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Abstract

:

The high prevalence of nosocomial bacterial resistance contributes to significant mortality and morbidity around the world; thus, finding novel antibacterial agents is of vital concern. Accordingly, the present study attempted to synthesize silver nanoparticles (AgNPs) using a green approach. Aqueous leaf extract of Origanum majorana was used to synthesize AgNPs and the antibacterial efficiency against multidrug resistant bacterial strains was detected. Characterization of the biogenic AgNPs was performed using ultraviolet-visible spectrophotometry (UV-Vis), transmission electron microscopy (TEM), energy dispersive X-ray spectroscopy (EDX), Fourier transform infrared spectroscopy (FT-IR) analysis, and X-ray diffraction analysis (XRD). The disc diffusion method was used to detect the antibacterial activity of AgNPs against three nosocomial multidrug-resistant strains. Preliminary UV-Vis analysis revealed the biosynthesis of AgNPs due to peak formation at 374 nm, corresponding to the surface plasmon resonance (SPR) of biogenic AgNPs. TEM micrographs detected the synthesis of small AgNPs with an average particle size of 26.63 nm. EDX analysis revealed the presence of the following elements: oxygen (3.69%), carbon (2.93%), aluminum (1.29), silicon (2.83%), chloride (17.89%), and silver (71.37%). Furthermore, XRD analysis revealed the presence of diffraction peaks at 2 theta (θ) degrees of 38.18°, 44.36°, 64.35°, and 77.54°, assigned to the planes of silver crystals (111), (200), (220), and (311), respectively. Collectively, these findings affirm the synthesis of biogenic AgNPs with potential physicochemical characteristics. The antimicrobial efficiency of the biogenic AgNPs indicated that Klebsiella pneumoniae strain was the most susceptible strain at concentrations of 50 and 100 µg/disk, with inhibitory zones of 21.57 and 24.56 mm, respectively. The minimum inhibitory concentration (MIC) of AgNPs against Klebsiella pneumoniae strain was found to be 10 µg/mL, while the minimum bactericidal concentration (MBC) was found to be 20 µg/mL. In conclusion, aqueous leaf extract of O. majorana mediated synthesis of small sized AgNPs, with potential antimicrobial effectiveness against multidrug-resistant bacterial pathogens.
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1. Introduction


Antimicrobial resistance is a global health concern that has resulted in a high number of deaths worldwide [1]. In this setting, antibiotic overuse has resulted in significant prevalence of multidrug-resistant bacterial strains [2]. Antimicrobial-resistant bacterial strains cause serious infections which can resulted in a number of harmful consequences, including higher death and morbidity rates, longer hospital stays, and financial losses [3]. In this context, methicillin-resistant Staphylococcus aureus (MRSA) strains, which are resistant to all known β-lactam antibiotics, as well as other clinical MRSA strains that are resistant to linezolid, vancomycin, and daptomycin have made S. aureus a dominant cause of morbidity and death globally [4]. These bacteria have been reported to cause serious infections such as osteomyelitis, endocarditis, pneumonia, and sepsis when transmitted to the human bloodstream [5]. Klebsiella pneumonia is the second-most prevalent gram negative bacterium, causing invasive infections such as pneumonia and meningitis [6]. K. pneumoniae is an opportunistic bacterial strain that belongs to the Enterobacteriaceae family; it is linked to nosocomial infections such as urinary tract, respiratory, sepsis, and pneumonia infections [7]. This bacterium can build biofilms on congenital medical equipment, resulting in serious nosocomial infection [8]. Acinetobacter baumannii is another gram negative and highly resistant bacterial strain responsible for number of hospitalized bacterial infections, such as pneumonia, respiratory infections, and urinary tract infection, resulting in high mortality rate, especially in intensive care units [9].



