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Abstract

:

Plant-mediated green synthesis of nanomaterials has been increasingly gaining popularity due to its eco-friendly nature and cost-effectiveness. In the present study, we synthesized silver nanoparticles (AgNPs) by using an aqueous solution of Saudi Origanum vulgare L. plant extract as a bioreducing agent. The as-synthesized AgNPs were characterized using various microscopic and spectroscopic techniques. The results indicated the formation of crystalline face-centered cubic (fcc) AgNPs. Additionally, FT-IR study confirmed that the O. vulgare L. extract not only functioned as a bioreductant but also stabilized the surface of the AgNPs by acting as a capping agent. Moreover, the effect of the amount of the plant extract on the size and the antimicrobial activity of the NPs was also assessed. It was found that with increasing amounts of plant extract, the size of the NPs was decreased. Moreover, as-synthesized AgNPs as well as O. vulgare L. plant extract were separately tested to examine their antimicrobial activities. The activities were tested against various bacterial and fungal microorganisms including Shigella sonnei, Micrococcus luteus, Escherichia coli, Aspergillus flavus, Alternaria alternate, Paecilomyces variotii, Phialophora alba, and so on. These results evidently show that the inclusion of O. vulgare L. extracts improves the solubility of AgNPs, which led to a significant enhancement in the toxicity of the NPs against the assessed microorganisms.






Keywords:


Origanum vulgare L. extract; silver NPs; green synthesis and antimicrobial activity












1. Introduction


Due to their extraordinary physicochemical properties, metallic nanoparticles (NPs) have been effectively applied in numerous fields, including health care, synthetic biology, and cellular transportation [1]. Amongst various nanoparticles, AgNPs have received particular attention due to their unique morphologies, stability, and controlled geometry [2]. AgNPs have been largely used in various electronic and sensing devices, coating materials, data packing, and molecular switches [3,4,5]. Apart from this, they have also been applied in the diagnosis and treatments of various diseases [6]. Particularly, AgNPs possess excellent antimicrobial activities against several microorganisms which are known to be responsible for several infectious diseases. Due to this, they have been successfully used in different medical products, such as in coating materials of catheters for cerebrospinal fluid drainage [7,8,9], contact lenses [9], and other medical devices. They have also been used in bone cement [10], surgical masks, impregnated textile fabrics, nanogels, nanolotions [11,12,13,14], wound dressings, etc. [15]. Indeed, a majority of the Ag-based products developed have been commercialized and are approved by global regulatory bodies.



Commonly, AgNPs are synthesized using various chemical and physical methods [16]. The physical approaches include sonication, ball milling, flame pyrolysis, radiation, electric arc discharge, laser ablation, etc. [17,18]. These physical approaches frequently entail highly expensive instruments, high temperature and pressure, and high energy consumption [19]. Meanhile, the chemical approaches include condensation, sol gel technique and reduction, and other biochemical approaches. The chemical approach mainly involves the concepts of wet chemistry to prepare AgNPs via the reduction/decomposition of metal salts in solutions using numerous chemical reducing agents [20,21]. However, the chemical methods often require costly metal salts and toxic or hazardous solvents and reductants like sodium borohydride, hydrazine, etc. In addition, different types of stabilizers are also required to prevent the aggregation of particles or to make them physiologically compatible [22,23,24,25]. Therefore, these conventional chemical methods have been facing many challenges and have inspired investigators to discover different methods. Besides this, considering the potential of AgNPs for biological applications, the development of simple and environmentally benign approaches for their preparation using nontoxic reagents and solvents under ambient conditions is highly desirable [26,27].



In this context, the concepts of green chemistry have gained immense popularity; these are mainly concerned with replacing chemical products and improving or developing processes and technologies to reduce or even eliminate substances that are harmful to health and the environment [28]. Green chemistry has the most profound implications on the wet chemical synthesis of inorganic NPs [29]. It promotes reactions without hazardous solvents, reducing agents, and stabilizers [30]. Several green methods have been applied so far for the preparation of AgNPs [31] including electrochemical reduction, microwave and sonochemical preparation, or synthesis from supercritical liquids [32,33,34]. In particular, biomimetic approaches using micro- or marine organisms, proteins, and plant extracts (PE) have become popular for the synthesis of AgNPs due to their biocompatibility [35,36]. Among several biomimetic approaches, the synthesis of AgNPs using plant extracts has become immensely popular. These PE-based methods can be applied as a suitable alternative to the commonly used chemical methods due to their straightforwardness, easy sampling, and low costs, which facilitate the large-scale synthesis of AgNPs.



