGR1), M3 (Aspergillus fumigatus Ai2), M6 (Aspergillus terreus 1), and M7 (Aspergillus flavus).





2.3. Synthesis of Silver Nanoparticles


A total of 11 metallotolerant fungal isolates were grown in a broth medium (potato dextrose broth). Each flask was incubated in an orbital shaker at 28 °C and 150 rpm. After seven days, the supernatant was removed via filtration, and a salt solution of silver nitrate AgNO3 was added to the filtrate. The flask was incubated at 32 °C in a shaker at 200 rpm. Additionally, under the same conditions, a positive control (filtrate and salt solution) and a negative control (culture filtrate) were maintained. The appearance of brown coloration in the reaction vessels showed the synthesis of nanoparticles. Among all the tested fungal strains, K1 showed the maximum production of AgNPs (1.9 mg) (Table 1). The change in color during the experiment can be interpreted as an indicator of silver nanoparticle synthesis. A surface plasmon vibration excitation in the silver nanoparticles was hypothesized to be the cause of the production of brown coloration in the silver nanoparticles. Moreover, it has also been documented that NADH-dependent reductases are involved in the synthesis of metal nanoparticles. The current findings are in accordance with the study conducted by Rajput et al. (2016), who reported silver nanoparticle synthesis in a liquid medium via a color change that is associated with the reduction of silver ions to silver nanoparticles.



Similar findings for the production of AgNPs using metallotolerant fungal strains were also reported in a study conducted by Velusamy and coworkers [18].




2.4. Antimicrobial Activity of Silver Nanoparticles


The well diffusion method was used to determine the antibacterial activity. Different concentrations of silver nanoparticles (1000 g, 500 g, 250 g, and 125 g) were used to check the antibacterial activity of AgNPs. The zone of inhibition against each bacterial species was checked after 24 h of incubation. The activity of E. coli in dilutions with various concentrations (1000 µg, 500 µg, and 250 µg) of silver nanoparticles was observed as 3 mm, 2.5 mm, and 0 mm, respectively. The antibacterial activity of AgNPs against E. coli was also reported by earlier scientists, when the zone of inhibition was observed as 4 mm, 4.5 mm, and 3 mm, respectively [19]. The activity of Bacillus subtilis in dilutions with various concentrations (1000 µg, 500 µg, and 250 µg) of silver nanoparticles was observed as 1.3 mm, 0 mm, and 0 mm, respectively. The inhibitory effects of AgNPs against B. subtilis were also reported in earlier studies conducted by Inagaki et al. [20]. Similarly, when the activity of Cronabacter sakazaki in dilutions at various concentrations (1000 µg, 500 µg, and 250 µg) of silver nanoparticles was checked, no zone of inhibition was observed. This indicated the resistance of the mentioned bacterial strains against biologically synthesized AgNPs. The current findings are in contrast with the results published by Chapman et al., who reported the highly effective activity of AgNPa against C. sakazaki. The antibacterial activity of P. aeruginosa with various concentrations (1000 µg, 500 µg, and 250 µg) of silver nanoparticles was observed as 1.2 mm, 0 mm, and 0 mm, respectively. The results of the study by Shang, et al. showed that AgNPs had a highly bactericidal effect on drug-resistant or multidrug-resistant P. aeruginosa [21]. When the antibacterial activity of AgNPs was checked against Enterococcus faecalis, zones of inhibition of 3.2 mm (1000 µg) and 1.7 mm (500 µg) were observed, whereas Listeria innocua showed sensitivity against all the tested concentrations 2.5 mm (1000 µg), 1.5 mm (500 µg), and 1.0 mm (250 µg) (Table 2). The antibacterial activity of biologically synthesized nanoparticles against Enterococcus faecalis and Listeria innocua was reported in studies conducted by the authors of Shahverdi et al. [12] and Inagaki et al. [20] The antibacterial activity of AgNPs against a large group of tested bacterial strains shows that they possess a small size and are, therefore, readily absorbed by the cells and show toxic effects. The common mechanisms reported by the antimicrobial activity of NPs include the inactivation of the cell wall’s sulfhydryl groups, the formation of insoluble compounds, and the disruption of cell-wall lipids and enzymes, which ultimately results in cell disruption [22]. It is also reported that nanoparticles synthesize special pores, via binding with surface proteins, which facilitate the direct targeting of the DNA replication mechanism.