Nanotechnology is one potential way to overcome the high incidence of multidrug resistant bacterial strains [10]. In this context, nanoparticles are believed to be able to combat the common resistance mechanisms of bacteria to antibacterial agents, such as enzyme inactivation, reduced cell permeability, efflux pumps overexpression, and disruption of drug target site in order to escape from different antibacterial agents [11]. Moreover, nanoparticles utilize a variety of antimicrobial mechanisms including disrupting microbial membrane integrity and generating reactive oxygen species (ROS), which inhibits protein and RNA synthesis [12]. Furthermore, nanoparticles pose featured physicochemical and biological characteristics such as antitumor, anti-inflammatory, and antimicrobial proficiency [13]. Recently, AgNPs have gained a great deal of consideration due to their distinctive antimicrobial characteristics [14]. Silver nanomaterials are the most frequently used medical nanoparticles, with applications in diagnostics, coatings, and sensors [15]. Furthermore, AgNPs are reported to be a promising tool for the bioformulation of new antimicrobial agents, fabrication of drug delivery formulations, and development of diagnostic and detection platforms [16]. In addition, AgNPs have been fabricated according to variety of factors including pH, temperature, media, solvents type, preparation method, and AgNO3 concentration [17]. AgNP efficacy is reported to depend on physical features including shapes, sizes and coating agents [18]. Bacterial cells are prokaryotic and less complicated, though incapable of combating AgNP toxicity [19]. AgNPs inhibit bacterial growth by entering the cell and hindering its vital processes at the cellular and subcellular levels [20]. The chemical method is a simple method of AgNP synthesis that results in high yield production [21]. In contrast, the main disadvantages of the chemical approach to AgNP synthesis is the high cost of synthesis and the additional procedures required for the prevention of particle aggregation [22]. Furthermore, chemically fabricated nanomaterials discharge hazardous byproducts to the environment [23]. In addition, adopting a chemical technique for AgNP synthesis necessitates the use of hazardous reducing and capping agents, resulting in toxic chemical adsorption on nanoparticles, which has a negative impact during application [24]. On the other hand, less hazardous stabilizing and reducing agents have been used for green biosynthesis of nanomaterials, especially using plant extracts [25]. Moreover, the reaction procedure for the production of biogenic nanomaterials using plant extracts occurs in natural circumstances without being constrained by severe or strict reaction conditions [26]. The lower cytoxicity of these nanoparticles is another advantage of plant extract-mediated green synthesized nanomaterials [27]. Green synthesized nanoparticles are regarded as cost-effective, eco-friendly, and safe alternative for antimicrobial applications [28]. Biogenic AgNPs exhibit higher antibacterial efficacy against human pathogens than chemically-produced ones, with MIC ranges of (0.06–0.25 g/mL) and (2.5–5.0 g/mL) respectively, according to a previous study [29]. Green synthesized nanomaterials exhibit higher antifungal effectiveness compared to chemically synthesized nanomaterials [30]. The essential oils of Origanum species such as O. vulgare (oregano) and O. majorana (marjoram) have been shown to be rich in phenolic compounds, which have been found to be effective reducing agents of silver nitrate for the synthesis of silver nanoparticles [31,32]. A previous study reported that Origanum vulgare aqueous leaf extract mediated biosynthesis of green AgNPs with average particle size of 136 ± 10.09 nm, demonstrating antibacterial efficiency against Escherichia coli, Aeromonas hydrophilla, Salmonella paratyphi, and Shigella dysenteriae strains with inhibition zone diameters higher than 10 mm [33]. Another study published in 2018 by Shaik et al. confirmed the green synthesis of AgNPs using Origanum vulgare aqueous leaf extract as a reducing agent and reported antibacterial efficacy against Gram negative and Gram positive bacterial strains with inhibition zones ranging from 12 to 19 mm in diameter [34]. Previous studies evaluated the antibacterial efficacy of green AgNPs synthesized using O. vulgare leaf extract against various bacterial strains without investigating the antibiotic resistance patterns of these bacterial pathogens. Furthermore, previous studies focused on the green synthesis of AgNPs utilizing O. vulgare aqueous leaf extract; thus, the current study was conducted to investigate the ability of the other Origanum species, namely, O. majorana, to synthesize AgNPs. Moreover, the resistance patterns of the tested bacterial strains to different antibiotics were detected to ensure their resistance and then the antibacterial effectiveness of the green AgNPs was investigated against the tested multidrug-resistant bacterial strains.




2. Materials and Methods


2.1. Preparation of Plant Extracts


Origanum majorana leaves were collected from a local market in Riyadh, Saudi Arabia. The collected plant materials were first identified by the Herbarium of the Botany and Microbiology Department. The leaves of Origanum majorana were washed twice with tap water then twice with distilled water. After complete dryness was reached, the plant parts were ground using a mechanical mortar to obtain a homogenous powder. Fifty grams of the powdered plant materials were submerged in 500 mL flasks containing 200 mL of deionized water and heated over a hot plate for 30 min at 50 °C. The flasks were incubated at 25 °C for 24 h over a magnetic stirrer, then the extracts were filtered using Whatman 1 filter paper grade 1. The aqueous extracts of Origanum majorana were stored in the refrigerator at 4 °C for further use [35,36].




