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Abstract

:

This study describes an inexpensive, simple and green method to form silver nanoparticles from different leaf extracts of Achyranthes aspera and Scoparia dulcis plants. The silver nitrate is reduced by Achyranthes aspera and Scoparia dulcis leaf extracts respectively to generate two silver nanoparticle types symbolized as AA.AgNPs and SD.AgNPs. The optical absorption, size and morphology of silver nanoparticles are significantly impacted by extract types. The ultraviolet visible spectrum of AA.AgNPs shows a 433-nm peak being more broadened than that of SD.AgNPs. The Fourier infrared transform spectra of two of these silver nanoparticles revealed that their surface is modified by organic constituents from extracts, and thus they are stabilized in solution without any additional reaction. Images from transmission electron microscopy and scanning electron microscope indicate that AA.AgNPs are in clusters with the size of 8–52 nm almost possessing oval shape, while SD.AgNPs are smaller size of 5-45 nm separated well in diversified shapes (spherical, triangle, quadrilateral and hexagonal). Moreover, both AA.AgNPs and SD.AgNPs exhibit the highly antifungal effect against Aspergillus niger, Aspergillus flavus and the most strong impact on Fusarium oxysporum. For these obtained results, two new silver nanoparticles are promising fungicides for various applications of medical and agricultural fields.
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1. Introduction


For a long time, the irregular use of fungicides not only threatened plants, animals and human health but also led to the extreme consequence of antifungal resistance. This problem has been becoming more seriously, the mortality rates related to fungal infection, especially antifungal resistance infection, were over 50% [1]. The epidemiology research revealed that the patient who has not been treated by antifungal-drugs could become antifungal resistance if they inhaled the agricultural fungal spores exposed to fungicide [1]. Besides, the human might contact the azole derivatives, which is one of antifungicides during cultivating and farming, or consume the agricultural products having antifungicide residues [1]. Therefore, in the battle of antifungal resistance [2], the chemical control in crops is necessary [3], and the new antifungal strategy needs to be studied [2,4]. Antimicrobial peptides have been attracted due to a broad spectrum of ability, less susceptible to resistant species and low toxicity, but high cost and short half-life led them to be of interest [5,6]. The sequence-controlled copolymers were also designed to gain the great antimicrobial activities [7], but the complicated synthesis and high cost limited them in various applications. Nitric oxide is also the most outstanding molecular in antimicrobial applications, but it is extremely susceptive that leads to many difficulties in synthesis, application and storage [8]. The biosynthesized nanoparticles were considered as the better promising alternative due to adapting many requirements such as cost effects, positively environmental impacts and socially sustainable [9,10]. The biosynthesized nanoparticles are formed by an ecofriendly technique or green chemistry. This method utilized less energy, minimized the toxic chemicals, simplified the procedure and exploited the natural materials being able to regenerate [11]. Therefore, the green synthesis of nanoparticles has been more attractive than the physical and chemical methods. Recently, Oh et al. prepared the chitosan nanoparticles (CNPs) through ionic gelation. These obtained CNPs exhibited the highly antifungal ability against Fusarium oxysporum and Phytophthora capsici, and the good antibacterial effects against Xanthomonas and Erwinia strains [12]. The polymeric nanoparticles achieved a great biocompatibility and antifungal ability, but the degradation time was limited. The polymeric nanoparticles might be degraded completely before killing all pathogens.