2.5. Characterization of Microbially Synthesized AgNPs


The biologically synthesized NPs were subjected to different characterization techniques, in order to evaluate their potential.



2.5.1. Structural Characterization of AgNPs with X-ray Diffraction (XRD)


XRD analysis reveals the crystallinity and purity of the synthesized nanoparticles. In the current study, the XRD spectrum matches well with the Ag results. No extra peak was observed, which confirms the presence of pure single-phased Ag. The presence of AgNPs is confirmed by the occurrence of three large diffraction peaks at the 2θ values of 28.4°, 34.8°, 38.2°, 44°, 64°, and 77°, which further confirm the synthesis of pure silver nanoparticles via mycogenesis (Figure 3). Our results are in accordance with the findings of Tyagi et al., who reported the biological synthesis of AgNPs using entomopathogenic fungi (Beauveria bassiana). The characterization of AgNPs via EDS and XRD also confirmed the crystalline nature of synthesized nanoparticles [23].




2.5.2. Elemental Diffraction X-ray Spectroscopy (EDX)


EDX is used to determine the elemental position of a sample. The elemental composition analysis conducted by EDX showed the strongest signal for the silver (Ag) region, along with weaker signals from the Cl, O, P, Na, and Ca atoms. It also showed that its pure crystalline nature was solely composed of silver (Figure 4). The biogenic synthesis of AgNPs was carried out using the Bacillus strain CS11. The characterization of bacterial nanoparticles via EDX indicated that these nanometal particles showed the strongest signal for the silver region [23].




2.5.3. Scanning Electron Microscopy


The surface topology of the synthesized AgNPs was studied using scanning electron microscopy. The micrographs shown in Figure 5 demonstrate that the synthesized NPs have a spherical shape and also show agglomeration. Agglomeration is a common phenomenon observed in AgNPs to achieve stability. The average size of spherically shaped particles is around 150 nm, but particles with a size of 200 nm were also found. Along with instability and agglomeration, a wide range of particle sizes is another major issue; while dealing with NPs, the surface of the particles appeared rough, with irregular boundaries and an asymmetric texture Figure 5. The surface topology of AgNPs synthesized by Penicillium notatum was also reported earlier via SEM by Bantan and coworkers Abu-Hamdeh, Nusier, and Karimipour [18].






3. Materials and Methods


3.1. Sample Collection


Soil samples were collected in sterile and labeled polythene homogenizing containers from an industrial effluent collecting point. The soil samples, contained in homogenized polyethylene bags, were sealed tightly and transported back to the laboratory for the pretreatment and analysis of the samples. Two weeks after being collected, the contaminated soil samples were air-dried under laboratory conditions (in an oven at 75 °C) and stored in desiccators for further examination [17].




3.2. Isolation of Metal-Resistant Fungal Strains


The isolation of indigenous fungal strains from soil samples was carried out via the serial dilution method, using Sabouraud dextrose agar (SDA). In this study, samples were diluted up to 10−6 times, utilizing the serial dilution method. A sample (1 mL) from each of the dilutions by 10−4 to 10−6 times was plated onto SDA plates that were supplemented with 0.55 gL−1 chloramphenicol. The plates were incubated at 28 °C for 96 h after inoculation. The colonies of the most prevalent fungal genera were picked up and purified using the streak-plate approach [24].




3.3. Identification of Resistant Fungi


3.3.1. Morphology-Based Identification


Different growth mediums, such as potato dextrose agar (PDA), Sabouraud dextrose agar (SDA), and malt extract agar (MEA), were used to visualize the morphological differences. Under a fluorescence microscope, young developing fungi (2 days old) of each strain from the different mediums were collected and observed, using the cellSens standard software. Pure fungal strains were isolated and purified on PDA media for further preservation purposes [25].




