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Nanoparticles have recently emerged as a popular research topic. Because of their potential applications in therapeutic applications, biosynthesized silver nanoparticles (Bio-AgNPs) have gained much attention in recent years. Cell-free extracts (CFE) from a marine culture of actinobacteria and silver nitrate were used to reduce Ag+ ions and create Bio-AgNPs. Nocardiopsis dasonvillei KY772427, a new silver-tolerant actinomycete strain, was isolated from marine water and used to synthesize AgNPs. In order to characterize Bio-AgNPs, UV-Vis spectral analysis, Fourier transform infrared (FTIR), transmission electron microscopy (TEM), and dynamic light scattering spectroscopy (DLS) were all utilized. Using UV–Vis spectroscopy, a peak in the surface plasmon resonance (SPR) spectrum at 430 nm revealed the presence of Bio-AgNPs. The TEM revealed spherical AgNPs with a diameter of 29.28 nm. DLS determined that Bio-AgNPs have a diameter of 56.1 nm and a negative surface charge (−1.46 mV). The minimum inhibitory concentration (MIC) of Bio-AgNPs was determined against microbial strains. Using resazurin-based microtiter dilution, the synergistic effect of Bio-AgNPs with antimicrobials was investigated. Pseudomonas aeruginosa had the lowest MIC of Bio-AgNPs (4 μg/ml). Surprisingly, the combination of antimicrobials and Bio-AgNPs had a significant synergistic effect on the tested strains. The insecticidal activity of Bio-AgNPs (200 μg/ml) against Macrosiphum rosae was found to be maximal after 36 h. Additionally, Bio-AgNPs demonstrated significant scavenging activity against 2,2′-diphenyl-1-picrylhydrazyl (DPPH) and hydroxyl (OH–) radicals, with IC50 values of 4.08 and 8.9 g/ml, respectively. In vitro studies using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) assay revealed a concentration-dependent decrease in cell viability when CaCo2 cells were exposed to Bio-AgNPs. With the decrease in cell viability, lactate dehydrogenase leakage (LDH) increased. The findings of this study open up a new avenue for the use of marine Nocardiopsis dasonvillei to produce Bio-AgNPs, which have significant antimicrobial, antioxidant, insecticidal, and anticancer potential.
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INTRODUCTION

Nanoparticles (materials with a dimension of less than 100 nm) are at the forefront of nanotechnology developments in biomedical research (Makvandi et al., 2020). Nanoparticles have a high surface area-to-volume ratio, which confers unique properties on them and enhances their catalytic, magnetic, mechanical, and optical properties, thereby expanding their potential biomedical applications (Ali et al., 2021; Nikzamir et al., 2021). Silver, among various metals, has long been recognized in applications, including food preservation, antimicrobial therapy, and water purification (Otari et al., 2015; Makvandi et al., 2019). Recent advancements in nanotechnology have resulted in the widespread use of silver nanoparticles (AgNPs) as antimicrobial, anti-inflammatory, and anti-cancerous agents (Khalil et al., 2021), since AgNPs have unique optical, magnetic, catalytic, and electronic properties (Sánchez-López et al., 2020).

Scientific research has shown that AgNPs can interfere with cellular functions via a variety of mechanisms. One of these mechanisms is the apoptosis activation (Senthil et al., 2017). AgNPs agglomerated in the nucleus, mitochondria, and lysosomes, cause significant oxidative damage in these organelles and ultimately lead to apoptosis or necrosis (Nikzamir et al., 2021). Another mechanism for AgNPs cytotoxicity is the production of reactive oxygen species (ROS) as a result of disruption of the mitochondrial electron transferring chain, which causes DNA damage (Dos Santos et al., 2014). The cytotoxicity of AgNPs has recently gained prominence as a research topic because of their ultra-small size that can easily enter cells and move through the bloodstream (Wei et al., 2010). As a result, smaller AgNPs (3–7 nm) are more cytotoxic to mouse cells than larger AgNPs (10–40 nm) (Liu et al., 2010). Moreover, AgNPs exert their antimicrobial effects by binding to microbial DNA, resulting in a DNA degradation (Nikzamir et al., 2021). Therefore, the potential of AgNPs for therapeutic and biotechnological applications has gained much attention in recent years.

For the synthesis of AgNPs, various physical and chemical methods such as microwave assistance, thermal decomposition, and chemical reduction have been employed. However, these conventional methods are energy intensive, use hazardous chemicals, are time consuming, and pose environmental and biological risks, precluding their therapeutic applications (Otari et al., 2015; Bahlol et al., 2019; Khalil et al., 2021). On the other hand, biological methods are simple, quick, and inexpensive approaches to synthesize nanostructure materials as well as to reduce the generation of hazardous substances toxic to the environment and human health (Singh et al., 2020; Nikzamir et al., 2021). Therefore, the emphasis for nanoparticle synthesis is shifting away from the conventional methods (physical and chemical) toward “green” chemistry, i.e., biological synthesis. Microorganisms almost certainly contribute to the production of a large number of nucleation centers and to the establishment of conditions conducive to the formation of highly dispersed nanoparticle systems. In addition, microorganisms immobilize the particles and provide a viscous medium containing extracellular secreted enzymes to completely prevent or minimize the aggregation rate (Bahlol et al., 2019). Several studies have been published on the use of bacteria such as Bacillus subtilis, as well as fungi such as Fusarium oxysporum, in the biosynthesis of AgNPs (Hulkoti and Taranath, 2014).

Actinobacteria are ubiquitous and most versatile Gram-positive bacteria with a high GC content. Enzymes produced by actinobacteria hold many great industrial applications. Furthermore, secondary metabolites secreted by actinobacteria enhance the synthesis of AgNPs by reducing activity (Manimaran and Kannabiran, 2017). The bioactive compounds produced by actinobacteria have various therapeutic antimicrobial, anticancer, and anthelmintics properties (Goel et al., 2021). Nocardiopsis sp. MBRC-1, a novel marine actinobacterium, biosynthesized AgNPs (Bio-AgNPs) with antimicrobial and cytotoxic properties (Manivasagan et al., 2013). Bio-AgNPs produced by Streptomyces xinghaiensis OF1 revealed potential antimicrobial activities against pathogenic bacteria and yeasts (Wypij et al., 2018). AgNPs’ physicochemical properties are critical to their cytotoxicity. As a result, it is thought necessary to assess the cytotoxicity of AgNPs in order to maintain a safe level of silver in living organisms, as well as to comprehend how AgNPs interact with biological cells in order to gain a better understanding of the health risks associated with the use of nanoparticles (Liao et al., 2019). On the other hand, tobacco cutworm, for example, is a well-known cosmopolitan pest of a variety of crops. This voracious pest’s survival is aided by the frequent evolution of insecticide resistance and its polyphagous nature. Nanotechnology provides an alternative approach for overcoming the limitations of current pest management strategies (Jafir et al., 2021). For their potential use in crop protection, AgNPs have attracted the attention of entomologists due to least toxicity to the environment and humans.

Multidrug resistance (MDR) is a persistent global issue. A considerable need for revolutionary nanomaterials has developed for the construction of new antimicrobial biomaterials, which has unavoidably opened up new therapeutic horizons in medical approaches (Khalil M. A. et al., 2015; El-Zawawy and Ali, 2016; Khalil et al., 2020, 2021). To the best of our knowledge, no studies have been published on the efficacy of Bio-AgNPs produced by the marine actinobacterium Nocardiopsis dassonvillei as an antimicrobial candidate against MDR pathogens with concurrent antioxidant, insecticidal, and anticancer potential. Under this scope, this study aims at exploring therapeutic properties of Bio-AgNPs using cell-free extract (CFE) of N. dassonvillei actinobacterium. The study’s findings open a new path for the production of Bio-AgNPs with strong antibacterial, antioxidant, insecticidal, and anticancer potential from marine N. dasonvillei.



MATERIALS AND METHODS


Samples and Microbial Strains

Marine water and sediment samples were collected from five different locations; the north beach Jeddah, Southern beach in Jeddah, Abhor, Laith, and Qunfudah (21⋅38′54″ North-39⋅06′06″ East, 21⋅19′44″ North-39⋅06′33″ East, 21⋅45′02″ North-39⋅08′01″ East, 20⋅49′38″ North-39⋅25′15″ East, 19⋅11′36″ North-41⋅02′40″ East) on the Red Sea coast, Jeddah, KSA. Sediment samples (3–5 cm depth) were collected through a sterile pustule and placed in sterile plastic bags. Marine water samples were taken in a sterile bottle at a depth of 10 cm. For marine actinobacteria isolation, all samples were securely sealed, put in ice containers, and promptly transported to the Microbiology Laboratory, Faculty of Science, Taif University, KSA.

For antimicrobial activity test, seven representative bacterial isolates, namely Staphylococcus aureus, coagulase-negative (CoNs) Staphylococcus, Pseudomonas aeruginosa, extended spectrum beta-lactamase (ESβL)-producing Escherichia coli, Salmonella sp., Klebsiella pneumoniae, and Proteus mirabilis and two fungal species (Aspergillus niger and Candida albicans). Both bacterial and yeast cultures were maintained in 10% glycerol stock at −80°C. The filamentous fungus, A. niger, was preserved in potato dextrose agar (PDA) and stored in 10% glycerol stock at −80°C.



Isolation of Marine Actinobacteria and Screening for Tolerance to Silver Nitrate

Figure 1 depicts the experimental setup used to screen and isolate actinobacteria capable of tolerating silver nitrate (AgNO3) from marine water. Actinobacteria were isolated from marine water and sediment samples using the spread plate technique (Manivasagan et al., 2013). To isolate actinomycetes, all samples were heated in a water bath at 70°C for 15 min and treated with 1.5% phenol, then cultured on starch nitrate agar medium at 28°C for 14 days. To reduce nitrates, isolates were cultured for 7 days in nitrate-containing medium before being reduced with the Griess-Illosvays reagent (Dixit et al., 2015). From the collected samples, 110 isolates were obtained and cultured for 7 days at 28°C on various media, including yeast extract-malt agar, Czapek agar, nutritional agar, and potato dextrose agar (Figure 1). Twenty-two colonies with typical actinobacteria characteristics were subcultured on starch casein agar (SCA) medium supplemented with different concentrations of AgNO3 to assess their metal resistance tolerance. As a result, the metal-resistant isolate designated as M1 was chosen for the production of Bio-AgNPs. Stock bacterial cultures were kept at −80°C in 0.05 M potassium sodium phosphate buffer (pH 7.0), containing 10% glycerol (v/v).
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FIGURE 1. Experimental set up for biosynthesis of silver nanoparticles by marine actinobacterium Nocardiopsis dassonvillei M1 and exploring their therapeutic potentials.