PE contain a variety of naturally occurring phytomolecules, such as water-soluble flavonoids, alkaloids, and several other phenolic compounds, which are broadly classified as polyphenols [37,38]. These polyphenol-based phytomolecules possess strong reducing properties and have a great tendency to adsorb on the surface of NPs [39]. The antioxidant properties of phenolic phytomolecules are principally owing to their reducing abilities, which enable them to act as reductants and singlet oxygen quenchers. So far, potential sources of phenolic contents have been extensively studied in different categories of plants and plant resources, including leaves, vegetables, fruits, oil seeds, herbs, woofs, and roots, as well as in the extracts of entire plants [40]. Notably, the flavonoids and some other phenolic contents, such as phenolic acids, stilbenes, tannins, and lignin, significantly vary in different parts of same plant; however, these contents are particularly common in leaves, flowering fleshy tissues, and woody types like stems and bark [41].



Besides this, the biologically active phytomolecules existing in the plant extracts effectively promote the synthesis of the AgNPs by acting as reducing agents, and also functionalize the resultant NPs [42]. Furthermore, the phytomolecule-based synthesis and functionalization of AgNPs can be easily carried out under physiological conditions of temperature and pressure [43]. Indeed, due to the dual nature of the phytomolecules, PE-based synthesis qualifies as a best methodology for preparing AgNPs for various biological applications, since the resultant NPs can be directly applied without any post treatment [44]. Moreover, these types of reactions can be easily performed without using any sophisticated laboratory facilities and also minimize the use of hazardous chemicals and stabilizers [45]. Therefore, PE-based synthesis of AgNPs clearly satisfies various fundamental guidelines of green chemistry. Thus, the NPs obtained from green methods can be more effective for biological applications when compared with those from chemical methods, and the green methods can also be possibly exploited for large-scale synthesis of AgNPs [46]. It is well established in the literature that the percentage composition of individual constituents of the different parts of the same plants may vary significantly [47]. This may have a considerable effect on the quality of NPs. Therefore, over the years, numerous studies have been reported involving the biosynthesis of AgNPs using extracts of different parts of the plants as reducing agents.



For instance, spherical AgNPs were obtained with the Syzygium cumini fruit extract. The individual biomolecules responsible for AgNP formation were identified as gallic acid, flavonoids, tannins, anthocyanins, and other components [48]. Among these, some flavonoid compounds appear to be responsible for the formation of AgNPs by facilitating the reduction of Ag+ to Ag. In another study, the extract of Cacumen Platycladi was used to prepare AgNPs [49]. In another study, the leaf broth of Arbutus unedo was used as both reducing and stabilizing agent to prepare spherical AgNPs, where the size of AgNPs was between 3 and 20 nm [50], while the root extract of Erythrina indica was used to prepare spherical AgNPs with size in the range from 20 to 118 nm [51]. In one of our previous studies, we used Pulicaria glutinosa whole plant extract as a reducing and stabilizing agent for the preparation of AgNPs. The temperature of the reaction and the concentration of the PE had a significant effect on the formation of NPs. Both the size of the nanoparticles and the rate of reaction are much higher at 90 °C than at room temperature. Also, with increasing concentration of the PE during AgNP synthesis, the solubility of the as-prepared NPs also increased, which showed a linear effect on the antimicrobial activity [42,52].



Apart from this, plants also exhibit a high chemical diversity due to various intrinsic and extrinsic factors such as genetic variations, ecological and environmental factors, etc. [53]. Besides this, different other environmental aspects including temperature, radiation, and photoperiod also play a critical role in defining the quality and quantity of the phytochemical constituents [54]. Therefore, a comparative investigation of the ability of the extracts of the same plant from different origins for the synthesis of nanoparticles is highly desirable. Sankar et al. have demonstrated the synthesis of AgNPs using the aqueous extract of Origanum vulgare from India [55].