2.2. Green Synthesis of Silver Nanoparticles (AgNPs)


Synthesis of AgNPs was achieved by adding 10 mL of the previously prepared aqueous leaf extract of O. majorana to 90 mL of silver nitrate (AgNO3) solution (1 mM). After heating the mixture over a magnetic stirrer for 1 h at 70 °C, the color of the AgNO3 solution changed from colorless to a dark brown color, indicating AgNPs synthesis. The biogenic AgNPs were harvested by centrifugation of the tubes containing the reduced silver nanomaterials at 10,000 rpm for 10 min. Subsequently, the supernatants were discarded and the precipitate was collected. The collected silver precipitates were washed thrice using distilled water and dried using an oven at 80 °C. The dried silver nanomaterials were used for further analysis and characterization [37].




2.3. Characterization of AgNPs


2.3.1. UV Optical Spectroscopy


The biosynthesized silver nanomaterials were first dispersed in distilled H2O, then the absorption was measured in the wavelength range of 200–800 nm using a UV–VIS-NIR spectrophotometer (UV-1601, Shimadzu, Japan). Distilled water was used as a blank.




2.3.2. Transmission Electron Microscopy (TEM) Analysis


The synthesized nanomaterials were first washed three times with deionized water. The samples were placed over a carbon-coated copper grid, detached, and dried before examination. A TEM assay was carried out using a Transmission Electron Microscope (JEOL, JEM1011, Tokyo, Japan) at the Electron Microscope Unit of the College of Science at King Saud University. The TEM assay detected the morphological features and particle size distribution of AgNPs through the generation of high-resolution two dimensional images at 100 kv voltage.




2.3.3. Energy Dispersive X-ray (EDX) Analysis


Elemental analysis of AgNPs was performed using a Scanning Electron Microscope (SEM) integrated with an Energy Dispersive X-ray (EDX) analyzer (JEOL, JSM-6380 LA, Tokyo, Japan).




2.3.4. FTIR (Fourier Transform Infrared) Analysis


FTIR spectroscopy was used to analyze the surface chemistry of the prepared silver nanomaterials. The functional groups attached to the surface of the nanoparticles were detected in the range of 400–4000 cm−1, depending on the infrared absorption frequency. Sample preparation was performed by dispersing AgNPs in a dry KBr matrix which was then compacted to form a transparent disc. A KBr pellet was used as a standard.




2.3.5. XRD Analysis


A Shimadzu XRD model 6000 diffractometer (Shimadzu, Columbia, United States) fitted with a graphite monochromator was utilized to acquire X-ray powder diffraction (XRD) patterns using Cu-K radiation. Step-scanning software with 0.02 per step and an acquisition duration of 5 s per step at 2-theta was used to measure XRD on a film of the biosynthesized silver nanoparticles. The crystalline phases were identified using Joint Committee on Powder Diffraction Standards (JCPDS).




2.3.6. Zeta Potential Analysis


The zeta potential analysis of the biosynthesized silver nanomaterials was characterized using a zeta sizer instrument (Malvern Instruments Ltd.; zs90, Worcestershire, UK) based on photon correlation spectroscopy.





2.4. Bacterial Strains used in the Study


Three nosocomial bacterial strains were tested for susceptibility to the silver nanoparticles: methicillin-resistant Staphylococcus aureus (ATCC 33592), Klebsiella pneumoniae (ATCC 700603), and Acinetobacter baumannii (ATCC 43498). The bacterial isolates were subcultured over Mueller–Hinton agar (MHA) incubated for 48 h at 35 °C to attain fresh inoculums.




2.5. Antibiotic Susceptibility Testing


For the preparation of bacterial suspension, fresh bacterial colonies were immersed in 0.85% sterile saline solution and the turbidity of the bacterial suspension was adjusted using 0.5 McFarland standard to achieve a viable cell count of 1.0 × 108 cfu/mL. Freshly prepared MHA plates were inoculated with 0.5 mL of the prepared bacterial suspension. Seven different antibiotics were used to investigate the resistance profile of the concerned bacterial strains to these antibiotics. Cefaclor (30 µg), cefixime (5 µg), cefatziodime (30 µg), ceftriaxone (30 µg), cefotaxime (30 µg), trimethoprim + sulfamethoxazole (25 µg), and norfloxacin (10 µg) antibiotic disks were purchased from MASTDISCS (Mast Group Ltd., Mast House, Merseyside, U.K.). These antibiotic disks were placed over the inoculated MHA plates, incubated at 37 °C for 24 h, and the inhibition zones were measured by Vernier caliper. The resistance patterns of different bacterial strains were interpreted as demonstrated by the clinical and laboratory standards institute [38].