Molecular Characterization

The chosen isolate M1 was characterized molecularly based on 16S rDNA gene sequencing as described by Ali et al. (2020a). The total genomic DNA of bacteria was extracted using the TaKaRa extraction kit (TakaRa, Japan) according to the manufacturer’s instructions. A pair of universal bacterial primers 27 F (5′-AGAGTTTGATCCTGGCTCAG-3′) and 1492R (5′-TACGGCTACCTTGTT ACGACTT-3′) was used for the amplification step. The PCR amplification was performed as described previously (Ali et al., 2020b). The purified amplification products were sequenced at Macrogen Co., Seoul, South Korea. The sequences were then deposited in the GeneBank1. The sequence homology of M1 with the closest similar bacterial strains was determined using a BLAST search (see text footnote 1). MEGA 7.0 software was used to construct a phylogenetic tree (Kumar et al., 2016).



Preparation of Biosynthesized Silver Nanoparticles

As shown in Figure 1, Bio-AgNPs were synthesized using AgNO3 (Sigma Aldrich) as a precursor and the actinobacterium’s secondary metabolites as reducing agents. An aliquot (20 μl) of the overnight N. dasonvillei M1 culture (1 × 105 CFU/ml) was inoculated in 100 ml nutrient broth medium and incubated on an orbital shaker at 28°C for 96 h at 120 rpm. Actinobacterium biomass was collected after incubation by centrifugation at 5000 rpm for 30 min. To remove the associated medium components, 2 g of cells were washed twice with distilled water. After that, the biomass was resuspended in 150 ml of distilled water and stored at 28°C for 48 h. After osmotically lysing the bacteria, they were filtered through a Whatman No. 1 filter paper, yielding CFE, which was used as a reducing agent in the preparation of Bio-AgNPs. The pH, temperature, and AgNO3 concentration were all adjusted for the synthesis of Bio-AgNPs (Veerasamy et al., 2011).



Characterization of Biosynthesized Silver Nanoparticles

To characterize Bio-AgNPs, the optimal reaction mixture was created by combining CFE and AgNO3 solutions and incubating them for 96 h on an orbital shaker at 28°C (in the dark) as depicted in Figure 1. The color change of the reaction mixture from yellowish-white to dark brown indicated the formation of AgNPs (Siddiqi et al., 2018). The Bio-AgNPs was monitored using UV–visible (UV–Vis) spectroscopy (Shimadzu No-UV 1800) with a resolution of 1 nm in the 300–800 nm range. Fourier transform infrared spectroscopy (FTIR; PerkinElmer) was used to further characterize changes in the surface composition (Ali et al., 2022). The Bio-AgNPs were pelletized with potassium bromide (KBr) at a concentration of 1% (w/w), then pressed for 1 min at 10 t of pressure to form a transparent pellet, and FTIR analysis was determined between a transmittance range of 500 and 4000 cm–1. Energy Dispersive X-ray (EDX) was performed to identify the elemental composition of the AgNPs (Goel et al., 2021). Transmission electron microscopy (TEM; JEM-1230, JEOL, Japan) with a 120 kV acceleration voltage was used to determine the size, distribution, and morphology of the Bio-AgNPs (Khalil et al., 2021). The average size and surface charge of the Bio-AgNPs was determined using dynamic light scattering (DLS) (Goel et al., 2021). Before analysis, the Bio-AgNPs sample (1 mg/ml) was diluted 100 times in MiliQ water and ultrasonicated to ensure homogeneous distribution of nanoparticles and to prevent aggregation, if any. The sample was then analyzed using a Malvern DLS instrument (Nano-Zeta Sizer-HT, United Kingdom).



Determination of Biosynthesized Silver Nanoparticles Stock Concentration

The concentration of the stock Bio-AgNPs colloidal suspension was calculated as per our earlier report (Khalil et al., 2021). A stock solution of Bio-AgNPs in dist. H2O with a final concentration of 1.7 μg/ml was prepared. To create working solutions, serial dilutions with a suitable culture medium were used.



Antibiotic Susceptibility Test and Multidrug Resistance Determination

Antibiotic susceptibility test of bacteria and fungi was performed by disc diffusion method (CLSI, 2018) on Müller-Hinton (MHA) and Sabouraud’s dextrose (SDA) agar plates, respectively, as described previously (Ali et al., 2017). For inoculum preparation, bacterial and yeast isolates were cultured on nutrient agar and SDA and the plates were incubated for 18 h at 37°C. The cultures were then suspended in a sterile normal saline solution to achieve an inoculum final concentration of 1 × 105 CFU/ml. For inoculum preparation of A. niger, the culture was maintained on SDA. After incubation for 7 days at 37°C, the conidial suspension was prepared to achieve a concentration of 1 × 105 CFU/ml (Ali et al., 2017). To assess sensitivity, inoculated agar plates supplemented with the antibiotic discs tested (Table 1) were incubated for 18 h and the inhibition zone diameter (IZD) surrounding the discs was measured. The results were interpreted (CLSI, 2018) and resistance to at least three antimicrobial groups was defined as MDR (Khalil et al., 2021).


TABLE 1. Antibiotic resistance patterns among bacterial and fungal pathogens used in this study.
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Antimicrobial Activity of Biosynthesized Silver Nanoparticles

As depicted in Figure 1, in vitro antimicrobial activity of Bio-AgNPs was performed using agar well diffusion methods (EUCAST, 2020). Inoculum and plate preparations were carried out as mentioned above. Different concentrations of Bio-AgNPs (50, 100, 150, and 200 μg/ml) were prepared, and 50 μl of each concentration was added to every well. After incubation for 18 h, IZD surrounding each well was determined. CFE and AgNO3 were used as controls. The antimicrobial activity of piperacillin-tazobactam (TZP) alone, fluconazole (FLZ) alone, and their combinations with well as the synergistic effects of these antibiotics in combination with Bio-AgNPs were investigated against MDR isolates.

Minimum inhibitory concentration (MIC) of Bio-AgNPs was performed using resazurin-based microtiter dilution technique (CLSI, 2018). The Bio-AgNPs working solutions were made by diluting the stock colloidal solution (1.7 g/ml) with sterile dist. H2O. Bio-AgNP concentrations were varied between 0.002 and 0.5 μg/ml. A volume of 100 μl (1 × 105 CFU/ml) of tested microorganisms was inoculated in the 96-well microtiter plates loaded with the prepared Bio-AgNPs concentrations and all plates were then incubated for 18 h at 37°C. Following incubation, each well received 20 μl of resazurin dye (0.1% w/v in dist. H2O) and the plates were kept at 37°C for 1 h. The color shift from purple to red indicated that cells were actively metabolizing, whereas the presence of dark blue indicated that microorganisms were completely prevented from growing in microtiter plate wells. At 600 nm, a Microplate Reader (Biorad, United States) was used to detect microbial growth or suppression. On the other hand, using the resazurin microdilution technique, the sensitivity of bacteria to TZP and fungi to FLZ was also determined (CLSI, 2008). To perform twofold serial dilutions of antibiotics, the stock concentrations were diluted with sterile H2O to determine the MIC of the antibiotic alone or in combination with the Bio-AgNPs. The experiment was carried out in triplicate on 96-well microtiter plates, and antibiotic concentrations ranging from 0.25 to 128 μg/ml were tested. The ultimate microbial density in each well was 1 × 105 CFU/ml. MIC was the lowest concentration of Bio-AgNPs at which no visible growth was observed.



Insecticidal Activity of Biosynthesized Silver Nanoparticles

The insecticide activity of Bio-AgNPs was evaluated using the plant dip technique established by Bhattacharyya et al. (2016). An insect colony of Macrosiphum rosae was grown on potted rose plants at 22 ± 2°C at the Entomology Laboratory, Department of Zoology, Taif University, KSA. Five leaves of Rosa damascene var semperflorens were dipped in various concentrations of Bio-AgNPs solutions (50, 100, 150, 200 μg/ml) or a control solution (water) for 15 s and left to dry at room temperature. Transfer the leaves to a plastic container and then gently place the insects on the leaves for feeding, allowing M. rosae to feed on both treated and untreated leaves. Three repetitions were repeated for each concentration. After 8, 16, 24, 36, 40, and 48 h of treatment, the proportion of insects that died was determined.



Antioxidant Activity of Biosynthesized Silver Nanoparticles

The antioxidant activity of Bio-AgNPs was assessed in terms of free radical scavenging activity (RSA) using 1,1-diphenyl-2-pyridyl-hydrazine (DPPH) assay (Singh et al., 2018) and hydroxyl radical (OH–) scavenging activity method (Tanamatayarat, 2016). RSA of Bio-AgNPs was determined using the 1,1-diphenyl-2-pyridyl-hydrazine (DPPH) assay. Using DPPH assay, 4 mg of 0.02 mM DPPH was dissolved in 100 ml of methanol and kept at 4°C until needed. A 2 ml stock solution was added to 1 ml methanol containing various concentrations of test Bio-AgNPs (6.25–200 μg/ml). Methanol and CFE were used as negative controls in this experiment, while ascorbic acid was used as a positive control. After 30 min of incubation in dark conditions, all mixtures were measured at 517 nm using a UV–visible spectrophotometer (Shimadzu-UV2600, Japan). When a single electron of DPPH is paired with a hydrogen atom from a potential antioxidant, the color changes from purple to yellow. The OH– RSA of the Bio-AgNPs was carried out using a range of concentrations (6.25–200 μg/ml) of the investigated Bio-AgNPs, as well as ascorbic acid as a standard. The antioxidant activity by DPPH and OH– radical was calculated using the formula: % RSA = (control absorbance - sample absorbance/control absorbance) × 100. The linear regression curve was used to calculate the concentration of Bio-AgNPs needed to scavenge 50% of the radicals (IC50).