In the current study, we have applied Saudi Origanum vulgare L. extract as both bioreductant and capping agent for the green synthesis of silver NPs. O. vulgare L. possesses rich contents of alkaloids, flavonoids, and terpenoids, which contribute greatly to its potential reducing ability. Hence, the PE of O. vulgare L. can be exploited for the green synthesis of metallic NPs. To study the effect of concentration of PE on the quality of NPs, the AgNPs were prepared by using various concentrations of O. vulgare L. extract (1 mL, 2.5 mL, 5 mL, and 7.5 mL). The green synthesized AgNPs were characterized by several techniques such as UV–Vis, TEM, XRD, FT-IR, and EDX. Moreover, the potential antimicrobial properties of the as-synthesized AgNPs were evaluated against various bacterial and fungal strains, such as Escherichia coli (ATCC 25922), Pseudomonas aeruginosa (ATCC 27584), Salmonella typhimurium (ATCC 14028), Staphylococcus aureus (ATCC 29213), Staphylococcus epidermidis (MTCC 3615), Shigella sonnei (ATCC 11060), Methicillin-resistant Staphylococcus aureus (MRSA) (ATCC 12498), Micrococcus luteus (ATCC 4698), Aspergillus flavus (ATCC 9643), Alternaria alternate (ATCC 13963), Paecilomyces variotii (ATCC 3630), and Phialophora alba (ATCC 9625).




2. Results and Discussion


2.1. UV–Vis Spectral Analysis


The ecofriendly synthesis of AgNPs was performed under a reflux environment using Saudi O. vulgare L. extract. The Ag+ ion reduction was confirmed by the apparent transformation in the color of the reaction mixture from light brown to dark brown. Indeed, no color transformation was noticed in the absence of plant extract, under a similar set of circumstances. The formation of AgNPs was further confirmed by UV–Vis spectral study, which is an authentic technique to monitor the progress of the reaction during the reduction of Ag+ ions. For this purpose, UV–Vis spectra of green synthesized AgNPs prepared at 90 °C (OV-Ag) were measured at regular intervals of time as displayed in Figure 1. The kinetics of the reaction monitored by UV–Vis analysis revealed that the reaction was slow in the beginning; indeed, up to 90 min from the start of the reaction, no indication of the formation of NPs was observed (no Ag peak). After 90 min, the nucleation was initiated very rapidly and the formation of AgNPs occurred very fast until around 30 min had passed. This is clearly reflected by the sudden appearance of the characteristic band of AgNPs at ~430 nm after 120 min of reaction time (red line in Figure 1). The reaction was allowed to continue further and no considerable change was observed in the intensity of the Ag peak, which points towards the completion of the reaction in ~120 min.



To assess the effect of plant extract concentration on the synthesis of OV-AgNPs, different samples of OV-AgNPs were synthesized by using various amounts of O. vulgare L. extract. These OV-Ag samples were prepared using 1.0 mL (OV-Ag-1), 2.5 mL (OV-Ag-2), 5.0 mL (OV-Ag-3), and 7.5 mL (OV-Ag-4), of O. vulgare L. extract taken from the standard solution as revealed in the experimental part. The amount of silver nitrate used was kept fixed in all these tests. Figure 2 demonstrates the UV spectra of AgNPs prepared using different concentrations of plant extract. In our previous study, it was observed that the concentration of P. glutinosa plant extract had a significant effect on the quality of AgNPs. Similarly, O. vulgare PE also exerted a considerable effect on the size of as-prepared AgNPs, which was effectively monitored by the UV analysis. The characteristic UV absorption peak of AgNPs may show a significant shift towards the red end (higher absorption) or the blue end (lower absorption) depending upon the particle size, shape, state of aggregation, and the surrounding dielectric medium [56]. Generally, a broad peak at a higher wavelength indicates an increase in particle size, whereas a narrow line at a shorter wavelength represents smaller particle size. Besides this, other literature reports have also revealed that by increasing the concentration of plant extract, the size and the size distribution of the NPs can be significantly affected [57].