2.6. Antibacterial Efficiency of AgNPs


The biogenic AgNPs were investigated for their antibacterial effectiveness against the concerned bacterial strains using a disk diffusion assay. The powdered silver nanoparticles were dissolved in methanol and sonicated to ensure complete dissolution of the biogenic nanomaterials. Afterwards, sterile filter paper disks 8 mm in diameter were impregnated with 50 and 100 µg of the biogenic nanomaterials. Freshly prepared MHA plates were seeded with the bacterial suspension as mentioned above. Norfloxacin discs (10 µg) were utilized as a positive control, while disks impregnated with methanol only were used as a negative control. The silver nanoparticle-loaded disks were placed over the MHA plates seeded with the bacterial slurry and the plates were refrigerated for two hours to allow the nanoparticles to diffuse. Finally, the plates were incubated at 37 °C for 24 h and the suppressive zones were measured by Vernier caliper. A broth microdilution assay was used to determine the MIC of the O. majorana silver nanoparticles against different bacterial strains using 96-well microtitre plates, as stated in a prior study [39]. The MBC was determined by streaking MIC wells into freshly prepared MHA plates and checking for bacterial growth. The lowest concentration of AgNPs that reported no bacterial growth was recorded as MBC [40].




2.7. Statistical Analysis


Statistical analysis of data was performed by GraphPad Prism 5.0 (GraphPad Software, Inc., La Jolla, CA, USA) using one way analysis of variance. The data were presented as a mean of triplicates  ±  standard error, and the experimentations were done in three replicates.





3. Results and Discussion


3.1. UV–Vis Spectral Analysis


The change in color of AgNO3 from colorless to dark brown first revealed AgNP synthesis, as seen in Figure 1. After the dark brown color revealed AgNP synthesis in this condition, color intensity varied depending on AgNP size and intensity, showing that the color was due to excitation of AgNPs surface plasmon resonance. UV-Vis spectroscopy was achieved to affirm AgNP synthesis utilizing aqueous leaf extract of O. majorana. The UV-Vis spectrum revealed the formation of three absorption peaks at 242, 345 and 374 nm, as seen in Figure 2. The broad peak observed at 242 nm in the UV spectrum of the AgNPs can be attributed to the biomolecules of the aqueous leaf extract of O. majorana, as stated by a prior study [41]. The peaks detected at 283 and 322 nm in the UV spectrum of O. majorana were shifted to 345 and 374 nm in the spectrum of the biogenic AgNPs, indicating the surface plasmon resonance (SPR) of the biosynthesized AgNPs [42]. Our results are in accordance with those of a prior study which stated the formation of a UV-absorption band at 374 nm as indicating AgNP formation [42,43].




3.2. TEM Analysis of the Biosynthesized Silver Nanoparticles


Transmission electron microscope (TEM) analysis has been reported as the most accurate technique for the determination of AgNP size [44,45]. Electron micrographs of AgNPs showed that these nanomaterials were spherical in shape, polydispersed, and that their average size diameter ranged from 10–60 nm, as seen in Figure 3. Moreover, Figure 4 shows the AgNP size distribution histogram, which reveals that AgNP size was within permissible limits, with an average particle size of 26.63 nm. The biogenic silver nanoparticles were smaller than those described in a recent work in which Phyllanthus emblica fruit extract promoted green production of silver nanoparticles with an average diameter of 39.1 nm [46]. Larger sizes of green synthesized silver nanoparticles using fresh Arbutus unedo leaf extract have been reported, with typical size diameters ranging from 40 to 58 nm [47]. Overall, prior results confirm that utilizing aqueous leaf extract of O. majorana to synthesize silver nanoparticles is an eco-friendly and high-efficiency approach, as demonstrated in our current investigation.