Other green methods were also studied to utilize the microorganisms to fabricate the metallic nanoparticles. Hassan et al. used Aspergillus niger producing extracellularly silver nanoparticles (AgNPs) [13]. These AgNPs showed good antifungal activities. By similar methods, Iravani summarized a lot of metallic nanoparticles (silver, gold, palladium and selenium, magnetite, cadmium sulphide, lanthanum, zinc sulfide, platinum, etc.) formed by various bacteria (Bacillus cereus, Bacillus subtilis 168, Desulfovibrio desulfuricans, Desulfovibrio magneticus strain RS-1, Escherichia coli, Pseudomonas aeruginosa, Rhodobacter sphaeroides, Shewanella algae, etc.) [14]. The mechanism forming metallic nanoparticles by bacteria was explained by the secreted proteins with reducing property that could oxidize the metallic ions [14]. However, the bacterial culture and the extraction/purification of nanoparticles were complicated, the proteins and enzymes capping nanoparticles have not known their functions or impacts yet. These matters might hurdle the development of microbial nanoparticles. Another popularly green source for nanoparticles biosynthesis was plant extracts [15,16]. The ketones, flavones, carboxylic acids, terpenoids, polyphenols, vitamin C and aldehydes being abundantly in plant extracts were exploited as the reducing agents to oxidize metallic ions and form metallic nanoparticles. This route was considered as a more simple and easier procedure, being able to scale up more than other aforementioned green methods [17]. Although there were many studies that reported the plant extract-mediated nanoparticles, the diversified plant species were still not exploited completely. Depending on the plant extract types, the size, morphology and stabilizing ability of nanoparticles were different, which might affect the activity of formed nanoparticles. Thus the studies related to specific plants or plant parts using for nanoparticle formation still need to be investigated.



Achyranthes aspera Linn. (A. aspera) belongs to the Amaranthaceae family and is well-known as a traditional cure in fold medicine. It had many medicinal functions such as anticancer, antimicrobial, diuretic, antiobesity, antineoplastic, antiherpes, hepatoprotective ability, antineoplastic and immunomodulatory activities, antioxidant and neuroprotective property [18]. Besides, the essential oils of A. aspera were demonstrated about an effective protection from two mosquito species including C. quinquefasciatus and Z. officinalis [19]. Aqueous extract of aerial parts containing oleanolic acid could stabilize mast cells contributing helpfully in asthma treatment [20]. A. aspera leaves were proved to enhance the wound healing rate on rat models [21]. In phytochemistry research, A. aspera was reported to contain alkaloids, flavonoids, betaine derivatives, proteins, amino acids, oligosaccharides, sugars, saponins, steroids and terpenoids [22]. So, there were a lot of studies using A. aspera with various aspects, but the use of its leaf broth to synthesize nanoparticles was only in a few studies. With an attempt to explore the green silver nanoparticles from various plant species, we also utilized other plants of Scoparia dulcis (S. dulcis) to make the comparison. S. dulcis belongs to the Scrophulariaceae family. In folk medicine, it was well-known as a perennial herb with abundant bioactive compounds. Its medicinal activities exhibited on treatment of cancer, diarrhea, diabetes, stomachache, hepatosis, bronchitis, fever, hypertension and ulcers [23]. The phytoconstituents of S. dulcis were abundantly found, those were diterpenoid, triterpenoid, alkaloids, flavonoids and steroids [23,24].



Using the plant extracts to biosynthesize nanoparticles, many studies about Cannabis sativa, Azadirachta indica, Jatropha curcas, etc. were conducted [25,26,27,28]. So far, there were no reports on A. aspera or S. dulcis leaf extract-mediated silver nanoparticles on antifungal activity against Aspergillus niger (A. niger), Fusarium oxysporum (F. oxysporum) and Aspergillus flavus (A. flavus). A. niger belongs to the genus Aspergillus, and can cause black mold disease on certain vegetables and fruits. It is commonly found on dead leaves, compost piles, stored grain and other decaying vegetation [29]. A. flavus is of the same genus of A. niger, well-known for colonizing on grains, nuts and legumes during postharvest stages. More dangerously, A. flavus could cause human infection [30]. F. oxysporum can destroy the plants gradually by clearing veins, yellowing leaves, stunting trees, etc. [31]. Thus, fungicides are necessary for crops to protect agriculture from being destroyed, more importantly to prevent the fungi infecting humans. However, antifungal resistance occurred, which induced the development of an alternative fungicide. Herein, two kinds of biosynthesized silver nanoparticles would be a good candidate. AgNPs would be fabricated using A. aspera or S. dulcis leaf extracts. The ultraviolet visible spectrophotometer (UV-vis) was carried out to realize the nanoparticle formation. The Fourier transform infrared spectrometer (FTIR) and energy dispersive X-ray analysis (EDXA) were used to show the functional groups and the elements of these AgNPs. Scanning electron microscopy (SEM) and transmission electron microscopy (TEM) were performed to observe the morphology and to estimate the dimension of nanoparticles. Finally, the two types of AgNPs would be mixed with culturing media to grow fungi (A. niger, F. oxysporum and A. flavus) until after 96 h. Measuring the mycelium diameters was done to recognize the inhibitory ability of each AgNP. Through all of the results, we could make a comparison between two AgNPs of A. aspera or S. dulcis leaf extracts as well as comprehending two of these green sources for silver nanoparticle synthesis with specific properties.