Since the kinetics of the reactions have confirmed that the formation of the AgNPs is completed in a maximum of 3 h, all the concentration-dependent reactions were therefore performed for a duration of 3 h. Figure 2 shows the UV absorption spectra of as-prepared AgNPs at different concentrations of O. vulgare plant extract. The AgNPs prepared from a lower concentration of PE (1 mL) exhibit an absorption band at ~425 nm, which gradually shifted towards the blue region upon increasing the concentration of plant extract up to 2.5 (~420 nm) and 5 mL (~417 nm). However, when the concentration of plant extract is further increased to 7.5 mL, the absorption band becomes broader and considerably shifted back towards the red region, appearing at ~439 nm. This can be attributed to the presence of a large amount of reductants (electron-rich phytomolecules) in the reaction medium, which cause the rapid reduction of Ag ions. The fast reduction of Ag ions usually facilitates further growth of NPs by a phenomenon called Ostwald ripening which leads to an increase in the size of NPs. This has ultimately contributed to the large shift of the absorption band towards a higher wavelength. Notably, the AgNPs prepared from O. vulgare from other regions exhibited an absorption band at 440 nm, which indicated the formation of larger-sized NPs; however, in this study, the Saudi O. vulgare has produced smaller-sized NPs at a very low concentration of plant extract [55].



Apart from the characteristic peak, the absorption spectrum of as-prepared AgNPs also exhibited two prominent additional peaks at 275 and 320 nm (cf. Figure 1), which are attributed to the presence of PE phytomolecules bound to the surface of AgNPs as stabilizing ligands. This is further confirmed by measuring the UV spectrum of pristine plant extract (dark blue line, Figure 2), which also showed similar peaks. Moreover, the intensities of the absorption bands at 275 and 320 nm in the UV spectrum of AgNPs (cf. Figure 2) increases with increasing concentration of the plant extract, which points towards the successful stabilization of the surface of AgNPs by the residual phytomolecules of the plant extract.




2.2. X-ray Diffraction


The as-synthesized OV-AgNPs was further analyzed by XRD analysis. The OV-AgNPs diffractogram displayed numerous sharp intense peaks (Figure 3), which not only indicate towards the crystallinity of the OV-AgNPs but also confirm the formation of the silver NPs. In particular, the five distinct reflections at 37.5° (111), 44.13° (200), 63.90° (220), 76.85° (311), and 81.13° (222) evidently indicate the formation of the face-centered cubic (fcc) structure of the OV-AgNPs. Apart from the characteristic peaks of fcc Ag, the diffractogram also showed several additional intense peaks which remained unassigned in Figure 3. It is suggested that these additional peaks arise due to the crystallization of the bioorganic phase on the surface of the AgNPs. Indeed, this is clearly visible in the TEM images shown below, and also confirmed by the UV and FT-IR analyses. Similarly, additional peaks were also observed in several other studies on the preparation of AgNPs using various extracts. For instance, Tripathy et al. observed various additional peaks in the diffractogram of AgNPs prepared from Azadirachta indica leaf extract [58]. These peaks were attributed to the presence of some bioorganic compounds/protein(s) existing in the neem leaf broth. Indeed, in another study, Shankar et al. confirmed the origin of these peaks from the bioorganic phase by recording the XRD pattern of a film cast from Pelargonium graveolens (Geranium) leaf broth, which was used for the preparation of AgNPs [59]. The authors have suggested that the existence of metal ions (Mg ions) in the metalloprotein chlorophyll within the protein scaffold might have served as strong X-ray scattering centers in the bioorganic crystalline phase.




2.3. TEM and EDX Analysis


The size and morphology of OV-Ag-4 NPs were evaluated by TEM analysis. Figure 4a displays an outline of the prepared OV-AgNPs, whereas Figure 4b demonstrates the spherical shape of the OV-AgNPs. The nanoparticles are quite polydisperse and ranged in size from 2 to 25 nm with an average size of ca. 12 nm. Generally, the OV-AgNPs are well dispersed, although some of them were noted to be agglomerated. The TEM images clearly reveal the presence of some organic layer surrounding the surface of the AgNPs. Notably, the majority of the particles in the TEM images are not in physical contact with each other but appeared separated by the organic layer. Therefore, high-resolution TEM images clearly indicate the coating of AgNPs with an organic layer. This is also confirmed by the FT-IR analysis as shown below, which also indicates the presence of several polyphenolic components including flavonoids, terpenoids, etc., which facilitated the reduction of Ag ions and also stabilized the surface of the resultant Ag NPs. Possibly, this thick bioorganic coating surrounding the AgNPs may function as a strong crystalline shell and give rise to sharp Bragg reflections in the XRD pattern. Notably, the size of the AgNPs was found to be too large (63–85 nm) in the case of AgNPs prepared from O. vulgare in an earlier study. Moreover, no TEM were given; we believe that the quality (smaller size and highly stable) of the AgNPs prepared from Saudi O. vulgare is far superior when compared with the AgNPs prepared in an earlier study [55]. Additionally, the composition of the elements of the green synthesized silver nanoparticles was also investigated by EDX, and the elemental profile of the OV-AgNPs is displayed in Figure 4d. The intense sharp signal at 3 keV shows that Ag was the main element. The other signals that were noticed in the range of 0–0.5 KeV signify the characteristic absorption of carbon and oxygen. This clearly indicates the presence of phytoconstituent residual moieties of O. vulgare L. extract as a stabilizing agent on the surface of the OV-AgNPs.