Cytotoxicity Assay

Human colorectal adenocarcinoma (CaCo2) cells (5 × 104 cells/ml) were grown in DMEM medium supplemented with 2 mM L-glutamine, 10% fetal calf serum (FCS), and 1% penicillin-streptomycin solution, then incubated for 24 h at 37°C in a humidified environment of 5% CO2 and 95% air. The medium was removed and replaced with a new medium after being rinsed with 0.1 ml of phosphate saline buffer (PSB). Cells were allowed to adhere to the surface for 24 h prior to treatment. Then, the culture medium in each well was replaced with a new medium containing Bio-AgNPs at concentrations ranging from 6.25 to 200 μg/ml. The cells were harvested after 24 h of incubation and assessed for viability and lactate dehydrogenase (LDH) release (Gurunathan et al., 2018).

Cell viability was calculated by the 3-(4, 5-dimethyl-2-thiazolyl)-2, 5-diphenyl-2H-tetrazolium bromide (MTT) colorimetric assay following Chen et al. (2006). In 96-well tissue culture plates, CaCo2 cells were seeded with varying amounts of Bio-AgNPs. All cultures were incubated for 24 h at 37°C in a humidified environment. Following incubation, 0.02 ml of MTT solution (5 mg/ml in PBS) was added to each well. The plates were then incubated for 4 h at 37°C in a humidified atmosphere of 5% CO2. The formazan (product of MTT reduction) was dissolved in 150 μl of dimethyl sulfoxide (DMSO) at 37°C with moderate shaking, and the absorbance at 490 nm was measured with a BIORAD microplate ELISA reader. Cells that had not been treated with Bio-AgNPs were used as a control. Cell viability percentage (% CV) was calculated using the formula: % CV = (absorbance of the experimental group/absorbance of control group) * 100. On the X-axis, the concentration of AgNPs was plotted against the % CV on the Y-axis, yielding the IC50 value.

The cell membrane integrity of CaCo2 cells was determined using the LDH activity colorimetric assay kit (K726-500) according to the manufacturer’s instructions (Biovision, Mountain View, CA). The amount of LDH that leaked out of the cell determined the integrity of the plasma membrane of Bio-AgNPs-treated cells. Following a 24 h treatment with different concentrations of Bio-AgNPs, 100 μl of each cell-free supernatant was added in triplicate to wells in a 96-microtiter plate, followed by 100 μl of LDH-assay reaction mixture in each well. The optical density at 490 nm was determined using a microplate reader after 3 h of incubation under standard conditions.

The brine shrimp lethality test was used to assess the in vitro cytotoxicity of Bio-AgNPs (Kummara et al., 2016). Artemia salina eggs were incubated in 1000 ml sterile saltwater with continuous aeration for 48 h. After hatching, collect 10 larvae and place them in a glass vial filled with 4.5 ml sterile saltwater. Then, 0.5 ml of Bio-AgNPs at various concentrations was added to the nauplius in each vial. Under light conditions, all vials were incubated at room temperature for 24 h. The number of living nauplii in each container was counted after 24 h of treatment, and the percentage of brine shrimp nauplii mortality was calculated. Based on this value, calculate the LC50 of the sample.



Statistical Analysis

The data was interpreted using GraphPad Prism version 9.0.0 and Minitab statistical software (19.2020.1, Minitab Inc., United States). Using one-way analysis of variance (ANOVA) with Tukey-Kramer multiple comparisons, the antimicrobial activity of antimicrobial agents against various pathogenic microorganisms and the mortality rate were compared. The scavenging activities of the OH and DPPH radicals were investigated using an unpaired t-test. Data were expressed as the mean ± standard deviation (SD) from three replicates. The P-value of <0.05 denotes statistical significance.




RESULTS AND DISCUSSION

Actinobacteria, one of the many microbial groups found in the marine environment, occupy a significant niche as a potential source of novel metabolites and bioactive substances (Ganesan et al., 2017). In the current study, 22 out of 110 marine bacterial isolates exhibit conventionally distinct actinobacterial characteristics, such as the development of vegetative mycelium and a secondary aerial mycelium in permanent contact with the air, as well as the presence of a soluble pigment on various culture media (data not shown). The preliminary screening findings for heavy metal tolerant isolates revealed that 14 (63.63%) actinomycete isolates were tolerant to 1 mM Ag+, 7 (31.8%) isolates were tolerant to 2 mM, and only 2 (9.1%) isolates were tolerant to 3 mM. Therefore, for the preparation of Bio-AgNPs, the most tolerant isolate designated as M1 strain was chosen. Depending on the medium used, the color of the strain M1 mycelium substratum ranged from white to beige, while the color of the aerial mycelium ranged from white to gray, dark gray, and yellowish white. Figure 2 depicts the morphological characteristics of M1 strain. Figure 2A depicts white substrates and aerial mycelium in M1 colonies growing on PDA medium. Light and scanning microscopy images show that the sporangia of strain M1 have an irregular structure (Figures 2B,C). The isolate MW15, namely N. dassonvillei strain M1, was successfully identified molecularly (Figure 3). The 16S rDNA gene was amplified, and the sequence was submitted to GeneBank under the accession number KY7724272. BLAST analysis and the closest phylogenetic relative to the N. dassonvillei strain M1 exhibited high identity (100%) to N. dassonvillei strain QT396 (with accession number MT039443).
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FIGURE 2. Morphological characteristics of Nocardiopsis dassonvillei M1. (A) Colonies on PDA plates. (B) Light microscopic image of hyphae with magnification 40X. (C) Scanning electron microscope of spores.
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FIGURE 3. A neighbor-joining tree of Nocardiopsis dassonvillei M1 with its closely related taxa. The bootstrap consensus tree inferred from 1000 replicates represents the evolutionary history of the taxa analyzed. The scale bar indicates 0.10 substitutions per nucleotide position.


Several physicochemical parameters (temperature, reaction mixture pH, and AgNO3 concentration) were optimized after being identified as variables influencing AgNPs yield (Veerasamy et al., 2011). With the addition of AgNO3, CFE was transformed into a brown yellow color, indicating the formation of AgNPs. This color is a result of the SPR of Bio-AgNPs. The conversion of silver ions to Bio-AgNPs was observed in spectrum data collected with a UV-Vis spectrophotometer. It has been reported that changing the pH of the reaction mixture changes the shape and size of the nanoparticles because pH changes the charge of biomolecules, which may affect their capping and stabilizing properties (Verma and Mehata, 2016). Clearly, the acidic pH (pH = 5) inhibited the production of Bio-AgNPs, but the intensity of the color increased as the pH solution increases from 6 to 9, which is attributed to the excitation of metal nanoparticle SPR (Figure 4A). Bio-AgNPs synthesized at pH = 7 exhibited a clear SPR peak at λ max 443 nm with absorbance 0.5769 a.u. Silver ion absorption occurred between 430 and 440 nm, according to SPR analysis (Chung et al., 2016). Veerasamy et al. (2011) reported that nanoparticles formed at pH 4, whereas tiny and highly dispersed nanoparticles formed at pH 8. According to Verma and Mehata (2016), the absorbance of AgNPs increases from 2 to 8 as the pH of the solution increases; as the pH of the solution increases further, the absorbance decreases. As illustrated in Figure 4B, as the temperature was increased, the absorbance peak was reached, indicating an increase in the rate of Bio-AgNPs synthesis, as indicated by the rapid change in the color of the reaction mixture. The UV-Vis spectrum at 28°C revealed a strong absorption SPR peak at 442.5 nm with an absorbance of 2.6833 a.u. However, absorbance was not increased at temperatures greater than 40°C. These findings are in accordance with that reported previously (Veerasamy et al., 2011; Singh et al., 2020). To obtain the optimal size of Bio-AgNPs, several AgNO3 concentrations were tested (Figure 4C). Increases in the concentration of AgNO3 in the reaction mixture result in the formation of additional Bio-AgNPs until a maximum yield of 1 mM AgNO3 with an absorption wavelength of 449 nm is achieved. Beyond 1 mM AgNO3, there was no discernible increase in absorbance. According to Veerasamy et al. (2011), a 5 mM concentration of AgNO3 promoted rapid production, while a 10 and 3 mM concentration of AgNO3 shifted the UV–visible spectrophotometer peak in plant extracts. In general, the results indicate that incubating the CFE (pH 7) and AgNO3 (1 mM) solution at 28°C on an orbital shaker for 96 h in the dark was the optimal reaction condition.
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FIGURE 4. UV-visible spectra of Bio-AgNPs obtained at different reaction conditions. (A) Different pH value of reaction mixture, (B) Different reaction temperature (°C), (C) Different concentration of AgNO3 (mM).


In this study, Bio-AgNPs were prepared using the CFE of the N. dassonvillei M1, which changed color from colorless to dark brown when treated with 1 mM AgNO3. UV–Vis spectroscopy was used to analyze the Bio-AgNPs and revealed a strong narrow SPR peak at 430 nm (Figure 5), which is attributed to their SPR property. It is most likely caused by the stimulation of longitudinal plasmon vibrations. Furthermore, the SPR property is responsible for the reaction mixture’s yellowish to brown color change. This could be due to secondary metabolites found in cells reducing metal ions (Manivasagan et al., 2013). The UV–Vis spectra confirmed the nanoparticle production from Euphrasia officinalis aqueous extract, as the absorption band for AgNPs was detected at 450 nm (Singh et al., 2018). Furthermore, numerous studies revealed that Bio-AgNPs were mostly formed using UV-vis-spectroscopy, with peaks ranging from 420 to 450 nm (Manivasagan et al., 2013; Singh et al., 2018).
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FIGURE 5. UV-visible spectra of the Nocardiopsis dassonvillei M1-derived Bio-AgNPs.