3.3. Edx Analysis of AgNPs


Energy dispersive X-ray spectroscopy (EDX) analysis was implemented to detect the elemental mapping of the biogenic AgNPs. EDX analysis showed the presence of the following elements: oxygen (3.69%), carbon (2.93%), aluminum (1.29), silicon (2.83%), chloride (17.89%), and silver (71.37%), as seen in Figure 5. Moreover, an intense peak was observed at 2.98 keV, indicating the presence of silver (Ag), while the intense peak formed at 2.62 keV confirmed the presence of chloride (Cl). Aluminum (Al) and silicon (Si) elements were ascribed to the two additional peaks found at 1.486 and 1.739 keV, respectively. Our findings were in accordance with those of Okaiyeto et al., 2019, who detected the elemental composition of AgNPs synthesized using aqueous leaf extract of Oedera genistifolia, showing the presence of silver and chloride elements [48]. Furthermore, Benincasa hispida peel extract and Momordica charantia leaf extract mediated green synthesis of silver nanoparticles with the presence of chloride element according to EDX analysis, and these results were coincident with our findings [49,50]. Chlorine (Cl−) ions are plentifully existent in plants, and play a dynamic role through photosynthesis and keeping overall homeostasis [51]. Collectively, different elements detected by EDX analysis, such as Si, Al, and Cl, were reported to act as capping agents of the biogenic AgNPs according to a previous study [52].




3.4. Fourier Transform Infrared Spectroscopy (FT-IR) Analysis


The distinct functional groups accountable for the reduction and stability of silver nanoparticles were investigated using FTIR analysis. FTIR analysis of aqueous leaf extract of O. majorana revealed the presence of vibrational frequencies at 3399.10, 2929.94, 1652.38, 1402.20, 1325.04, 1079.44, 880.06, 797.71, and 615.21 cm−1, as seen in Figure 6. On the other hand, the biogenic AgNPs synthesized using O. majorana leaf extract showed vibrational frequencies at 3434.80, 1631.42, 1030.67, and 537.82 cm−1, as seen in Figure 7. The broad bands at the vibrational frequencies of 3390 and 3434 cm−1 of both plant extract and biogenic AgNPs were assigned to the presence of hydroxyl functional group, corresponding to phenolic compounds [53]. In this context, the hydroxyl functional groups detected in O. majorana extract were believed to be accountable for silver ions reduction to metal silver through alcoholic oxidation (R-OH) to form an aldehydic group (R=O) as demonstrated in the equation


2AgNO3 + 2ROH → 2Ag + 2RO + 2HNO3



(1)







This clearly demonstrates that the phenolic compounds in O. majorana extract functionalized as reducing and stabilizing agents during AgNPs synthesis [54]. The peak at 2929.94 cm−1 was assigned to the presence of C-H stretching, corresponding to chlorophyll groups of O. majorana extract [55]. Moreover, the band observed at 1652.38 cm−1 of O. majorana extract was shifted to a lower side at 1631.42 cm−1, which was assigned to C=C aromatic vibration, as seen in Table 1 [56]. The peak detected at 1325.04 cm−1 can be assigned to C-N stretching in proteins present in aqueous leaf extract of O. majorana [57]. Additionally, the broad band at 1079.44 cm−1 of O. majorana extract was shifted to 1030 cm−1 of biogenic AgNPs, indicating C–O stretching and confirming the adsorbance of flavonoid compounds on the surface of biosynthesized AgNPs [58]. Moreover, the observed band at 615.21 cm−1 of plant extract was shifted to a lower number of 537.82 cm−1, corresponding to C-I stretching of alkyl halides.




3.5. XRD Analysis


The crystalline nature of AgNPs was examined using X-ray diffraction analysis (XRD) of the dried powder of AgNPs. The XRD pattern revealed the presence of four diffraction peaks at 2 theta (θ) degrees of 38.18°, 44.36°, 64.35°, and 77.54°. The diffraction peaks detected at 2 theta (θ) of 38.18°, 44.36°, 64.35°, and 77.54° corresponded to the planes of silver crystals (111), (200), (220), and (311), respectively, as seen in Figure 8. Accordingly, these findings confirmed the synthesis of face-centred cubic (fcc) and crystalline AgNPs [59]. Our findings were consistent with those of Al-Aboody 2019, who reported the formation of the fcc structure of AgNPs as a result of Bragg reflections at 28.0°, 32.4°, 46.4°, 54.9°, 57.7°, and 64.7°, which corresponded to the planes (111), (200), (220), (311), (222), and (400), respectively, as stated by the Joint Committee on Powder Diffraction Standards (JCPDS), file No. 04-0783 [60].