2. Materials and Methods


2.1. Materials


Silver nitrate (ACS reagent, ≥99.0% of purity) and potassium bromide (KBr, FT-IR grade, ≥99.0% trace metals basis) were purchased from Sigma-Aldrich (Merck KGaA, Darmstadt, Germany). Potato dextrose agar (PDA) containing 4 g/L of potato extract, 20 g/L of dextrose and 15 g/L agar was readily mixed in powder, obtained from Sigma-Aldrich (Millipore Sigma, Burlington, Massachusetts, US). All of the experiments were used with deionized water (DIW) filtrated by water purification systems (Milli-Q HX 7150, Merck Millipore, Guyancourt, France).



A. aspera or S. dulcis leaves were harvested from the Medicinal Plant Garden of Tra Vinh University (Tra Vinh province, Vietnam). A. niger, F. oxysporum and A. flavus were isolated by the Institute of Applied Materials Science of Vietnam Academy of Science and Technology (Ho Chi Minh City, Vietnam).




2.2. Biosynthesis of Silver Nanoparticles Using the A. aspera and S. dulcis Leaf Extracts


The fresh A. aspera and S. dulcis leaves without defects and diseases were carefully collected and put into different baskets. Two kinds of plant leaves were washed three times to eliminate all dust. Each leaf type was chopped, and then weighed 5 g into each Erlenmeyer flask (Figure 1). Of DIW, 50 mL was poured into each flask. Two of these Erlenmeyer flasks were heated up to 60 °C while stirring continuously. This process was kept for 60 min. After heating, the filtration was carried out with a Buchner filtration system using Whatman® quantitative filter paper (hardened low ash, grade 50, Merck KGaA, Darmstadt, Germany). The aqueous extract of A. aspera or S. dulcis leaves symbolized AA.ext and SD.ext respectively and were stored at 4 °C for 7 days for further experiments.



Silver nitrate was prepared in DIW at a concentration of 1 mM. The Erlenmeyer flask contained 8 mL of AA.ext broth. A volume of 1.2 mL of silver nitrate solution was pipetted, and then was dropped into the AA.ext broth while stirring continuously (Figure 1). After adding silver nitrate completely, the reaction was kept for 8 h at room temperature in a dark place. The silver nanoparticles (AA.AgNPs) formed by the AA.ext broth were purified with DIW three times. The centrifuge was used to collect the AgNP suspension. They were lyophilized and stored under vacuum. Proceeding similarly to the AA.AgNP synthesis procedure, the SD.ext was utilized instead of AA.ext, the SD.ext broth-mediated silver nanoparticles (SD.AgNPs) were obtained.




2.3. Characterization of AA.AgNP and SD.AgNP Nanoparticles


The AA.ext, the SD.ext and the reacted solutions fabricating silver nanoparticles after 8 h were diluted fivefold to scan with a UV-vis spectrophotometer (Shimadzu UV-1800, US). DIW was used to adjust the background in the UV-vis measurement. The wavelength range was set from 350 to 750 nm.



For FTIR spectroscopy, the lyophilized AA.ext, SD.ext, AA.AgNPs and SD.AgNPs were respectively mixed with KBr, and then pressed into pellets. The FTIR (Perkin Elmer, Waltham, Massachusetts, US) was operated in the wavenumber range of 400–4000 cm−1 versus the transmittance mode.