Fourier transform infrared analysis was used to identify the biomolecules responsible for the bioreduction of silver ions (Ag+) into AgNPs (Ag0) and the capping of the produced Bio-AgNPs. Several peaks have been detected as shown in Figure 6. The peak at 3444 cm–1 is assigned to the stretching vibrations of the O-H bonds of alcohols or phenols (Thirunavoukkarasu et al., 2013). The band between 2920 and 2850 cm–1 (C–H stretch) is assigned to the alkanes group, while the peak at 1634 cm–1 is assigned to the N-H bend of primary amines (Seyedeh et al., 2012). The peak at 1387 cm–1 is assigned to the symmetrical carboxyl group stretching (Kora et al., 2012). The OH deformation of alcoholic and phenolic OH groups is mediated by the peak at 1066 cm–1, while the peak at 699 cm–1 is assigned to the aromatic C-H (Litvin and Minaev, 2013). FTIR results clearly revealed the presence of phenolic compounds and proteins that are likely involved in the Bio-AgNPs, as well as the possibility that proteins play an important role in the stabilization of Bio-AgNPs by capping, which prevents agglomeration and helps to increase the stability of the Bio-AgNPs (Saranyaadevi et al., 2014).
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FIGURE 6. Fourier transform infrared spectra of the Nocardiopsis dassonvillei M1-derived Bio-AgNPs.


The presence of elemental silver particles is demonstrated by the EDX graph (Figure 7). The chemical purity and existence signal of the elemental silver particles were validated using EDX analysis. The elemental composition analysis performed with EDX revealed a strong and sharp signal of silver atoms produced, with silver nanocrystals formed at an optical absorption band peak around 3 KeV, which is typical for metallic AgNPs absorption (Park et al., 2007), confirming the presence of AgNPs in the CFE (Figure 7). The obtained results are highly related to the TEM results (Figure 8). Other EDX signals were detected from O, Na, and C atoms, which correspond to X-ray emission from proteins present in cell-free filtrates and capable of attaching to nanoparticles via free amino groups or cysteine residues (Das et al., 2010). TEM was used to collect critical information about the size and morphology of primary nanoparticles. The average size of Bio-AgNPs in water and DMEM culture medium, as determined by TEM, was 29.28 ± 2.2 and 32.13 ± 3.4 nm, respectively (Figures 8A,B). In addition, the TEM images confirmed that the Bio-AgNPs were synthesized on a nanoscale, with most of them being monodispersed and of spherical shape (Figures 8A,B).
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FIGURE 7. Energy dispersive x-ray analysis of the Nocardiopsis dassonvillei M1-derived Bio-AgNPs.
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FIGURE 8. Transmission electron microscopy images of the Nocardiopsis dassonvillei M1-derived Bio-AgNPs. (A) In aqueous solution. (B) In DMEM culture medium.


Due to the fact that TEM images are obtained using a dry sample and a high vacuum, supplemental experiments utilizing DLS were done to evaluate the particle size in aqueous or physiological solutions. Prior to assessing in vitro toxicity, it is necessary to characterize nanoparticles in solution (Bin-Jumah et al., 2020). DLS and Zeta could be utilized to estimate the particle size and possible stability of AgNPs in aqueous solution and Dulbecco’s Modified Eagle Medium (DMEM) culture media, respectively. DMEM is the most broadly suitable medium for many adherent cell phenotypes among defined media for cell and tissue culture. As shown in Figure 9, DLS analysis revealed that the particle size of Bio-AgNPs in aqueous solution and DMEM was 56.1 and 64.7 nm, respectively, which is slightly bigger than the particle size detected in TEM, presumably due to Brownian motion. When Bio-AgNPs were exposed to DMEM medium, the proteins in the medium adsorb to the silver’s surface, forming a proteinous corona around the metal particles and increasing their “as dosed” size more than their “as prepared” size in water. As a result, despite the fact that Bio-AgNPs aggregate, the nanoparticles did not agglomeration due to their encapsulation in an organic layer. The net negative charges (zeta potential) on the surface of the evaluated Bio-AgNPs in aqueous solution and DMEM were enhanced from −1.46 to −6.81 mV, respectively. The high stability of AgNPs is essential for their biological applications. In cellular transport, particle size is crucial. The smaller the particle, the easier it is to get through the cell’s plasma membrane. As a result, it was believed that 100 nm nanoparticles were effective for a range of applications, including drug administration and the construction of biosensors (Elbeshehy et al., 2015; Khalil et al., 2017). Aside from size, the surface charge of AgNPs was assumed to be important for interaction with macromolecules and metabolic pathways. A strong negative zeta potential confers outstanding dispersity, colloidal nature, long-term stability, and no nanoparticle aggregation (Mohanta et al., 2017).
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FIGURE 9. Size distribution by number graph of Bio-AgNPs. In aqueous solution (red line), in DMEM culture medium (blue line) as revealed by DLS.


To test antibiotic susceptibility, the disc diffusion method was used, and the results are shown in Table 1. E. coli and P. mirabilis had the highest resistance patterns to the antibiotics tested. In general, all isolates exhibited an increased incidence of MDR (n = 4–14), with up to 50% of isolates exhibiting resistance to more than seven antibiotic agents (Khalil M. et al., 2015; Ali et al., 2017; Khalil et al., 2021). As illustrated in Table 1, the resistance profiles of the fungal isolates investigated were notably heterogeneous. Resistance to itraconazole (ITC), fluconazole (FLZ), nystatin (NYT), and terbinafine (TRB) was observed in A. niger. On the other hand, C. albicans revealed a resistant pattern, including amphotericin (AMB), miconazole (MIZ), FLZ, and NYT. Clearly, all pathogenic microorganisms exhibited phenotypic resistance to at least three distinct types of antibacterial and antifungal agents and were thus classified as MDR. Numerous studies demonstrated that microbes developed defensive mechanisms that made them more difficult to cure through the acquisition of resistance genes or genetic mutations, resulting in prolonged disease with a higher mortality rate (Ali et al., 2017; Khalil et al., 2021). Surprisingly, nanoparticles are being considered as a viable alternative to antibiotics and appear to hold significant promise for combating microbial MDR (Franci et al., 2015; Ali et al., 2021). As depicted in Table 1, pipercillin-tazobactam (TZP) was the most resistant antibacterial agent, whereas the FLZ was the most frequently resistant antifungal candidate. Therefore, TZP and FLZ were chosen for the in vitro antimicrobial activity test against selected isolates, either alone or in combination with Bio-AgNPs.

Antibiotic activity against microbial isolates was significantly enhanced when antibiotics were used in combination with Bio-AgNPs (Table 2). The IZD was observed using the agar well diffusion technique on MHA plates and two isolates were represented (Supplementary Figure 1). Bio-AgNPs have a significant inhibitory effect on tested isolates, with dose-dependent variation in sensitivity to Bio-AgNPs. The highest antibacterial activity was observed at 200 μg/ml for Bio-AgNPs or their combination with antibiotics. Bio-AgNPs demonstrated antibacterial activity at low concentrations (50 μg/ml), with an IZD ranging from 9.6 to 17 mm (P < 0.0001), whereas at high concentrations (200 μg/ml), the IZD ranged from 18.5 to 22.5 mm (P < 0.0001). These results corroborate previous research on the antimicrobial activity of AgNPs against B. subtilis and C. albicans (Wypij et al., 2018). The antibacterial efficacy of Bio-AgNPs-TPZ combination against selected clinical pathogens demonstrated the greatest synergism (Table 2). When TZP was combined with 200 μg/ml Bio-AgNPs, the greatest synergistic effect on P. aeruginosa and Salmonella sp. was observed, with an IZD of 29–26 mm, respectively (P < 0.0001). Additionally, Bio-AgNPs demonstrated potent antifungal activity at 200 μg/ml, and their activity was enhanced when combined with FLZ, a fungal growth inhibitor (Table 2).


TABLE 2. Performance of antibiotic alone, Bio-AgNPs alone, or their combination against various pathogenic microorganisms tested.
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Biosynthesized silver nanoparticles colloidal stock solution was prepared, and the measured concentration was 1.7 μg/ml. Based on the MICs of Bio-AgNPs determined using a resazurin-based microtiter dilution assay (Table 3), all bacterial isolates were found to be highly sensitive to Bio-AgNPs, with MIC values ranging from 4 to 128 μg/ml. The obtained results showed that the TZP-MICs ranged from 8 to 128 μg/ml against the tested bacterial isolates. P. aeruginosa had the lowest MIC (4 μg/ml). Antibiotics combined with Bio-AgNPs were found to have a significant synergistic effect against tested isolates. When AgNPs and antibiotics were combined, Wypij et al. (2018) observed an increase in antibacterial activity against bacterial cells. This synergism resulted from a binding interaction between antibiotic molecules that contained hydroxyl and amino groups that could easily react with AgNPs. Antimicrobial activity is generally dose dependent, and it is more noticeable against Gram negative bacteria than Gram positive bacteria (Singh et al., 2018). Gram negative cells, which have a thin peptidoglycan layer, are presumably more susceptible to AgNPs permeation than Gram positive cells, which have a thicker peptidoglycan layer, forming an effective barrier against Bio-AgNPs penetration. These findings are in accordance with those reported previously (Rai et al., 2009). When Ag+ ions from AgNPs bind to the negatively charged cell surface, they alter the physical and chemical properties of cell membranes, impairing critical processes such as permeability, osmoregulation, electron transport, and respiration (Mohanta et al., 2017). AgNPs can inhibit the enzymatic activity of certain proteins by binding to the l-cysteine thiol groups (Rajeshkumar and Malarkodi, 2014). Furthermore, by permeating the cell and interacting with proteins, DNA, and other sulfur- and phosphorus-containing cell constituents, AgNPs can cause additional damage to bacterial cells (Nayak et al., 2015). As shown in Table 3, fungal isolates were found to be extremely sensitive to Bio-AgNPs, with MIC values of 32 μg/ml. FLZ-Bio-AgNPs combination had MICs of 8 and 16 μg/ml against A. niger and C. albicans, respectively, whereas FLZ alone had MICs of 64 and 128 μg/ml against A. niger and C. albicans, respectively. A fungicide effect of AgNPs on the evaluated fungal species could be explained by the nanoparticles acting simultaneously on multiple targets (Ishida et al., 2014).