3.6. Zeta Potential Analysis of the Biologically Synthesized Nanomaterials


Zeta potential analysis was conducted to measure the surface charge of the biogenic AgNPs. In this regard the zeta potential of the synthesized silver nanoparticles was found to be −22.7 mV (Figure S1). A prior study indicated that the surface charge of AgNPs synthesized using Symphytum officinale leaf extract was −25.5 mV [61]. Moreover, the negative charge of the biogenic nanoparticles can be attributed to the capping effect of the biomolecules of Origanum majorana leaf extract [62]. The observed negative surface charge of the AgNPs indicated the electrostatic repulsion between them [63].




3.7. Antibiotic Sensitivity Testing


Antibiotic susceptibility testing of S. aureus, K. pneumonia and A. baumannii strains to cefaclor, cefatziodime, cefixime, cefotaxime, ceftriaxone, norfloxacin, and trimethoprim +sulfamethoxazole (TS) antibiotics was conducted. Acinetobacter baumannii is an opportunistic organism that causes infections such as bacteremia, nosocomial pneumonia, ventilator-associated pneumonia, meningitis, catheter-associated urinary tract infection, central venous catheter-related bloodstream infection, and wound infection, especially in intensive care settings [64]. Furthermore, A. baumannii is the most predominant bacterial strain isolated from blood culture, the respiratory tract, and wound and urine samples [65]. The wide spectrum antibiotic treatment of intensive care unit patients contributes to the high occurrence of multi-drug resistance among A. baumannii strains [66]. Antibiotic resistance in A. baumannii strains is attributed to a number of mechanisms, including target modification, antibiotic inactivation, membrane permeability disruption, and a variety of other factors including outer membrane proteins, β-lactamases production, aminoglycoside-altering enzyme production, and efflux pump expression [67]. In this context, Acinetobacter baumannii, a gram negative bacterial strain, was found to be the most resistant strain to all tested antibiotics, whereas K. pneumonia, another gram negative strain, was found to be the most susceptible one, showing susceptibility to all antibiotics except ceftriaxone, as seen in Figure 9. Accordingly, β-lactamases are hydrolytic enzymes produced by A. baumannii, and contribute to its resistance to cephalosporins such as cefaclor, cefatziodime, cefixime, cefotaxime, and ceftriaxone antibiotics, as shown in the present study [68]. Our findings were in accordance with those of Hakyemez et al., 2013, who reported the 81.8% of isolated nosocomial A. baumannii strains exhibited resistance to trimethoprim–sulfamethoxazole antibiotics [69]. Furthermore, A. baumannii strains isolated from ulcers, pus, sputum, and blood were shown to be resistant to the drug norfloxacin in 98.37% of total isolates [70]. On the other hand, K. pneumoniae strains showed resistance only to ceftriaxone drugs, coincident with Ahmadi et al., 2021, who reported that the clinical isolates of K. pneumoniae were highly resistant to ceftriaxone antibiotics [71]. On the contrary, MRSA strains exhibited resistance to cefaclor, cefatziodime, cefixime, cefotaxime, ceftriaxone, and trimethoprim+ sulfamethoxazole while showing sensitivity to norfloxacin antibiotics, as seen in Table 2. Parvin et al., 2021 confirmed the resistance of isolated MRSA strains to cefotaxime and cefixime antibiotics [72]. Additionally, all MRSA strains isolated from veterinary staff in six pet hospitals showed resistance to ceftriaxone antibiotics [73]. Antimicrobial susceptibility testing of MRSA strains isolated from nasal swaps of MBBS and BDS students at Kathmandu Medical College revealed that 100% of strains exhibited ceftriaxone resistance [74].