The elemental compositions of AA.AgNPs and SD.AgNPs were determined by energy dispersive X-ray analysis (EDXA, model H-7593, Horiba, Northampton, UK). Their morphology and dimension were observed by a TEM (JEM-1400, JEOL, Tokyo, Japan) and SEM (FE-SEM S4800, Hitachi, Ibaraki, Japan).




2.4. Antifungal Activity of AA.AgNP and SD.AgNP Nanoparticles


The PDA of 39 g was suspended into DIW of 1 L. Boiling the mixture was done to dissolve completely the PDA powder. Then the PDA solution was sterilized by an autoclave (121 °C, 15 min). This pure PDA was poured onto a Petri dish that was named PDA (the control dish). AA.AgNPs were added into PDA solutions at various concentrations of 20 and 40 ppm. The dishes were prepared by these media that named were as AA.AgNP20 and AA.AgNP40 for testing the antifungal effect of AA.AgNPs. Similarly, the SD.AgNPs were prepared in PDA solutions at 20 and 40 ppm, which were respectively symbolized as SD.AgNP20 and SD.AgNP40 to check the antifungal ability of SD.AgNPs. In addition, two leaf broths were also mixed homogeneously with PDA media to test the antifungal effect of leaf broths only. These dishes were respectively named as AA.ext and SD.ext. The crop pathogen strains including F. oxysporum, A. niger and A. flavus were spotted into the center of each agar dish and incubated at 30 °C. The growing diameter of fungi were observed and measured for each 24 h during 4 days. Three replicates were done for each mold strain. The results were presented in mean ± standard deviation. A student’s t-test was applied to compare the difference between these samples. A p-value less than 0.05 would be considered a significant difference. On the contrary, a p-value higher than 0.05 would be a non-statistical difference.





3. Results and Discussion


3.1. The Formation of Biosynthesized AgNPs Including AA.AgNPs and SD.AgNPs


At room temperature, two kinds of silver nanoparticles (AA.AgNPs and SD.AgNPs) were obtained by only one reaction of silver (I) ions with AA.ext and SD.ext. The first observed phenomenon was the color change, the broths had a pale green color and turned to reddish-brown at the stopping point of the reaction. Furthermore, a UV-vis spectrophotometer was utilized to scan two extract solutions and two reacted mixtures containing AA.AgNPs and SD.AgNPs. The UV-vis spectra of AA.ext and SD.ext (Figure 2a,b, dash lines) did not show any peak in the wavelength region of 350–750 nm. Differently, the UV-vis spectra of AA.AgNP and SD.AgNP solution (Figure 2a,b, solid lines) had a peak centered at 433 nm. For both AA.AgNPs and SD.AgNPs, the peak height was increased as a function of reaction time, and was almost saturated after 8 h of reaction. This peak was caused by the absorption of the plasmonic silver nanoparticles, so the formation of AgNPs was confirmed. However, the AA.AgNPs exhibited a broadened peak, while the SD.AgNPs had a sharp one. The surface plasmon resonance of silver nanoparticles depended on the free electrons interacting with the electromagnetic radiation (light) [32]. Thus, the difference in dimension and morphology or silver nanoparticles could affect on the collective excitation oscillations that might lead to the different absorption peaks. Besides, AA.AgNPs and SD.AgNPs were formed from two different extracts containing the variously reducing amounts, which could lead to creating different concentrations of silver nanoparticles. The broadened peak of AA.AgNPs indicated a higher concentration.



Considering the reaction mechanism, the phytochemicals of A. aspera and S. dulcis played the role of reducing agents, and the silver (I) ions were the oxidizing ones. Due to the abundant compositions in each extract, it might have a lot of oxidation–reduction reactions taking place. However, the phytoconstituents in each plant have not been completely investigated yet, missing understanding would remain. With an attempt connecting all the reported studies, we could comprehend some reactions in detail. A. aspera was reported to have saponins, gallic acid, quercetin, kaempferol, rutin, etc. [18]. Saponins possess the properties of the surfactant having both a hydrophilic and hydrophobic portion. The hydrophilic part is comprised of glycosides, which can reduce silver (I) ions into AgNPs [33]. Gallic acid possessing three hydroxyl groups on phenyl rings can cleavage the hydrogen ion and give one electron to silver (I) to become an oxidized gallic acid, and silver (I) ions become AgNPs [34]. In the case of quercetin, kaempferol and rutin, they also have the hydroxyl groups of phenyl ring, and can act as an oxidant with a similar mechanism of gallic acid [35,36,37,38]. S. dulcis was found to contain flavonoid, alkaloid and tannin [24] which also possess the hydroxyl groups performing the role of the reductant. Besides, S. dulcis has carbohydrates and glycosides [24], which are well-known as a reductant.