3.3.2. Molecular Identification


The total genomic DNAs of the fungal isolates were isolated and purified using the method described by Khan, Aftab, Shakir, Ali, Qayyum, Rehman, Haleem, and Touseef [24]. PCR amplification of the ITS conserve sequence was conducted using primers consisting of IT5:5′-TCCGTAGGTGAACCTGCGG-3′ and IT5:5′-TCCTCCGCTTATTGATATGC-3′ [24] from different fungal species that remained untouched, in order to conduct a genetic analysis between several unique fungal strains observed at the National Center for Biotechnology Information (NCBI). This method required 25 uL of the reaction mixture, which contained 12.5 u taq of DNA polymerase, 2.5 uL. of buffer (10×), 0.8 mM of dinitro triphosphate (dNTP), 1.25 uL of the DNA template, and 16.6 uL H2O for the PCR process. Process conditions include denaturation at 94 °C for a total of 10 min, with an early denaturation at 94 °C for 1 min, annealing at 53 °C for 1 min, an extension at 72 °C for 2 min, and a final extension at 72 °C for 10 min. A total of 32 cycles of PCR were performed in this experiment. To separate the PCR products, 1% agarose gel was used during the electrophoresis. The TIANgel Midi Filtration kit (TIAGEN BIOTECH, Beijing, China) was used to create gel bands containing the undesired product, after which a sequencing procedure was carried out on the gel bands.



Using BLAST analysis, the above-mentioned sequences were concatenated to form phylogenetic relationships, which were then analyzed further. Sequences that were found to be 98% similar to the currently known sequences were considered to be from the same species. Furthermore, Clustal X 1.83 was used to perform numerous alignments, and MEGA 4.0 was used to construct the phylogenetic relationships between the taxa.





3.4. Myogenesis of Silver Nanoparticles (AgNPs)


3.4.1. Preparation of Biomass


AgNP myogenesis was carried out using metallotolerant fungal isolates. A broth medium that contained 3 g/100 mL of malt extract, 100 mL of glucose, 3 g of yeast extract, and 5 g/100 mL of peptone was used for the aerobic growth of fungal isolates. The fungal culture was incubated at 28 °C in an orbital shaker spinning at 150 rpm. After 96 h of incubation, filtration was carried out with Whatman filter paper number 1, then the fungal biomass was completely removed using centrifugation and filtration. The filtrate from the fungal culture was employed to synthesize the nanoparticles.




3.4.2. Biosynthesis of Silver Nanoparticles


First, 1 mM (0.017 g/100 mL) of silver nitrate solution was prepared, then 50 mL of the solution was mixed with 50 mL of filtrate. The reaction was carried out in complete darkness at 28 °C for 96 h (at 150 rpm). The biosynthesis of AgNPs was checked after 12 h, 24 h, 48 h, and 72 h. A positive control (culture filtrate without the precursor salt) and a negative control (only silver nitrate solution) were run in parallel with the experimental flasks, to ensure that the results were accurate [26].





3.5. Antimicrobial Activity of AgNPs


The antibacterial activity of the nanoparticles was examined against a variety of pathogenic bacterial clinical isolates, including Escherichia coli (ATCC10536), Bacillus subtilis, Staphylococcus aureus (ATCC9144), Pseudomonas aeruginosa (ATCC10145), Enterococcus faecalis, and Listeria innocua (ATCC13932). The antimicrobial activity of the biologically synthesized nanoparticles was analyzed using a well-diffusion essay.




3.6. Characterization of AgNPs


The samples were characterized using scanning electron microscopy, elemental analysis, and X-ray diffraction analysis.



3.6.1. XRD


The XRD measurements of the pure powders of silver nanoparticles were performed using an XRD diffractometer (PANalytical-XPERT PRO diffractometer system), Malvern Panalytical Ltd., Malvern United Kingdom. The generator was operated at a voltage of 40 kV and a current of 30 mA. The scanning temperature range was set at between 10 and 100 °C. The Debye–Scherrer equation was used to determine the size of the crystallites. The XRD pattern was obtained at 30–80 °C. The Origin pro8 program was used to construct a graph [27].




3.6.2. EDX


The samples were subjected to EDX analysis with the same instrument that was used for the SEM analysis, in order to confirm the elemental composition of the sample [28].




3.6.3. SEM


For the SEM studies, samples were cast onto glass slides, followed by fixation on copper supports. The samples were covered with a thin layer of gold by sputtering. The coated surface was examined using a scanning electron microscope (SEM) (JEOL JSM 6360LA, Akishima City, Tokyo, Japan) that operates at 20–30 kV, in order to identify the morphology of the produced nano-silver and to determine the mean particle sizes. The scanning electron microscope is equipped with an energy-dispersive spectroscopy (EDS) unit for qualitative and quantitative analyses and elemental mapping for the produced nanoclusters.