2.4. FT-IR Analysis


The dual role of the plant extract as a reducing and stabilizing or capping agent was recognized by comparing the FT-IR spectra of pristine O. vulgare L. plant extract and as-synthesized OV-AgNPs as displayed in Figure 5. In order to exclude any possibility of the presence of unbound residual organic moieties, the resultant AgNPs were repeatedly centrifuged and redispersed in DI water. This has clearly reduced the chances of the contribution of phytomolecules to FT-IR, XRD, and TEM results. As presented in Figure 5, the FT-IR analysis of OV-AgNPs is closely identical to the FT-IR spectrum of pristine O. vulgare L. extract, excluding some marginal shifts in few peaks. This similarity clearly indicates that some of the residual moieties of the phytomolecules from the O. vulgare L. extract stayed on the surface of the as-synthesized OV-AgNPs. The FT-IR spectrum of O. vulgare L. extract exhibits several absorption peaks at different locations including at 3428 cm−1, ~2930 cm−1, ~1610 cm−1, and ~1072 cm−1, which are associated with the several oxygen-comprising functional groups. A majority of the peaks also exist in the FT-IR spectrum of OV-AgNPs with few marginal shifts. For example, all the aforementioned peaks are marginally shifted in the FTIR spectrum of OV-AgNPs and exist at ~3389 cm−1, ~2923 cm−1, ~1595 cm−1, and ~1072 cm−1. Consequently, the occurrence of these peaks in the FT-IR spectrum of OV-AgNPs evidently indicates the dual role of the O. vulgare L. extract, both as a green reducing agent and as a stabilizing agent.




2.5. Antimicrobial Activity of As-Synthesized OV-AgNPs


The AgNPs, i.e., OV-AgNPs prepared with employing various concentrations of O. vulgare L. plant extract, were subjected to antimicrobial evaluation against various Gram-positive and Gram-negative bacterial strains as well as fungal strains. During the study, it was found that all the as-prepared NPs displayed significant antimicrobial activity and the results obtained against both Gram-negative (E. coli, P. aeruginosa, S. typhi, and S. sonnei) and Gram-positive (M. luteus, S. epidermidis, Methicillin-resistant Staphylococcus aureus (MRSA), and S. aureus) bacterial strains and pathogenic fungi (A. flavus, A. alternate, P. alba, and P. variotii) are graphically represented as a zone of inhibition (diameter) in Figure 6 and tabulated in Table 1 and Table 2. It is apparent from the results that the plant extract does not display any microbicidal activity up to 300 µg of plant extract; however, the AgNPs prepared by employing the plant extract display microbicidal activity. It is also observed upon changing the concentration of the PE for the synthesis that there is variation in the microbicidal activity effected by the OV-AgNPs. As the concentration of plant extract increases, the antimicrobial activities of OV-AgNPs also increased significantly. The highest activity was obtained with the OV-AgNPs prepared using 7.5 mL of plant extract against Gram-positive bacteria, Gram-negative bacteria, and pathogenic fungi. Similar variation in the microbial activity was also observed in our earlier study wherein Pulicaria glutinosa plant extract [52] was employed for the synthesis of AgNPs. This behavior can be attributed to the increased NP solubility due to the larger presence of the plant extract on the surface of the nanoparticles. These phytomolecules played a dual role of both reducing the metal salt and stabilizing the resultant NPs. The increased solubility will enhance the permeation of the nanoparticles through the bacterial cell wall, inducing a disturbance in the cell mitosis metabolism, leading to cell death. In this present study, the OV-Ag-4 displayed the best activity against the tested bacterial and fungal strains, among the AgNPs (OV-Ag-1, OV-Ag-2, OV-Ag-3) prepared. The highest zone of inhibition (19 mm) was obtained against P. aeruginosa and S. aureus, when OV-Ag-4 was employed; however, when the same nanoparticle (i.e., OV-Ag-4) was employed against the fungal strains, A. alternate, the zone of inhibition of 28 mm was obtained. However, the zone of inhibition was found to be in the range 12–19 nm for bacterial strains, while a zone of inhibition of 12–28 nm was obtained when the prepared nanoparticles were employed against fungal strains.