3.8. Screening of Antibacterial Efficiency of Green Synthesized Nanoparticles


A disc diffusion assay was used to investigate the antibacterial efficiency of green synthesized nanomaterials against S. aureus, K. pneumoniae and A. baumannii strains, as seen in Figure 10. The Klebsiella Pneumoniae strain exhibited the highest sensitivity to O. majorana AgNPs at the concentrations of 50 and 100 µg/disk, recording inhibition zone diameters of 21.57 and 24.56 mm, respectively. These results were significantly higher than those of Hussein et al., 2019, who demonstrated the antibacterial efficiency of green AgNPs synthesized using ginger, onion, and sidr extracts and recorded suppressive zone diameters ranging from 8.33 ± 0.33 to 10.33 ± 0.33 mm [75]. Furthermore, the MRSA strain showed high sensitivity to the biosynthesized AgNPs at the concentrations of 50 and 100 µg/disk, recording a suppressive zone diameter of 19.68 and 17.12 mm, respectively. These findings were in accordance with those of Ansari and Alzohairy 2018, who reported the antibacterial efficiency of AgNPs synthesized using seed extract of Phoenix dactylifera against MRSA strains at a concentration of 500 μg/mL, recording an inhibition zone diameter of 24 mm [76]. On the other hand, A. baumannii showed the lowest susceptibility to O. majorana AgNPs, showing inhibition zone diameters of 11.34 and 12.90 mm, respectively, which was significantly higher than that of control, as seen in Table 3. Our findings were consistent with those of Peiris et al., 2017, who reported that green synthesized silver nanomaterials exhibited antibacterial efficiency against A. baumannii with an inhibition zone diameter of 12 mm; furthermore, our findings were higher than those of the same study, because the antibacterial activity of biosynthesized AgNPs against MRSA in the current study was 19.68 mm, whereas it was 12.66 mm in the previous study [77]. Silver nanoparticles can continuously discharge silver ions, which could be a microbe-killing mechanism [78,79]. Furthermore, silver ions can cling to the cell wall and cytoplasmic membrane due to electrostatic attraction and affinity for sulfur proteins [80]. The attached ions can increase the permeability of the cytoplasmic membrane, causing the bacterial envelope to be disrupted [81]. Respiratory enzymes can be disabled once free silver ions are taken into cells, resulting in reactive oxygen species with no adenosine triphosphate synthesis [82]. In addition, the provocation of cell membrane rupture and deoxyribonucleic acid (DNA) alteration can be aided by reactive oxygen species [83]. Silver ions interact with sulfur and phosphorus, which are important components of DNA, causing problems with DNA replication, cell reproduction, and finally even microbial cell death [84]. Furthermore, silver ions can prevent protein production by denaturing ribosomes in the cytoplasm [85]. Smaller AgNPs, such as those found in the present study with a spherical shape and a tiny diameter of 26.63 nm, are more prone to silver release due to their increased surface area. Moreover, AgNPs have the capacity to penetrate bacterial cell walls and modify the structure of the cell membrane owing to their nanoscale size. Denaturation of the cytoplasmic membrane can cause organelle rupture and possibly cell lysis [86].



The minimum inhibitory concentration was detected for O. majorana AgNPs against different bacterial pathogens. The MIC of the biogenic AgNPs against K. pneumoniae strain was 10µg/mL, while the MBC was found to be 20 µg/mL. The MIC value of O. majorana AgNPs was lower than that reported by Mortazavi-Derazkola et al., 2021, who evaluated the MIC of AgNPs synthesized utilizing laeagnus angustifolia bark extract and reported that the MIC value was 20µg/mL against K. pneumoniae [87]. The high efficiency of the AgNPs utilized in the current study compared to the previous study may be attributed to their small nanoparticle size of 26.63 nm diameter; in the previously mentioned study, the particle size was 65–90 nm in diameter. Small particle size of biosynthesized AgNPs has previously been linked to antibacterial efficiency, as the nanoparticles’ small diameter allows for high penetration of the bacterial cell wall and resulting cell membrane disruption, explaining the high antibacterial efficiency of the biogenic AgNPs in the current study [88].





4. Conclusions


Aqueous leaf extract of O. majorana-mediated green synthesis of AgNPs with potential physicochemical and antimicrobial properties and subsequent characterization of AgNPs confirmed that the produced particles were spherical in shape, with an average size diameter of 26.63 mm and a surface charge of −22.7 mV. The synthesized AgNPs exhibited potential antibacterial activity against the tested multidrug-resistant strains. Accordingly, these AgNPs could be a potential source for the production of highly efficient antimicrobial coatings in intensive care units and environmental surfaces in hospitals, preventing the spread of multidrug-resistant nosocomial bacterial infections.
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Figure 1. Change in the color of silver nitrate solution after addition of Origanum majorana aqueous leaf extract. (A): colorless silver nitrate solution; (B): Origanum majorana aqueous leaf extract; (C): dark brown color indicates formation of silver nanoparticles. 
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Figure 2. UV-vis spectrum of both O. majorana extract and the biogenic AgNPs. 
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Figure 3. TEM micrograph of the biogenic AgNPs formulated using O. majorana extract. 
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Figure 4. Particle size distribution histogram of AgNPs based on TEM micrographs. 
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Figure 5. EDX spectrum and SEM graph of AgNPs fabricated using O. majorana extract. 
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Figure 6. FTIR spectrum of O. majorana aqueous leaf extract. 
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Figure 7. FTIR spectrum of AgNPs synthesized using aqueous extract of Origanum majorana extract. 
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Figure 8. XRD pattern of the bio-inspired AgNPs. 
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Figure 9. Antibacterial susceptibility testing of the tested bacterial strains against different antibiotics. 
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Figure 10. Antibacterial activity of AgNPs against the concerned bacterial pathogens. 
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Table 1. FTIR analysis of O. majorana extract and the biogenic AgNPs showing different functional groups.
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Tested Material