4. Conclusions


Nanomaterials have achieved significant awareness in recent years, despite their numerous applications in the medical field (splints, prostheses, and opiates), groundwater remediation, textiles, agricultural (poison), and, probably most crucially, medications. In the current investigational study, Penicillium notatum was used for the production of silver nanoparticles. It has been discovered that Penicillium notatum produces the greatest quantity of nanoparticles after forty-eight hours of natural biogenesis; this production is reduced when using the microwave-aided biogenesis methodology (20 min). The average size of the nanoparticles, which was revealed to be 55–65 nm by SEM, EDX, and the XRD peaks, demonstrated that the nanoparticles have an FCC structure in nature. Their activity against diverse bacterial strains, as well as the zone of inhibition tests, have all demonstrated that the stability of AgNPs has improved over the course of history.







Author Contributions


Conceptualization, P.H., I.K., A.R., A.H., M.U.R., N.U. and A.S.; original draft, A.S. and T.A.; methodology P.H., I.K., A.R., A.H., M.U.R., N.U. and A.S.; data curation: A.A.A., A.S.D. and Z.D.; writing—review and editing, T.J.; visualization, A.H., A.S.A. and M.A.; resources, T.A.; project administration, A.S.; funding acquisition, A.S.A. and M.A.; validation, A.H.; investigation, A.R., T.J. and A.S.; formal analysis, Z.D.; supervision, T.A. All authors have read and agreed to the published version of the manuscript.




Funding


The authors extend their appreciation to the Deputyship of Research and Innovation, Ministry of Education in Saudi Arabia for funding this research work through the project number TUIF-23A-9-9.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Acknowledgments


The authors extend their appreciation to the Deputyship of Research and Innovation, Ministry of Education in Saudi Arabia for funding this research work through the project number TUIF-23A-9-9.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Hazarika, A.; Yadav, M.; Yadav, D.K.; Yadav, H.S. An overview of the role of nanoparticles in sustainable agriculture. Biocatal. Agric. Biotechnol. 2022, 43, 102399. [Google Scholar] [CrossRef]

	



Amaning Danquah, C.; Minkah, P.A.B.; Osei Duah Junior, I.; Amankwah, K.B.; Somuah, S.O. Antimicrobial compounds from microorganisms. Antibiotics 2022, 11, 285. [Google Scholar] [CrossRef]

	



Muhammad, I.D. A comparative study of research and development related to nanotechnology in Egypt, Nigeria and South Africa. Technol. Soc. 2022, 68, 101888. [Google Scholar] [CrossRef]

	



Saleem, A.; Afzal, M.; Naveed, M.; Makhdoom, S.I.; Mazhar, M.; Aziz, T.; Khan, A.A.; Kamal, Z.; Shahzad, M.; Alharbi, M. HPLC, FTIR and GC-MS Analyses of Thymus vulgaris Phytochemicals Executing in vitro and in vivo Biological Activities and Effects on COX-1, COX-2 and Gastric Cancer Genes Computationally. Molecules 2022, 27, 8512. [Google Scholar] [CrossRef] [PubMed]

	



Naveed, M.; Batool, H.; Rehman, S.U.; Javed, A.; Makhdoom, S.I.; Aziz, T.; Mohamed, A.A.; Sameeh, M.Y.; Alruways, M.W.; Dablool, A.S. Characterization and evaluation of the antioxidant, antidiabetic, anti-inflammatory, and cytotoxic activities of silver nanoparticles synthesized using Brachychiton populneus leaf extract. Processes 2022, 10, 1521. [Google Scholar] [CrossRef]

	



Singla, A. Review of biological treatment solutions and role of nanoparticles in the treatment of wastewater generated by diverse industries. Nanotechnol. Environ. Eng. 2022, 7, 699–711. [Google Scholar] [CrossRef]

	



Ghotekar, S.; Pansambal, S.; Bilal, M.; Pingale, S.S.; Oza, R. Environmentally friendly synthesis of Cr2O3 nanoparticles: Characterization, applications and future perspective—A review. Case Stud. Chem. Environ. Eng. 2021, 3, 100089. [Google Scholar] [CrossRef]

	



Salem, S.S.; Fouda, A. Green synthesis of metallic nanoparticles and their prospective biotechnological applications: An overview. Biol. Trace Elem. Res. 2021, 199, 344–370. [Google Scholar] [CrossRef] [PubMed]