On the other hand, these phytoconstituents have a chelating ability with Ag due to containing oxygen of hydroxyl and carboxylic acid groups. It is a beneficial factor to stabilize the biosynthesized silver nanoparticles. Thus, FTIR spectroscopy was performed to explore the functional groups surrounding nanoparticle surfaces. Figure 2c described the FTIR spectra of AA.AgNPs (i) and AA.ext (ii). There was the pointed trough of 3461 cm−1 assigned to the O-H stretching band. The O-H groups modified on AA.AgNPs exhibited a sharper trough than O-H of phytoconstituents in the AA.ext extract. It could be explained by the H-bonding in AA.AgNPs being weaker than that in the AA.ext extract. The small trough at 2926 cm−1 and the medium one at 1662 cm−1, 1384 cm−1 and 1070 cm−1 were caused by the C-H stretching, C=O stretching, O-H bending and C-O stretching vibrations. The medium troughs in the region of 840–790 cm−1 were assigned to C=C bending vibration. In the FTIR spectrum of AA.ext (Figure 2c(ii)), all of the troughs of O-H, C=O and C-O groups similarly appeared. Figure 2d(i) and 2d(ii) describing the FTIR spectra of SD.AgNPs and SD.ext were also observed in the presence of O-H, C=O and C-O groups. Through FTIR results, two biosynthesized silver nanoparticles of AA.AgNPs and SD.AgNPs were proven to be modified by the similar functional groups. However, they were not completely the same because those FTIR spectra having a different fingerprint region (1500–500 cm−1).



The EDXA spectra of AA.AgNPs and SD.AgNPs (Figure 2e,f) showed the signal of 3 keV indicating the silver presence [39]. The signals of 0.28 keV and 0.52 keV were assigned to the carbon and oxygen elements. Besides, the Cu peaks were observed strongly, which were a strange element in this system. The Cu contamination came from the sample preparation grid. As a result, AA.AgNPs and SD.AgNPs were demonstrated as the silver nanoparticles covered with organic components composed of carbon and oxygen. These elemental compositions were consisted to FTIR results showing C=O, C-H and O-H bonding vibrations. According to these obtained results in the relation with reported phytoconstituents of A. Aspera and S. dulcis, it was suggested that the silver of AA.AgNPs and SD.AgNPs interacted with the oxygen of phytoconstituents to form the organic shells for stabilizing silver nanoparticles (Figure 3). To confirm this opinion, the SD.AgNP and AA.AgNP solution were stored at 4 °C in a brown bottle for 15 days. Their UV-vis spectra were measured every 3 days (Figure S1). The 433-nm peaks of AA.AgNPs and SD.AgNPs were not changed about the position, shape and height after a 15-day storage. These results implied that the AA.AgNPs and SD.AgNPs had similar properties of shape and size with their initial form.