	
Absorption Peak (cm−1)

	
Functional Groups

	
Molecular Motion






	
O. majorana extract

	
3399.10

	
Phenolics

	
O-H stretching




	
2929.94

	
Alkane

	
C-H stretching




	
1652.38

	
Conjugated alkene

	
C=C stretching




	
1402.20

	
Sulfonyl chloride

	
S=O stretching




	
1325.04

	
Aromatic amine

	
C-N stretching




	
1079.44

	
Primary alcohol

	
C-O stretching




	
880.06

	
Alkene

	
C=C bending




	
797.71

	
Aromatic compound

	
C-H bending




	
615.21

	
Halo compound

	
C-Br stretching




	
Ori-AgNPs

	
3434.80

	
Phenolics

	
O-H stretching




	
1631.42

	
Cyclic alkenes

	
C=C stretching




	
1030.67

	
Secondary alcohol

	
C–O stretching




	
537.82

	
Halo compound

	
C-I stretching
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Table 2. Antibiotic susceptibility testing of the tested bacterial strains to different antibiotics.






Table 2. Antibiotic susceptibility testing of the tested bacterial strains to different antibiotics.





	
Antibiotics (µg/Disk)

	
Inhibition Zone Diameter (mm)

	
Interpretation Criteria




	
MRSA

	
A. baumannii

	
K. pneumonia

	
R

	
I

	
S






	
Cefaclor (CFC)

	
0.00 ± 0.00 (R)

	
0.00 ± 0.00 (R)

	
21.34 ± 0.12 (S)

	
≤14

	
15–17

	
≥18




	
Cefatziodime (CAZ)

	
0.00± 0.00 (R)

	
0.00 ± 0.00 (R)

	
20.12 ± 0.26 (S)

	
≤14

	
15–17

	
≥18




	
Cefixime (CFM)

	
0.00 ± 0.00 (R)

	
0.00 ± 0.00 (R)

	
22.14 ± 0.18 (S)

	
≤15

	
16–18

	
≥19




	
Cefotaxime (CTX)

	
0.00 ± 0.00 (R)

	
0.00 ± 0.00 (R)

	
28.23 ± 0.34 (S)

	
≤14

	
15–22

	
≥23




	
Ceftriaxone (CRO)

	
0.00 ± 0.00 (R)

	
0.00 ± 0.00 (R)

	
22.28 ± 0.21 (R)

	
≤24

	
25–26

	
≥27




	
Norfloxacin (NOR)

	
20.14 ± 0.28 (S)

	
9.80 ± 0.56 (R)

	
25.12 ± 0.15 (S)

	
≤12

	
13–16

	
≥17




	
Trimethoprim + Sulfamethoxazole (TS)

	
14.12 ± 0.31 (R)

	
14.89 ± 0.14 (R)

	
18.01 ± 0.09 (I)

	
≤15

	
16–18

	
≥19
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Table 3. Antibacterial efficiency of AgNPs against different bacterial strains.






Table 3. Antibacterial efficiency of AgNPs against different bacterial strains.





	
Silver Nanoparticles

	
Inhibition Zone Diameter (mm)




	
MRSA

	
A. baumannii

	
K. pneumonia






	
AgNPs (50 µg/disk)

	
17.12 ± 0.12

	
11.34 ± 0.24

	
21.57 ± 0.21




	
AgNPs (100 µg/disk)

	
19.68 ± 0.42

	
12.90 ± 0.36

	
24.56 ± 0.11




	
Norfloxacin (+ve control)

	
20.45 ± 0.19

	
9.78 ± 0.16

	
36.84 ± 0.32




	
-ve control

	
0.00 ± 0.00

	
0.00 ± 0.00

	
0.00 ± 0.00




	
MIC (µg/mL)

	
20

	
40

	
10
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