	



Gade, A.; Ingle, A.; Whiteley, C.; Rai, M. Mycogenic metal nanoparticles: Progress and applications. Biotechnol. Lett. 2010, 32, 593–600. [Google Scholar] [CrossRef]

	



Ashfaq, M.; Culas, R.; Baig, I.; Ali, A.; Imran, M.A. Socio-Economic Impact of Groundwater Resource Use on the Livelihood of Farming Communities in Eastern Punjab, Pakistan; Charles Sturt University: Albury, Australia, 2021. [Google Scholar]

	



Cascio, C.; Geiss, O.; Franchini, F.; Ojea-Jimenez, I.; Rossi, F.; Gilliland, D.; Calzolai, L. Detection, quantification and derivation of number size distribution of silver nanoparticles in antimicrobial consumer products. J. Anal. At. Spectrom. 2015, 30, 1255–1265. [Google Scholar] [CrossRef]

	



Shahverdi, A.R.; Minaeian, S.; Shahverdi, H.R.; Jamalifar, H.; Nohi, A.-A. Rapid synthesis of silver nanoparticles using culture supernatants of Enterobacteria: A novel biological approach. Process Biochem. 2007, 42, 919–923. [Google Scholar] [CrossRef]

	



Medina-Ramirez, I.; Bashir, S.; Luo, Z.; Liu, J.L. Green synthesis and characterization of polymer-stabilized silver nanoparticles. Colloids Surf. B Biointerfaces 2009, 73, 185–191. [Google Scholar] [CrossRef]

	



Masimen, M.A.A.; Harun, N.A.; Maulidiani, M.; Ismail, W.I.W. Overcoming methicillin-resistance Staphylococcus aureus (MRSA) using antimicrobial peptides-silver nanoparticles. Antibiotics 2022, 11, 951. [Google Scholar] [CrossRef] [PubMed]

	



Naveed, M.; Bukhari, B.; Aziz, T.; Zaib, S.; Mansoor, M.A.; Khan, A.A.; Shahzad, M.; Dablool, A.S.; Alruways, M.W.; Almalki, A.A.; et al. Green Synthesis of Silver Nanoparticles Using the Plant Extract of Acer oblongifolium and Study of Its Antibacterial and Antiproliferative Activity via Mathematical Approaches. Molecules 2022, 27, 4226. [Google Scholar] [CrossRef] [PubMed]

	



Chapman, H.N.; Fromme, P.; Barty, A.; White, T.A.; Kirian, R.A.; Aquila, A.; Hunter, M.S.; Schulz, J.; DePonte, D.P.; Weierstall, U. Femtosecond X-ray protein nanocrystallography. Nature 2011, 470, 73–77. [Google Scholar] [CrossRef] [PubMed]

	



Khan, I.; Ali, M.; Aftab, M.; Shakir, S.; Qayyum, S.; Haleem, K.S.; Tauseef, I. Mycoremediation: A treatment for heavy metal-polluted soil using indigenous metallotolerant fungi. Environ. Monit. Assess. 2019, 191, 622. [Google Scholar] [CrossRef] [PubMed]

	



Bantan, R.A.; Abu-Hamdeh, N.H.; Nusier, O.K.; Karimipour, A. The molecular dynamics study of aluminum nanoparticles effect on the atomic behavior of argon atoms inside zigzag nanochannel. J. Mol. Liq. 2021, 331, 115714. [Google Scholar] [CrossRef]

	



Ivanisevic, I. Physical stability studies of miscible amorphous solid dispersions. J. Pharm. Sci. 2010, 99, 4005–4012. [Google Scholar] [CrossRef]

	



Inagaki, S.; Ghirlando, R.; Grisshammer, R. Biophysical characterization of membrane proteins in nanodiscs. Methods 2013, 59, 287–300. [Google Scholar] [CrossRef]

	



Shang, L.; Wang, Y.; Jiang, J.; Dong, S. pH-dependent protein conformational changes in albumin: Gold nanoparticle bioconjugates: A spectroscopic study. Langmuir 2007, 23, 2714–2721. [Google Scholar] [CrossRef]

	