3. Experimental Section


3.1. Materials


AgNO3 was purchased from Sigma Aldrich, MO, USA. O. vulgare L. was obtained from a local herbal market in Riyadh, KSA.




3.2. Extraction of Plant Extract (PE)


The plant was obtained in April 2012 and confirmed to have been grown in Al-Kharj (a central province in KSA). The identity of the plant was confirmed by a taxonomist working at King Saud University. During this study, aerial parts of as-purchased O. vulgare L. were used to prepare NPs. To obtain the plant extract, the aerial parts (550 g) were thinly chopped into small pieces and soaked in 2500 mL of DI water. The resultant mixture was refluxed for several hours (4 h). Subsequently, the aqueous mixture was filtered and dried at 50–60 °C under vacuum using a rotary evaporator. Finally, a dark brownish color extract (35.0 g) was obtained, which was stored at 0–4 °C for further use.




3.3. Synthesis of Silver Nanoparticles Using O. vulgare L. Extract (OV)


The silver NPs were prepared by adding 1 mL of O. vulgare L. extract to 49 mL aqueous solution comprising 85 mg of silver nitrate (0.5 mM) in a 100 mL round-bottom flask. The round-bottom flask was equipped with a magnetic stir bar and fixed with a cooling condenser. The reaction mixture was stirred for ~2 h at 85–90 °C. The reaction mixture color transformed instantaneously from light yellow to a dim brown color; afterwards, no color transformation was noticed up to the end of the reaction. The reaction mixture was allowed to cool down, and the reaction mixture was then centrifuged for 30 min at 9000 rpm. Subsequently, the product obtained was washed numerous times with deionized water. Lastly, a black precipitate was formed, which was dried out for 12 h at 80 °C in an oven. In order to know the effect of the amount of plant extract on the preparation of AgNPs, a number of experiments were carried out by taking various volumes of plant extract. For instance, numerous experiments were carried out by mixing 1.0, 2.5, 5.0, and 7.5 mL of O. vulgare plant extract (from the stock solution) and 0.5 mmol of AgNO3 (85 mg) in a precise amount of DI water to make up a total quantity of 50 mL. All reactions were performed at 90 °C. The stock solution was prepared by taking 1 gm of plant extract in 10 mL of DI water.




3.4. Microbicidal Activity


Antimicrobial activity of the OV-AgNPs was examined using standardized inocula of 1–2 × 107 cfu/mL with 0.5 McFarland standards introduced onto the surface of sterile agar plates; a streak method was used for even distribution of inocula. The suspension of the organisms in normal saline was inoculated onto the Mueller Hinton Agar plates using a sterile cotton swab and wells (diameter 6 mm, depth 5 mm) were prepared using a sterilized cork borer. The plates were incubated for 72 h at 37 °C and the zone of inhibition was measured with a ruler. The as-synthesized OV-AgNPs using various concentrations of PE were tested against Gram-positive bacteria, Gram-negative bacteria, and fungi. The following ATCC cultures (bacteria and fungi) were used for the antimicrobial activity: E. coli (ATCC 25922), P. aeruginosa (ATCC 27584), S. typhimurium (ATCC 14028), S. aureus (ATCC 29213), S. epidermidis (MTCC 3615), S. sonnei (ATCC 11060), MRSA (ATCC 12498), M. luteus (ATCC 4698). A. flavus (ATCC 9643), A. alternate (ATCC 13963), P. variotii (ATCC 3630), and P. alba (ATCC 96295). Three replicates of experiments were carried out. The diameter of the zone of inhibition was expressed as mean ± standard deviation (SD).