TABLE 3. Minimum inhibitory concentration (MIC) of antibiotic alone, Bio-AgNPs alone, or their combination against various pathogenic microorganisms tested.
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While numerous studies on the toxic effects of nanoparticles on bacterial and animal pathogens have been conducted (Rawtani et al., 2018), relatively little research has been conducted on the toxic effects of biosynthesized nanoparticles used to combat pest insects. To this end, the insecticidal activity of Bio-AgNPs was evaluated in this study. Bio-AgNPs synthesized by M1 strain have insecticidal activity against M. rosae found on R. damascene var semperflorens (Table 4). Bio-AgNPs had the highest mortality rate after 48 h, with the exception of 200 μg/ml, which had the highest mortality rate after 36 h. AgNPs were effective as insecticides at a concentration of 500 ppm (Bhattacharyya et al., 2016). The extraordinary strength, chemical reactivity, and electrical conductivity of nanoparticles may explain their remarkable efficacy as insecticides.


TABLE 4. Insecticidal activity of Bio-AgNPs.
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Biosynthesized silver nanoparticles were evaluated in vitro for their antioxidant activity using the DPPH free radical scavenging method. The reduction of the DPPH radical to its non-radical form, DPPH–H, in the presence of a hydrogen-donating antioxidant is the basis for this technique. As illustrated in Figure 10A, the DPPH RSA (%) values of Bio-AgNPs increased in lockstep with the increasing Bio-AgNPs concentrations. The highest percentage of DPPH RSA activity (71.2 %) was obtained at the assay’s maximum concentration of 200 μg/ml, while the lowest activity (17.84 %) was obtained at 6.25 μg/ml. Bio-AgNPs were a powerful free radical scavenger when compared to CFE. Furthermore, when 200 μg/ml AgNPs were used instead of CFE, their antioxidant activity was increased by 2.17 times (P < 0.0001) as represented in Figure 10A. The IC50 values of CFE and Bio-AgNPs were determined to be 11.08 and 4.08 μg/ml, respectively. The DPPH assay is based on the reduction of DPPH in the presence of a hydrogen-donating antioxidant, which results in the formation of diphenylpicrylhydrazine. Sample compounds alter the color of DPPH due to their hydrogen-donating ability. The color change of the violet DPPH to yellow demonstrated Bio-AgNPs’ antioxidant activity (Singh et al., 2018). As depicted in Figure 10B, the Bio-AgNPs demonstrated significant OH– radical scavenging activity, with a maximum scavenging activity of 90% at a concentration of 200 μg/ml, whereas the highest scavenging activity observed for CFE was 41% (P < 0.0001). The IC50 values of CFE and Bio-AgNPs were determined to be 8.9 and 3.33 μg/ml, respectively. The lower IC50 value of Bio-AgNPs shows their efficient free radical scavenging activity. Our findings indicate that the Bio-AgNPs exhibited extremely high antioxidant activity, suggesting their utilization in biomedical and pharmaceutical applications to protect against a variety of degenerative diseases associated with oxidative stress (Ahn et al., 2019).
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FIGURE 10. Antioxidant capacity of different concentrations of CFE and Bio-AgNPs. (A) DPPH radical scavenging activity. (B) OH– radical scavenging activity. The data are represented in the form of a bar graph and plotted using mean ± SE of three replicates. P-values for significantly different mean values, P < 0.01 (**), P < 0.001 (***), P < 0.0001 (****).


Cytotoxicity assessment represents a critical stage in the development of novel effective medicinal drugs (Bin-Jumah et al., 2020; Makvandi et al., 2021). The MTT assay was used in this study to determine the cytotoxicity of Bio-AgNPs on the CaCo2 cell line used as an in vitro model. As shown in Figure 11A, Bio-AgNPs have a dose-dependent effect on CaCo2 cell viability. The results showed that Bio-AgNPs at a concentration of 23.45 μg/ml reduced CaCo2 cell viability to 50%, which was determined to be the IC50. After 24 h of incubation, the IC50 of AgNPs on the CaCo2 cell line was determined to be 18 μg/ml (Zein et al., 2020). AgNPs have been shown to have a variety of cytotoxic effects in a variety of cell types, indicating that they harmed cell survival by disrupting mitochondrial structure and metabolism (Manivasagan et al., 2013; Składanowski et al., 2016). The LDH leakage test is a well-known cytotoxicity assay that measures cytotoxicity by detecting intracellular molecule leakage via damaged plasma membranes. LDH is a soluble cytoplasmic enzyme that is found in almost all cells and is released into the extracellular space when the plasma membrane is disrupted (Gurunathan et al., 2018). To identify LDH leakage into the cell’s exterior, cells were treated for 24 h with varying concentration of Bio-AgNPs (6.25–200 μg/ml), and leakage was quantified as the quantity of formazan amount generated using standard spectroscopy. As shown in Figure 11B, increased Bio-AgNPs dosages resulted in significantly increased cytotoxicity and LDH leakage (P < 0.0001), implying that cells exposed to Bio-AgNPs expand and lose membrane integrity before destroying and leaking their intracellular contents into the environment. The IC50 of Bio-AgNPs was determined to be 47.0 μg/ml, which had a significant effect on cell viability while also impairing cellular membrane integrity. These findings are in accordance with those reported by Gurunathan et al. (2018) who found that AgNPs stimulate colon cancer cells to release LDH. Brine shrimp bioassay lethality is an effective method for determining the cytotoxicity and broad range of pharmacological effects of bioactive chemicals (Priyaragini et al., 2013). As illustrated in Figure 11C, the brine shrimp lethality assay was used to further evaluate Bio-AgNPs’ cytotoxicity, as the effect of various Bio-AgNPs concentrations on A. salina brine shrimp mortality was significantly increased (P < 0.0001). After 24 h, AgNPs (50 μg/ml) exhibited a 70% inhibition, while 150–200 μg/ml exhibited a 100% inhibition. The LC50 value of Bio-AgNPs was determined to be 56.5 μg/ml, indicating that they are highly toxic to A. salina. Kummara et al. (2016) reported that Bio-AgNPs were less toxic to human red blood cells and brine shrimp than AgNPs synthesized chemically. In conclusion, the findings of this study open up a new avenue for the use of marine-derived AgNPs, which have significant antimicrobial, antioxidant, insecticidal, and anticancer potential.
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FIGURE 11. In vitro cytotoxicity of the Nocardiopsis dassonvillei M1-derived Bio-AgNPs against CaCo2 cell lines. (A) MTT assay. (B) LDH leakage assay. (C) Mortality of brine shrimp. The data are represented in the form of a bar graph and plotted using mean ± SE of three replicates. P-values for significantly different mean values, ns, non-significant, P < 0.01 (**), P < 0.001 (***), P < 0.0001 (****).
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Supplementary Figure 1 | Agar well diffusion technique on MHA plates showing antibacterial activity of Bio-AgNPs against selected isolates (A) S. aureus and (B) ESβL E. coli. (1) Bio-AgNPs (50 μg/ml). (2) Tested antibiotic alone (piperacillin-tazobactam, TZP). (3) TZP and Bio-AgNPs (50 μg/ml) in combination. (4) Bio-AgNPs (200 μg/ml). (5) TZP and Bio-AgNPs (200 μg/ml) in combination.


FOOTNOTES

1http://www.ncbi.nlm.nih.gov/BLAST/

2https://www.ncbi.nlm.nih.gov/nuccore/KY772427.1?report=GenBank


REFERENCES

Ahn, E. Y., Jin, H., and Park, Y. (2019). Assessing the antioxidant, cytotoxic, apoptotic and wound healing properties of silver nanoparticles green-synthesized by plant extracts. Mater. Sci. Eng. C Mater. Biol. Appl. 101, 204–216. doi: 10.1016/j.msec.2019.03.095

Ali, S. S., Al-Tohamy, R., and Sun, J. (2022). Performance of Meyerozyma caribbica as a novel manganese peroxidase-producing yeast inhabiting wood-feeding termite gut symbionts for azo dye decolorization and detoxification. Sci. Total Environ. 806:150665. doi: 10.1016/j.scitotenv.2021.150665

Ali, S. S., Morsy, R., El-Zawawy, N. A., Fareed, M. F., and Bedaiwy, M. Y. (2017). Synthesized zinc peroxide nanoparticles (ZnO2-NPs): a novel antimicrobial, anti-elastase, anti-keratinase, and anti-inflammatory approach toward polymicrobial burn wounds. Int. J. Nanomed. 12, 6059–6073. doi: 10.2147/IJN.S141201

Ali, S. S., Mustafa, A. M., Kornaros, M., Manni, A., Sun, J., and Khalil, M. A. (2020a). Construction of novel microbial consortia CS-5 and BC-4 valued for the degradation of catalpa sawdust and chlorophenols simultaneously with enhancing methane production. Bioresour. Technol. 301:122720. doi: 10.1016/j.biortech.2019.122720

Ali, S. S., Kornaros, M., Manni, A., Sun, J., El-Shanshoury, A. E. R. R., Kenawy, E. R., et al. (2020b). Enhanced anaerobic digestion performance by two artificially constructed microbial consortia capable of woody biomass degradation and chlorophenols detoxification. J. Hazard. Mater. 389:122076.

Ali, S. S., Moawad, M. S., Hussein, M. A., Azab, M., Abdelkarim, E. A., Badr, A., et al. (2021). Efficacy of metal oxide nanoparticles as novel antimicrobial agents against multi-drug and multi-virulent Staphylococcus aureus isolates from retail raw chicken meat and giblets. Int. J. Food Microbiol. 344:109116.

Bahlol, H. S., Foda, M. F., Ma, J., and Han, H. (2019). Robust synthesis of size-dispersal triangular silver nanoprisms via chemical reduction route and their cytotoxicity. Nanomaterials (Basel) 9:674. doi: 10.3390/nano9050674

Bhattacharyya, A., Prasad, R., Buhroo, A., Duraisamy, P., Yousuf, I., Umadevi, M., et al. (2016). One-pot fabrication and characterization of silver nanoparticles using Solanum lycopersicum: an eco-friendly and potent control tool against rose aphid, Macrosiphum rosae. J. Nanosci. 2016:4679410. doi: 10.1155/2016/4679410

Bin-Jumah, M., Al-Abdan, M., Albasher, G., and Alarifi, S. (2021). Effects of green silver nanoparticles on apoptosis and oxidative stress in normal and cancerous human hepatic cells in vitro. Int. J. Nanomed. 15, 1537–1548.