Dorau, B.; Arango, R.; Green, F. An investigation into the potential of ionic silver as a wood preservative. In Proceedings of the Woodframe Housing Durability and Disaster Issues Conference, Las Vegas, NV, USA, 4–6 October 2004; Forest Products Society: Madison, WI, USA, 2004; pp. 133–145. [Google Scholar]

	



Das, V.L.; Thomas, R.; Varghese, R.T.; Soniya, E.; Mathew, J.; Radhakrishnan, E. Extracellular synthesis of silver nanoparticles by the Bacillus strain CS 11 isolated from industrialized area. 3 Biotech 2014, 4, 121–126. [Google Scholar] [CrossRef]

	



Khan, I.; Aftab, M.; Shakir, S.; Ali, M.; Qayyum, S.; Rehman, M.U.; Haleem, K.S.; Touseef, I. Mycoremediation of heavy metal (Cd and Cr)–polluted soil through indigenous metallotolerant fungal isolates. Environ. Monit. Assess. 2019, 191, 585. [Google Scholar] [CrossRef] [PubMed]

	



Khan, I.; Aftab, M.; Tauseef, I.; Syed, K. Isolation, phenotypic and genotypic characterization of metallotolerant fungal isolates from industrial soil. In Proceedings of the EuroSciCon Conference on Microbiology and Virology, Paris, France, 21–22 June 2018. [Google Scholar]

	



Jaidev, L.; Narasimha, G. Fungal mediated biosynthesis of silver nanoparticles, characterization and antimicrobial activity. Colloids Surf. B Biointerfaces 2010, 81, 430–433. [Google Scholar] [CrossRef]

	



Kalimuthu, K.; Babu, R.S.; Venkataraman, D.; Bilal, M.; Gurunathan, S. Biosynthesis of silver nanocrystals by Bacillus licheniformis. Colloids Surf. B Biointerfaces 2008, 65, 150–153. [Google Scholar] [CrossRef] [PubMed]

	



Awwad, A.M.; Salem, N.M. Green synthesis of silver nanoparticles byMulberry LeavesExtract. Nanosci. Nanotechnol. 2012, 2, 125–128. [Google Scholar] [CrossRef]








[image: Molecules 28 00637 g001 550] 





Figure 1. Morphological identification of the K1 strain on PDA, SDA, and MES media ((a–c) front; (d–f) back; (g) the chains of mycelium and spores). 
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Figure 2. The phylogenetic tree of the fungal isolate, constructed using a neighbor-joining analysis of ITS. 
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Figure 3. XRD analysis of the silver nano-powder. 
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Figure 4. EDX analysis of the silver nano-powder. 
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Figure 5. SEM micrographs of the AgNP nanopowders at (a) 1 micrometer and (b) 0.5 micrometer. 
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Table 1. Concentration of nanoparticles synthesized from different fungal strains.
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	Strain
	KI
	K2
	K3
	K4
	K5
	K6
	K7
	K8A
	K8B
	K9
	K10





	AgNPs (mg)
	1.9
	1.1
	0.9
	1.5
	1.0
	1.2
	0.7
	1.66
	1.7
	1.3
	1.23
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Table 2. Pathogens with in vitro antibacterial activity on nanoparticle dilutions.
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	S#
	Test Organism
	Nature of Bacteria
	Dilution
	Zone Diameter





	1.
	Escherichia coli
	Gram-negative
	1000 µg
	3 mm



	
	
	
	500 µg
	2.5 mm



	
	
	
	250 µg
	0



	2.
	Bacillus subtilis
	Gram-positive
	1000 µg
	1.3 mm



	
	
	
	500 µg
	0



	
	
	
	250 µg
	0



	3.
	Cronobacter Sakazakii
	Gram-negative
	1000 µg
	0



	
	
	
	500 µg
	0



	
	
	
	250 µg
	0



	4.
	Pseudomonas aeruginosa
	Gram-negative
	1000 µg
	1.2 mm



	
	
	
	500 µg
	0



	
	
	
	250 µg
	0



	5.
	Enterococcus faecalis
	Gram-positive
	1000 µg
	3.2 mm



	
	
	
	500 µg
	1.7 mm



	
	
	
	250 µg
	0



	6.
	Listeria innocua
	Gram-positive
	1000 µg
	2.5 mm



	
	
	
	500 µg
	1.5 mm



	
	
	
	250 µg
	1.0 mm
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