3.5. Characterization


The as-prepared OV-AgNPs were characterized by UV–Vis spectroscopy (lambda 35, Perkin Elmer, Waltham, MA, USA), FT-IR spectroscopy (1000 FT-IR spectrometer, Perkin Elmer), high-resolution transmission electron microscopy (HRTEM) (JEM 2100F (JEOL, Tokyo, Japan)), energy-dispersive X-ray spectroscopy (EDX) (JEM 2100F (JEOL, Tokyo, Japan)), and X-ray diffraction (D2 Phaser X-ray diffractometer (Bruker, Bavaria, Germany), Cu Kα radiation (λ = 1.5418 Å)).





4. Conclusions and Future Implications


The facile synthesis of AgNPs was carried out using a green reducing agent obtained from O. vulgare L. The characterization results obtained from FT-IR and XRD analyses revealed the presence of plant extract, i.e., O. vulgare L. extract, on the surface of the nanoparticles, indicating that the plant extract was not only efficient in reducing the silver salt to silver nanoparticles but also played a crucial role in stabilizing the obtained nanoparticles. The AgNPs obtained were subjected to biological evaluation and tested against Gram-positive and Gram-negative bacterial strains as well as fungal strains. It was evident that the AgNPs displayed moderate to very good bactericidal and fungicidal properties; however, it was also observed that the microbicidal and fungicidal efficiency varied with the amount of plant extract employed for the preparation of nanoparticles. As the concentration of the plant extract was increased, the AgNPs obtained higher microbicidal and fungicidal activity than did the AgNPs employing lover concentrations of the plant extract. The Ag NPs (i.e., OV-Ag-4) displayed the highest activity against P. aeruginosa (Gram-negative strain) and S. aureus (Gram-positive strain) among the various bacterial strains tested. Among the fungal strains tested, it was found to be most effective against A. alternate. With future extensions of the present research in mind—and considering the evolution of strains resistant to the present market drugs—this study can further be extended to include drug-resistant strains in order to shed light on OV-AgNP performance against those strains which shall be reported in the future.
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Figure 1. UV–Vis absorption spectra kinetic reaction study of the as-synthesized OV-Ag-1 during the preparation at different time periods. 
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Figure 2. UV–Vis spectral analysis of O. vulgare L. extract (OV), OV-Ag-1, OV-Ag-2, OV-Ag-3, and OV-Ag-4. All of the reactions were conducted for a duration of 3 h, and the UV–Vis spectral analyses were carried out after sample final workup. 
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Figure 3. XRD diffractogram of OV-Ag nanoparticles (NPs). 
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Figure 4. (a,b) High-resolution transmission electron microscopy pictures of the OV-Ag NPs; (c) Particle size distribution graph of OV-AgNPs; and (d) EDX of OV-AgNPs. 
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Figure 5. IR spectra of pure O. vulgare L. extract (OV) and green synthesized AgNPs (OV-Ag). 
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Figure 6. Antimicrobial activity of AgNPs against (a) Gram-negative bacteria, (b) Gram-positive bacteria, and (c) pathogenic fungi. 
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Table 1. Antibacterial activity of as-synthesized OV-AgNPs with different concentrations of plant extract.
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Zone of Inhibition (mm)




	
Gram-Negative

	
Gram-Positive




	
Concentration

	
E. coli

	
P. aeruginosa

	
S. typhi

	
S. sonnei

	
S. aureus

	
S. epidermidis

	
M. luteus

	
MRSA






	
OV-Ag-1

	
12

	
14

	
10

	
14

	
16

	
15

	
15

	
13




	
OV-Ag-2

	
14

	
17

	
11

	
14

	
16

	
16

	
17

	
13




	
OV-Ag-3

	
15

	
18

	
13

	
16

	
18

	
17

	
17

	
15




	
OV-Ag-4

	
18

	
19

	
17

	
18

	
19

	
17

	
18

	
18
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Table 2. Antifungal activity of as-synthesized OV-Ag NPs with different concentrations of plant extract.
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Concentration

	
Zone of Inhibition (mm)




	
A. flavus

	
A. alternata

	
P. alba

	
P. variotii






	
OV-Ag-1

	
12

	
20

	
19

	
11




	
OV-Ag-2

	
12

	
22

	
20

	
11




	
OV-Ag-3

	
13

	
22

	
21

	
13




	
OV-Ag-4

	
14

	
28

	
24

	
15
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