3.2. The Morphology and Dimension of AA.AgNPs and SD.AgNPs


The TEM micrographs of AA.AgNPs and SD.AgNPs were shown in Figure 4a,b. The AA.AgNPs were observed in clusters and almost oval shape (Figure 4a). The size of AA.AgNPs was estimated using imageJ software that was in the range of 8–52 nm and showed the average diameter of 30.5 ± 9.4 nm. In the earlier study of Elumalai et al. [40], the sizes of A. aspera leaf broth-mediated AgNPs were from 7 to 14 nm, and their morphology were mostly scattered and polydispersed. These different dimensions and morphologies of silver nanoparticles biosynthesized from the A. aspera leaf broth were recognized by the geographical location of A. aspera. The plants and their phytoconstituent amounts/compositions were effected by weather and soil, A. aspera leaf collected from India [40] with different reducing power formed the silver nanoparticles that were not the same as AA.AgNPs. The other reason might be because of the various extracting times leading to varying reductant concentrations. Then, we utilized another plant of S. dulcis to see how the difference was between two kinds of silver nanoparticles. The SD.AgNPs (Figure 4b) were smaller than AA.AgNPs. In fact, the estimated size of SD.AgNPs was in the scale of 5–45 nm, and their average diameter was 23.1 ± 9.2 nm. About the morphology, many small SD.AgNPs were nearly of spherical shapes, some bigger SD.AgNPs were of various shapes including oval, quadrilateral, hexagonal and triangle morphology. Additionally, another similar study in India reported that the S. dulcis L. leaf extract assisted in forming the AgNPs in the range of 3–18 nm [41]. Again, the same plants from different countries might be different in phytoconstituent compositions and the amounts that led to the formation of AgNPs of different sizes and shapes.



To observe the nanoparticle surfaces, the SEM microscopy was applied, SEM micrographs of the AA.AgNPs and SD.AgNPs were shown in Figure 4c,d. Most of the nanoparticle surfaces were smooth, the agglomeration could be seen but were still less than the 100-nm clusters. So, using the AA.ext extract, we could obtain the AA.AgNPs distributed in the wide size range and there was more agglomeration than when using the SD.ext extract. These size and morphology results of AA.AgNPs and SD.AgNPs agreed with their UV-vis spectra (Figure 2a,b, solid line). AA.AgNPs had a larger diameter and more clusters than SD.AgNPs, the UV-vis spectrum of AA.AgNPs was broadened more than that of SD.AgNPs. Indeed, these results agreed with Paramelle et al.’s study [42]. The smaller nanoparticles exhibit an absorption, the larger sphere shows increased scattering and shifted to a longer wavelength or broader peak [43]. In the case of the situation where the nanoparticles aggregate, the electrons on the surface of adjacent nanoparticles can delocalize and be shared together, which leads to the decrease of surface plasmon resonance energies. As a result, the UV-vis peak is also scattered or shifted to a longer wavelength.




3.3. Antifungal Tests


In order to observe the antifungal effects of AA.ext, SD.ext, AA.AgNPs and SD.AgNPs, three fungal strains including A. niger, A. flavus and F. oxysporum were cultured on the PDA dishes containing those components. Figure 5 showed that three of these fungi on PDA dishes (control sample) were compacted and spread fully on the surface after 96 h. The proliferation of A. niger, A. flavus and F. oxysporum on AA.ext and SD.ext dishes was similar to the control. However, the mycelium zone was reduced on AA.AgNP20, AA.AgNP40, SD.AgNP20 and SD.AgNP40, which demonstrated the inhibitory ability of two biosynthesized silver nanoparticles.



Quantitatively, the mycelium diameters of each fungal strain on various media were followed every 24 h until 96 h when the PDA dishes were full of fungi. In Figure 6a, A. niger created the mycelium circle of 20.7 mm on PDA, 19.8 mm on AA.ext and 20.3 mm on SD.ext after 24 h of inoculation. Three values were equivalent to each other, which indicated that A. niger was not inhibited by neither AA.ext nor SD.ext. After every 24 h, the A. niger circles on each dish were larger, which showed the normal proliferation rate. The A. niger zones on AA.AgNP20 and AA.AgNP40 were 15.5 and 12.5 mm after 24 h of incubation. These values were less than that of PDA dishes. The phenomenon was taken place similarly on SD.AgNP20 and SD.AgNP40, the A. niger diameters were 13.3 and 11.0 mm. These smaller mycelium circles indicated the inhibitory effect of AA.AgNPs and SD.AgNPs against A. niger at the concentration of 20 and 40 ppm. The high concentration could inhibit more highly the fungal growth. However, 20 and 40 ppm were not enough to kill all fungi, just to reduce the proliferation, thus A. niger was slowly spread out until 96 h. Indeed, it was reported that 20 ppm of Mesosilver® (Purest Colloids Inc., Westampton, NJ, USA) could only reduce approximately 25% of mycelium growth, while 75 ppm inhibited completely the A. niger growth [44]. In the study of Vertelove et al., also testing with A. niger, 5 ppm was just the minimal inhibition concentration of silver nanoparticles stabilized by Myramistin® [45]. So, the antifungal capacity of AA.AgNPs and SD.AgNPs against A. niger could be comparable with the Mesosilver products and others.