Chen, Y. L., Lin, S. Z., Chang, J. Y., Cheng, Y. L., Tsai, N. M., Chen, S. P., et al. (2006). In vitro and in vivo studies of a novel potential anticancer agent of isochaihulactone on human lung cancer A549 cells. Biochem. Pharmacol. 72, 308–319. doi: 10.1016/j.bcp.2006.04.031

Chung, I.-M., Park, I., Seung-Hyun, K., Thiruvengadam, M., and Rajakumar, G. (2016). Plant-mediated synthesis of silver nanoparticles: their characteristic properties and therapeutic applications. Nanoscale Res. Lett. 11:40. doi: 10.1186/s11671-016-1257-4

CLSI (2008). Reference Method for Both Dilution Susceptibility Testing of Filamentous Fungi M38-A2, 2nd Edn. Wayne, PA: Clinical and Laboratory Standards Institute.

CLSI (2018). Performance Standards for Antimicrobial Susceptibility Tests CLSI Standard M02, 13th Edn. Wayne, PA: Clinical and Laboratory Standards Institute.

Das, A., Mukherjee, P., Singla, S. K., Guturu, P., Frost, M. C., Mukhopadhyay, D., et al. (2010). Fabrication and characterization of an inorganic gold and silica nanoparticle mediated drug delivery system for nitric oxide. Nanotechnology 21:305102. doi: 10.1088/0957-4484/21/30/305102

Dixit, R., Wasiullah, Malaviya, D., Pandiyan, K., Singh, U. B., Sahu, A., et al. (2015). Bioremediation of heavy metals from soil and aquatic environment: an overview of principles and criteria of fundamental processes. Sustainability 7, 2189–2212. doi: 10.3390/su7022189

Dos Santos, C. A., Seckler, M. M., Ingle, A. P., Gupta, I., Galdiero, S., Galdiero, M., et al. (2014). Silver nanoparticles: therapeutical uses, toxicity, and safety issues. J. Pharmaceut. Sci. 103, 1931–1944.

Elbeshehy, E. K. F., Elazzazy, A. M., and Aggelis, G. (2015). Silver nanoparticles synthesis mediated by new isolates of Bacillus spp., nanoparticle characterization and their activity against Bean Yellow Mosaic Virus and human pathogens. Front. Microbiol. 6:453. doi: 10.3389/fmicb.2015.00453

El-Zawawy, N. A., and Ali, S. S. (2016). Pyocyanin as anti-tyrosinase and anti tinea corporis: a novel treatment study. Microb. Pathog. 100, 213–220.

EUCAST (2020). The European Committee on Antimicrobial Susceptibility Testing, Breakpoint tables for Interpretation of MICs and Zone Diameters, Version 10.0.

Franci, G., Falanga, A., Galdiero, S., Palomba, L., and Rai, M. (2015). Silver nanoparticles as potential antibacterial agents. Molecules 20, 8856–8874.

Ganesan, P., Reegan, A. D., David, R. H. A., Gandhi, M. R., Paulraj, M. G., Al-Dhabi, N. A., et al. (2017). Antimicrobial activity of some actinomycetes from Western Ghats of Tamil Nadu, India. Alex. Med. J. 53, 101–110. doi: 10.1016/j.ajme.2016.03.004

Goel, N., Ahmad, R., Singh, R., Sood, S., and Khare, S. K. (2021). Biologically synthesized silver nanoparticles by Streptomyces sp. EMB24 extracts used against the drug-resistant bacteria. Bioresour. Tchnol. Rep. 15:100753.

Gurunathan, S., Qasim, M., Park, C., Yoo, H., Kim, J.-H., and Hong, K. (2018). Cytotoxic potential and molecular pathway analysis of silver nanoparticles in human colon cancer cells HCT116. Int. J. Mol. Sci. 19:2269. doi: 10.3390/ijms19082269

Hulkoti, N. I., and Taranath, T. C. (2014). Biosynthesis of nanoparticles using microbes—a review. Colloids Surf. B: Biointerfaces 121, 474–483. doi: 10.1016/j.colsurfb.2014.05.027

Ishida, K., Cipriano, T. F., Rocha, G. M., Weissmuiler, G., Gomes, F., Miranda, K., et al. (2014). Silver nanoparticle production by the fungus Fusarium oxysporum: nanoparticle characterisation and analysis of antifungal activity against pathogenic yeasts. Mem. Inst. Oswaldo Cruz. 109, 220–228. doi: 10.1590/0074-0276130269

Jafir, M., Ahmad, J. N., Arif, M. J., Ali, S., and Ahmad, S. J. N. (2021). Characterization of Ocimum basilicum synthesized silver nanoparticles and its relative toxicity to some insecticides against tobacco cutworm, Spodoptera litura Feb.(Lepidoptera; Noctuidae). Ecotoxicol. Environ. Saf. 218:112278. doi: 10.1016/j.ecoenv.2021.112278

Khalil, M. A., Allam, N. G., Sonbol, F. I., El Maghraby, G. M., and Ateyia, P. S. (2017). Investigation of the efficacy of synthesized silver and zinc oxide nanoparticles against multi-drug resistant gram negative bacterial clinical isolates. Arch. Clin. Microbiol. 8:67. doi: 10.4172L1989-8436.100067

Khalil, M. A., El-Sheekh, M. M., El-Adawi, H. I., El-Deeb, N. M., and Hussein, M. Z. (2015). Efficacy of microencapsulated lactic acid bacteria in Helicobater pylori eradication therapy. J. Res. Med. Sci. 20, 950–957. doi: 10.4103/1735-1995.172782

Khalil, M., Ismail, M. M., and El Shafay, S. M. (2020). Evaluation of antibacterial activity of macroalgae extracts as adjunctive therapy in neonates sepsis induced by Klebsiella pneumoniae. Arab. J. Sci. Eng. 45, 4599–4607. doi: 10.1007/s13369-020-04602-7

Khalil, M., Sonbol, F. I., Badr, A. F. M., and Ali, S. S. (2015). Comparative study of virulence factors among ESβL-producing and nonproducing Pseudomonas aeruginosa clinical isolates. Turk. J. Med. Sci. 45, 60–69. doi: 10.3906/sag-1311-102

Khalil, M. A., El Maghraby, G. M., Sonbol, F. I., Allam, N. G., Ateya, P. S., and Ali, S. S. (2021). Enhanced efficacy of some antibiotics in presence of silver nanoparticles against multidrug resistant Pseudomonas aeruginosa recovered from burn wound infections. Front. Microbiol. 12:648560. doi: 10.3389/fmicb.2021.648560

Kora, A. J., Sashidhar, R. B., and Arunachalam, J. (2012). Aqueous extract of gum olibanum (Boswellia serrata): a reductant and stabilizer for the biosynthesis of antibacterial silver nanoparticles. Process. Biochem. 47, 1516–1520. doi: 10.1016/j.procbio.2012.06.004

Kumar, S., Stecher, G., and Tamura, K. (2016). MEGA7 molecular evolutionary genetics analysis version 7.0 for bigger datasets. Mol. Biol. Evol. 33, 1870–1874. doi: 10.1093/molbev/msw054

Kummara, S., Patil, M. B., and Uriah, T. (2016). Synthesis, characterization, biocompatible and anticancer activity of green and chemically synthesized silver nanoparticles - A comparative study. Biomed. Pharmacother. 84, 10–21. doi: 10.1016/j.biopha.2016.09.003

Liao, C., Li, Y., and Tjong, S. C. (2019). Bactericidal and cytotoxic properties of silver nanoparticles. Inter. J. Mol. Sci. 20:449. doi: 10.3390/ijms20020449

Litvin, V. A., and Minaev, B. F. (2013). Spectroscopy study of silver nanoparticles fabrication using synthetic humic substances and their antimicrobial activity. Spectrochim. Acta A Mol. Biomol. Spectrosc. 108, 115–122. doi: 10.1016/j.saa.2013.01.049

Liu, H. L., Dai, S. A., Fu, K. Y., and Hsu, S. H. (2010). Antibacterial properties of silver nanoparticles in three different sizes and their nanocomposites with a new waterborne polyurethane. Int. J. Nanomed. 5:1017. doi: 10.2147/IJN.S14572

Makvandi, P., Ghomi, M., Padil, V., Shalchy, F., Ashrafizadeh, M., Askarinejad, S., et al. (2020). Biofabricated nanostructures and their composites in regenerative medicine. ACS Appl. Nano Mater. 3, 6210–6238.

Makvandi, P., Ali, G. W., Sala, F. D., Abdel-Fattah, W. I., and Borzacchiello, A. (2019). Biosynthesis and characterization of antibacterial thermosensitive hydrogels based on corn silk extract, hyaluronic acid and nanosilver for potential wound healing. Carbohydr. Polym. 223:115023. doi: 10.1016/j.carbpol.2019.115023

Makvandi, P., Baghbantaraghdari, Z., Zhou, W., Zhang, Y., Manchanda, R., Agarwal, T., et al. (2021). Gum polysaccharide/nanometal hybrid biocomposites in cancer diagnosis and therapy. Biotechnol. Adv. 48:107711. doi: 10.1016/j.biotechadv.2021.107711

Manimaran, M., and Kannabiran, K. (2017). Actinomycetes-mediated biogenic synthesis of metal and metal oxide nanoparticles: progress and challenges. Lett. Appl. Microbiol. 64, 401–408. doi: 10.1111/lam.12730

Manivasagan, P., Venkatesan, J., Senthikumar, K., Sivakumar, K., and Kim, S. K. (2013). Biosynthesis, antimicrobial and cytotoxic effect of silver nanoparticles using a novel Nocardiopsis sp. MBRC-1. Biomed. Res. Int. 2013:287638. doi: 10.1155/2013/287638

Mohanta, Y. K., Panda, S. K., Bastia, A. K., and Mohanta, T. K. (2017). Biosynthesis of silver nanoparticles from Protium serratum and investigation of their potential impacts on food safety and control. Front. Microbiol. 8:626. doi: 10.3389/fmicb.2017.00626

Nayak, B. K., Chitra, N., and Nanda, A. (2015). Comparative antibiogram analysis of AgNPs synthesized from two Alternaria Spp. with amoxicillin antibiotics. J. Chem. Pharm. Res. 7, 727–731.

Nikzamir, M., Akbarzadeh, A., and Panahi, Y. (2021). An overview on nanoparticles used in biomedicine and their cytotoxicity. J. Drug Deliv. Sci. Technol. 61:102316.

Otari, S. V., Patil, R. M., Ghosh, S. J., Thorat, N. D., and Pawar, S. H. (2015). Intracellular synthesis of silver nanoparticle by actinobacteria and its antimicrobial activity. Spectrochim. Acta A Mol. Biomol. Spectrosc. 136, 1175–1180. doi: 10.1016/j.saa.2014.10.003

Park, J., Joo, J., Kwon, S. G., Jang, Y., and Hyeon, T. (2007). Synthesis of monodisperse spherical nanocrystals. Angew. Chem. Int. Ed. 46, 4630–4660. doi: 10.1002/anie.200603148

Priyaragini, S., Sathishkumar, S. R., and Bhaskararao, K. Y. (2013). Biosynthesis of silver nanoparticles using actinobacteria and evaluating its antimicrobial and cytotoxicity activity. Int. J. Pharm. Pharmaceut. Sci. 5, 709–712.

Rai, M., Yadav, A., and Gade, A. (2009). Silver nanoparticles as a new generation of antimicrobials. Biotechnol. Adv. 27, 76–83. doi: 10.1016/j.biotechadv.2008.09.002

Rajeshkumar, S., and Malarkodi, C. (2014). In vitro antibacterial activity and mechanism of silver nanoparticles against foodborne pathogens. Bioinorg. Chem. Appl. 2014:581890. doi: 10.1155/2014/581890

Rawtani, D., Khatri, N., Tyagi, S., and Pandey, G. (2018). Nanotechnology based recent approaches for sensing and remediation of pesticides. J. Environ. Manage. 206, 749–762. doi: 10.1016/j.jenvman.2017.11.037

Sánchez-López, E., Gomes, D., Esteruelas, G., Bonilla, L., Lopez-Machado, A. L., Galindo, R., et al. (2020). Metal-based nanoparticles as antimicrobial agents: an overview. Nanomaterials (Basel) 10:292. doi: 10.3390/nano10020292

Saranyaadevi, K., Subha, V., Ravindran, R. S. E., and Renganathan, S. (2014). Green synthesis and characterization of silver nanoparticle using leaf extract of Capparis zeylanica. Asian J. Pharm. Clin. Res. 7, 44–48.

Senthil, B., Devasena, T., Prakash, B., and Rajasekar, A. (2017). Non-cytotoxic effect of green synthesized silver nanoparticles and its antibacterial activity. J. Photochem. Photobiol. B Biol. 177, 1–7. doi: 10.1016/j.jphotobiol.2017.10.010

Seyedeh, M. G., Sepideh, H., and Shojaosadati, S. A. (2012). Green synthesis of silver nanoparticles by a novel method: comparative study of their properties. Carbohydr. Polym. 89, 467–472. doi: 10.1016/j.carbpol.2012.03.030

Siddiqi, K. S., Husen, A., and Rao, R. A. (2018). A review on biosynthesis of silver nanoparticles and their biocidal properties. J. Nanobiotechnol. 16, 1–28. doi: 10.1186/s12951-018-0334-5

Singh, A., Gautam, P. K., Verma, A., Singh, V., Shivapriya, P. M., Shivalkar, S., et al. (2020). Green synthesis of metallic nanoparticles as effective alternatives to treat antibiotics resistant bacterial infections: a review. Biotechnol. Rep. 25:e00427. doi: 10.1016/j.btre.2020.e00427

Singh, H., Du, J., Singh, P., and Yi, T. H. (2018). Ecofriendly synthesis of silver and gold nanoparticles by Euphrasia officinalis leaf extract and its biomedical applications. Artif Cells Nanomed. Biotechnol. 46, 1163–1170. doi: 10.1080/21691401.2017.1362417

Składanowski, M., Golinska, P., Rudnicka, K., Dahm, H., and Rai, M. (2016). Evaluation of cytotoxicity, immune compatibility and antibacterial activity of biogenic silver nanoparticles. Med. Microbiol. Immunol. 205, 603–613. doi: 10.1007/s00430-016-0477-7

Tanamatayarat, P. (2016). Antityrosinase, antioxidative activities, and brine shrimp lethality of ethanolic extracts from Protium searratum (Wall. ex Colebr.)Engl. Asian Pac. J. Trop. Biomed. 6, 1050–1055. doi: 10.1016/j.apjtb.2016.10.001

Thirunavoukkarasu, M., Balaji, U., Behera, S., Panda, P. K., and Mishra, B. K. (2013). Biosynthesis of silver nanoparticle from leaf extract of Desmodium gangeticum (L.) DC. and its biomedical potential. Spectrochim. Acta A Mol. Biomol. Spectrosc. 116, 424–427. doi: 10.1016/j.saa.2013.07.033

Veerasamy, R., Xin, T. Z., Gunasagaran, S., Xiang, T. F. W., Yang, E. F. C., Jeyakumar, N., et al. (2011). Biosynthesis of silver nanoparticles using mangosteen leaf extract and evaluation of their antimicrobial activities. J. Saudi Chem. Soc. 15, 113–120. doi: 10.1016/j.jscs.2010.06.004

Verma, A., and Mehata, S. M. (2016). Controllable synthesis of silver nanoparticles using Neem leaves and their antimicrobial activity. J. Radiat. Res. Appl. Sci. 9, 109–115. doi: 10.1007/s12088-019-00801-5

Wei, L., Tang, J., Zhang, Z., Chen, Y., Zhou, G., and Xi, T. (2010). Investigation of the cytotoxicity mechanism of silver nanoparticles in vitro. Biomed. Mater. 5:044103. doi: 10.1088/1748-6041/5/4/044103

Wypij, M., Czarnecka, J., Świecimska, M., Dahm, H., Rai, M., and Golinska, P. (2018). Synthesis, characterization and evaluation of antimicrobial and cytotoxic activities of biogenic silver nanoparticles synthesized from Streptomyces xinghaiensis OF1 strain. World J. Microbiol. Biotechnol. 34:23. doi: 10.1007/s11274-017-2406-3

Zein, R., Alghoraibi, I., Soukkarieh, C., Salman, A., and Alahmad, A. (2020). In-vitro anticancer activity against Caco-2 cell line of colloidal nano silver synthesized using aqueous extract of Eucalyptus camaldulensis leaves. Heliyon 6:e04594. doi: 10.1016/j.heliyon.2020.e04594


Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Khalil, El-Shanshoury, Alghamdi, Alsalmi, Mohamed, Sun and Ali. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OPS/xhtml/Nav.xhtml




Contents





		Cover



		Biosynthesis of Silver Nanoparticles by Marine Actinobacterium Nocardiopsis dassonvillei and Exploring Their Therapeutic Potentials



		INTRODUCTION



		MATERIALS AND METHODS



		Samples and Microbial Strains



		Isolation of Marine Actinobacteria and Screening for Tolerance to Silver Nitrate



		Molecular Characterization



		Preparation of Biosynthesized Silver Nanoparticles



		Characterization of Biosynthesized Silver Nanoparticles



		Determination of Biosynthesized Silver Nanoparticles Stock Concentration



		Antibiotic Susceptibility Test and Multidrug Resistance Determination



		Antimicrobial Activity of Biosynthesized Silver Nanoparticles



		Insecticidal Activity of Biosynthesized Silver Nanoparticles



		Antioxidant Activity of Biosynthesized Silver Nanoparticles



		Cytotoxicity Assay



		Statistical Analysis







		RESULTS AND DISCUSSION



		DATA AVAILABILITY STATEMENT



		AUTHOR CONTRIBUTIONS



		SUPPLEMENTARY MATERIAL



		FOOTNOTES



		REFERENCES

















OPS/images/cover.jpg
, frontiers
in Microbiology

Biosynthesis of Silver
Nanoparticles by Marine
Actinobacterium Nocardiopsis
dassonvillei and Exploring Their
Therapeutic Potentials







OPS/images/fmicb-12-705673-g011.jpg
A *%x% (P <0.0001)

J*(P0.0043)
|
80— 1S (P 0.0684)
— 60 '}
S e
2>
E 40
=
= ==
20
0 | | | I I | |
6.2512.5 25 50 100 150 200
800— *%%xx (P <0.0001)
. |
—_ - %% (P0.0077)
'g -
~700- -
S 2
g 3
= .
| — il
.,,?600—_
2 -
' "
~ - o
5003 |
Q i
- -
00— T T T T 1
6.2512.5 25 50 100 150 200
. 150 **%% (P <0.0001)
s%% (P 0.0006)
= 1
a ns (P >0.9999)
s - —
W ]
S 100 ko
2]
: =
m —
it -
P 0
© 50+
= ] offe
e
O—T—T1T T T T T

6.2512.5 25 50 100 150 200

Bio-AgNPs concentration (pg/mL)







OPS/images/logo.jpg
, frontiers
in Microbiology





OPS/images/cross.jpg
3,

i





OPS/images/fmicb-12-705673-g010.jpg
B CFE B Bio-AgNPs

*% %% (P <0.0001)

o]
=)

*% %% (P <0.0001)
*% %% (P <0.0001)
*% %% (P <0.0001)

)
=)

*% %% (P <0.0001)

*%% (P 0.0005)

.