Figure 6b showed the mycelium diameters of A. flavus on various media. On PDA, AA.ext and SD.ext, A. flavus were spread out to 24.5, 24.1 and 23.8 mm after 24 h of incubation; 44.6, 44.7 and 44.2 mm after 48 h; 65.3, 64.8 and 64.3 mm after 72 h and 89.8, 88.8 and 89.5 mm after 96 h. These results implied that A. flavus were not inhibited by AA.ext and SD.ext extracts and proliferated with the comparable rate to control (PDA). In the case of the presence of AA.AgNP20 and AA.AgNP40, A. flavus’ growth was slowed down. In fact, the A. flavus diameters on AA.AgNP20 and AA.AgNP40 dishes were 19.5 and 15.5 mm after 24 h, 31.7 and 23.8 mm after 48 h, 48.1 and 39.8 mm after 72 h and 66.6 and 53.4 mm after 96 h. If using the higher silver nanoparticle concentrations, the A. flavus diameter was reduced significantly. Changing to other silver nanoparticles of SD.AgNP20 and SD.AgNP40, the A. flavus diameters on dishes were 19.3 and 15.2 mm after 24 h, 30.3 and 23.3 mm after 48 h, 46.3 and 36.8 mm after 72 h and 65.0 and 52.5 mm after 96 h. So, two kinds of silver nanoparticles all demonstrated high antifungal activity against A. flavus. Looking at the antifungal activity of other silver nanoparticle products against A. flavus [46,47], these results of AA.AgNPs and SD.AgNPs were considered as a similar effect. The silver nanoparticles of the American company MTI (Aladdin, WY, USA) could inhibit the fungus A. flavus effectively at the concentration of 150–200 ppm [46]. Differently, silver nanoparticles Biopure-AgNP (NanoComposix, San Diego, CA, USA) could show their successful inhibition at 80 ppm [47].



Figure 6c described the fungal diameters of F. oxysporum, this strain was also not impacted by AA.ext and SD.ext, which was proven by the same diameter growth between PDA and two extract dishes. When F. oxysporum was treated with AA.AgNP20, AA.AgNP40, SD.AgNP20 and SD.AgNP40, its mycelium diameters were also decreased as a function of the silver nanoparticle concentration. In the study of Aleksandrowicz-Trzcińska et al., F. oxysporum was treated with commercial AgNPs (Nano-Kolid Sp. z o. o, Warszawa, Poland), AgNPs showed the decrease of the mycelium zone significantly at 15, 25 and 35 ppm [48]. Through this value, the AA.AgNPs and SD.AgNPs could be said that they achieved a similar antifungal capacity with commercial AgNPs. When compared to two aforementioned strains, F. oxysporum exhibited a weaker ability in contact with silver nanoparticles. After 96 h, F. oxysporum diameters were 51.8 and 30.3 mm when contacting AA.AgNP20 and AA.AgNP40 and 48.7 and 34.2 mm when contacting SD.AgNP20 and SD.AgNP40. These values were significantly less than that of A. flavus and A. niger on similar media and conditions. Altogether, the biosynthesized silver nanoparticles of either AA.AgNPs or SD.AgNPs revealed their effectively antifungal ability against three strains of A. flavus, F. oxysporum and A. niger.



In addition, the strong points of plant extract-mediated silver nanoparticles were confirmed to inherently possess an antibacterial activity and superior biocompatibility [49] due to nontoxic and naturally reducing and stabilizing plant molecules. However, the overall biocompatibility of AgNPs was mainly governed by concentrations. Using the rat aortic ring model, green AgNPs of 50–300 ppm were demonstrated as an antiangiogenesis agents for biomedical applications [50]. Amin et al. utilized green AgNPs to treat the infected rats through oral administration at the AgNPs concentration of 16 ppm [51]. There were no side effects caused by green AgNPs. Taken together, the biosynthesized AgNPs were considered as biocompatible agents at working doses.





4. Conclusions


In conclusion, an ecofriendly synthesis of AgNPs using A. aspera and S. dulcis leaf extract was successfully performed. This method provided an alternative approach for silver nanoparticle fabrication to gradually replace traditional methods. A. aspera and S. dulcis leaf extract had the ability to reduce silver (I) ions into AA.AgNPs and SD.AgNPs. These final silver nanoparticle products were obtained and characterized by UV-Vis spectroscopy, FT-IR, EDXA analysis, TEM and SEM micrographs. AA.AgNPs exhibited the peak centered at 433 nm and broadened more than SD.AgNPs in UV-vis spectra. Both AA.AgNPs and SD.AgNPs were modified by phytoconstituents containing C=C, C-O and O-H bonds, but each specific surface was different due to different reducing/stabilizing sources. AA.AgNPs were bigger and had more agglomeration than SD.AgNPs, but two types of these silver nanoparticles were less than 55 nm. In addition, the synthesized AgNPs showed high antifungal activity against three fungal strains including A. flavus, A. niger and F. oxysporum. Especially, the F. oxysporum had the most strongly reduced growth rate when contacting AA.AgNPs and SD.AgNPs. By the one-pot reaction based on the green chemistry approach, two new silver nanoparticles were fabricated and had promising scalability for various applications, especially in medical and agricultural fields as an alternative fungicide.
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Figure 1. The brief description of the green synthesis procedure of the Achyranthes aspera leaf broth (AA.ext)-mediated silver nanoparticle (AA.AgNP; a) and Scoparia dulcis leaf broth (SD.ext)-mediated silver nanoparticle (SD.AgNP; b). 






Figure 1. The brief description of the green synthesis procedure of the Achyranthes aspera leaf broth (AA.ext)-mediated silver nanoparticle (AA.AgNP; a) and Scoparia dulcis leaf broth (SD.ext)-mediated silver nanoparticle (SD.AgNP; b).



[image: Applsci 10 02505 g001]







[image: Applsci 10 02505 g002 550] 





Figure 2. The UV-vis spectra of AA.ext (dash line) and AA.AgNPs at various reaction times (solid line) (a); the UV-vis spectra of SD.ext (dash line) and SD.AgNPs (solid line) (b); the FTIR spectra of AA.AgNPs (i) and AA.ext (ii) (c); the FTIR spectra of SD.AgNPs (i) and SD.ext (ii) (d); the EDXA spectra of AA.AgNPs (e) and SD.AgNPs (f). 
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Figure 3. Schematic illustration of biosynthesized silver nanoparticles (AA.AgNPs and SD.AgNPs) capped by phytoconstituents through carboxyl, hydroxyl, quinone and catechol groups and silver interactions. 
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Figure 4. TEM images of AA.AgNPs (a) and SD.AgNPs (b) with the magnification of their photos in the left corner and the SEM micrographs of AA.AgNPs (c) and SD.AgNPs (d). 
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Figure 5. The images of growing zone of Aspergillus niger, Aspergillus flavus and Fusarium oxysporum on various agar dishes including the potato dextrose agar (PDA) dishes (control sample), the PDA dishes containing AA.ext and SD.ext, the PDA dishes containing 20 ppm AA.AgNPs and SD.AgNPs after 96 h of inoculation. 
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Figure 6. The growing diameters of Aspergillus niger (a), Aspergillus flavus (b) and Fusarium oxysporum (c) on various agar dishes including the PDA dishes (control sample), the PDA dishes containing AA.ext and SD.ext and the PDA dishes containing 20 ppm AA.AgNPs and SD.AgNPs. 
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