N
(e

*% (P 0.0099)

N
)

625 125 25 50 100 150 200

*% %% (P <0.0001)
*% %% (P <0.0001)

p—
()
(=

*% %% (P <0.0001)

o]
=)

*% %% (P <0.0001)

)
=)

*%% (P 0.0002)

*%% (P 0.0007)

4.01** (P0.0010)

OH’scavenging activity (%) ® DPPH scavenging activity (%) *
= —

0
6.25 12,5 25 50 100 150 200
Tested materials (ng/mL)





OPS/images/fmicb-12-705673-t003.jpg
Microorganisms MIC (png/ml)

Antibiotic  Bio-AgNPs  Antibiotic + Bio-AgNPs

TZP
S. aureus 128 =128 32
CoNs Staphylococcus 128 >128 64
P, aeruginosa 4 <8 0:5
ESBL-producing E. coli 64 16 4
Salmonella sp. 32 64 16
K. pneumoniae 64 <128 <32
P mirabilis 64 <128 <16
FLZ
A. niger 32 64 <8

C. albicans 32 128 <16





OPS/images/fmicb-12-705673-t004.jpg
Treatment (jLg/ml) Percentage mortality*
g

8h 16 h 24h 36h 40 h

48 h
50 5.0 + 0.5° 15.0 & 0.52 55.0 £ 0.52 70.0 £ 0.02 90.0 £ 0.52 100.0 + 1.12
100 10.0 £ 0.5¢ 20.0 & 1.1be 55.0 + 1.1P 80.0 £ 0.5P¢ 95.0 4+ 0.5%¢ 100.0 + 0.5%¢
150 15.0 + 0.5%f 30.0 % 0.5%f 65.0 + 1.1% 90.0 + 0.5%f 95.0 4 0.5°° 100.0 + 0.5P°
200 30.0 + 0.5% 55 + 0.59 85.0 + 0.5% 100.0 + 0.5% 0.0+0.0 0.0+0.0

*Mean of three replications + standard error; means followed by the same letters in each column are not significantly different by LSD at 5%.





OPS/images/fmicb-12-705673-t001.jpg
Microbial pathogen

Staphylococcus aureus
Salmonella sp.

Klebsiella pneumoniae
Pseudomonas aeruginosa
CoNs Staphylococcus

ESBL-producing Escherichia coli

Proteus mirabilis

Aspergillus niger
Candida albicans

Pattern profile

AM, TZP, VA, PB

TZP, CAZ, VA, TE, CMN, PB

AM, TZP, CAZ, VA, CMN, PB

AM, AMC, TZP, SXT, VA, TE, CMN
TZP, NOR, CIP, CN, SXT, VA, TE, CMN,
AK, PB

AM, AMC, TZP, CTX, CAZ, FEP, NOR,
CIP, CN, SXT, VA, TE, CMN, PB

AM, TZP, CTX, CAZ, FEP, NOR, CIP,
CN, SXT, VATE, CMN, AK, PB

ITC, FLZ, NYT, TRB

FLZ, AMP, NYT, MIZ

AM, Ampicillin; AMC, Amoxicillin-clavulanate; TZP, Piperacillin-tazobactam; CTX,
Cefotaxime; CAZ, Ceftazidime; FERP, Cefepime; NOR, Norfloxacin; IPM, Imipenem;
CIP, Ciprofloxacin;, CN, Gentamicin; SXT, Trimethoprim-sulfamethoxazole; VA,
Vancomycin; TE, Tetracycline; CMN, Clindamycin; AK, Amikacin; PB, Polymyxin;
ITC, ltraconazole; FLZ, Fluconazole; NYT, Nystatin, TRB, Terbinafine; AMB,

Amphotericin; MIZ, Miconazole.





OPS/images/fmicb-12-705673-t002.jpg
Inhibition zone diameter (mm)

Microorganisms Antibiotic Different concentrations of Bio-AgNPs (.g/ml) alone or in combination with selected antibiotics
50 100 150 200
Bio- Antibiotic + Bio-AgNPs Antibiotic + Bio-AgNPs Antibiotic + Bio-AgNPs Antibiotic +
AgNPs  Bio-AgNPs Bio-AgNPs Bio-AgNPs Bio-AgNPs
TzP
S. aureus 1704152 10.0£0.12 17.5+ 0.02 125+ 0.0* 185+00% 150+02% 19.8+0.0° 185+ 0.0 1940252
CoNs Staphylococcus 19.0 + 1.0P 11.0 & 0.02 20.0 £0.5° 13.0+£05 215405 150+£05% 21.7+0.0% 1954+0.0% 222+0.0°
P, aeruginosa 18.0+£2.0%11.0 £ 0.5 19.5.0+ 0 155+02° 230+05° 17.0+00° 26.0+05° 208+02° 29.040.2°
ESBL-producing E. coli 18.5 & 1.0%° 9.6 + 0.2219.5 + 0.22° 1244028 2154+02° 1504057 225+02° 215400 22.0+0.0°
Salmonelia sp. 20.0 4+ 0.1P 135+ 0.0° 21.04+0.5° 155408 235+0.8° 17.0+02° 245400 205+03> 26.0=+0.09
K. pneumoniae 19.04+1.0° 17.0 £ 0.2° 19.54+0.2° 19.04+0.8° 20.0+£02% 205+0.5° 21.04+00% 225+0.0° 24.04+ 0.5
P. mirabilis 185+ 1.0%14.0+ 0.0° 19.7 +£0.20 165+05° 21.0+0.0° 1754+06° 230+0.0° 19.0+0.0% 24.840.2°
P- value 0.1557 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 0.0107 <0.0001 <0.0001
FLZ
A. niger 24.5 + 0.20222.0 + 0.2%24.4 + 0.252 23.14+05% 2524025 245+0.25% 26.4+025% 2654+02% 3034022
C. albicans 30.12+£1.0° 2740.2° 31.0+£0.3° 28+0.5° 31.5+0.2° 294+02° 320+02° 31+02° 355+02°
P-value 0.0008 <0.0001 <0.0001 0.0003 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001

The values are mean of three independent experiments. Values followed by the same letters showed insignificant difference. P-value of <0.05 denotes statistical

significance replicates. TZR, Piperacillin-tazobactam;, FLZ, Fluconazole.





OPS/images/fmicb-12-705673-g004.jpg
Absorbance (a.u)

© Absorbance (a.u)

Absorbance (a.u)

[

v E—;— £

pH value ==6

0 R =S ..
300 400 500 600 700

800

4.0- - - | _‘7‘::;/' \E‘_-,fﬁ/ -y § ,.

3.0~ Temperature (°C) ==25 =28 -~ 30 ==37 == 40
2.0-
1.0-
0.0+
300 400 500 600 700 800
4.0- = E aeE
3.0+ Concentration (mMM) se=1 —_—2 — 3 — 4
2.0~ \,A
1.0-
0.0 v T v T . T v T
300 400 500 600 700 800

Wavelength (nm)





OPS/images/fmicb-12-705673-g005.jpg
- e
() 9] |
1 1

Absorbance (a.u.)
i
]

0.0
300

400

500 600
Wavelength (nm)

700

800





OPS/images/fmicb-12-705673-g006.jpg
Transmittance (%)

105 1

100 f
05 :
90 E
85

80:

70 Fr—r—r

3444

4000

3

500

3000 2500 2000 1500 1000 500
Wavenumber (cm1)





OPS/images/fmicb-12-705673-g007.jpg
a _a o o B o & o o B & & & o B o & & & B & & & & B & & & &

Ag

Ag

(@)

O 85 115 2 25 3 35 445 5 5.5 6 65 7 75 8 85

Energy - keV





OPS/images/fmicb-12-705673-g001.jpg
Screening and isolation

[P

Characterization and
identification

Bio-AgNPs synthesis

Characterization of
Bio-AgNPs

l&

€

Biocompatibili

a»l le
> |€

of Bio-AgNPs

>l

>|

le
I®

2 gcells m ‘ =
Dist. H,0 | e D
(150 mL) = g/

v g

Heat treatment Sl akats Z .
at70 °C for 15 min agar plate RSN N
T— / Nutrient agar ke %l
. o ¢ Isolated

ey - Potato dextrose agar
Mari S ' ~__ ~Starch nitrate agar actinobacteria
arine water : X :
and sediments A ten-fold 1.5% phenol ;Czapek agar (n=22)
on treatment - Yeast extract Malt- agar
samples

|
Screening for heavy metals tolerant bacteria

Molecular Nocardiopsis dassonvillei M1
& T¥ identification

|

\/ \ Overnight culture

1x10° CFU/mL

Incubation Centrifugation 120rpmat28°C {—)
(28°C,48h) (5000 rpm, 30 min) r
Filteration with
Whatman No. 1

Nocardiopsis dassonvillei M1

\14

(1 mM, 100 mL)

Cell-free extract

Bio-AgNPs
—

. = , J':-
AP ===

Dark room; 120rpm;

g 28°Cfor 96 h Pathogenic bacteria Pathogenic fungi
’ \
Muller Hinton agar Sabouraud agar
FT-IR MIC of Bio-AgNPs

and antimicrobial agents

" S RO

IN : {,o
The brine Nombres v  DPPH
shrimp MTT assay (LDH release) :
lethality assay ssay oS

Insecticidal activity Cytotoxicity assay Antioxidant activity

>
>

Antimicrobial activity






OPS/images/fmicb-12-705673-g002.jpg
'
‘l .
- - A
' w1y
‘l
~)
' | X
L \ \
v\ I '
T
L |
) S . ' | I
. ' B
| ]
v N \
v ] ; . A" ‘.,’~ v
) ' L Y
I‘ \ L A o :
o/ o' ™ .
. & B
’ J
] . a
. v g | ’
\ )

»

25kV  X15.0000

1 um

s

0088 Taif EMU






OPS/images/fmicb-12-705673-g003.jpg
0.10

Nocardiopsis dassonviller 22019 (LR606207)

Nocardiopsis dassonviller strain LPA92 (MT707205)

Nocardiopsis sp. strain FANG (MW581898)

Nocardiopsis dassonviller strain QT396 (MT039443)

Nocardiopsis dassonviller strain M1 (KY772427)





OPS/images/fmicb-12-705673-g008.jpg
100 nm






OPS/images/fmicb-12-705673-g009.jpg
Number (%)

25

20

p
9] |

k.
o

d Size distribution by number
] === Record 146: Bio-AgNPs
q mmm Record 155: Bio-AgNPs + DMEM
T T T T T T T T | v T T 1 T T T T
0 50 100 150 200

Size (d. nm)





