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Abstract

:

Biologically synthesized silver nanoparticles are emerging as attractive alternatives to chemical pesticides due to the ease of their synthesis, safety and antimicrobial activities in lower possible concentrations. In the present study, we have synthesized silver nanoparticles (AgNPs) using the aqueous extract of the medicinal plant Euphorbia wallichii and tested them against the plant pathogenic bacterium Xanthomonas axonopodis, the causative agent of citrus canker, via an in vitro experiment. The synthesized silver nanoparticles were characterized by techniques such as UV-Vis spectroscopy, Fourier transform infrared spectroscopy, energy-dispersive X-ray spectroscopy, X-ray diffraction analysis and transmission electron microscopy. Moreover, the plant species were investigated for phenolics, flavonoids and antioxidant activity. The antioxidant potential of the extract was determined against a DPPH radical. The extract was also evaluated for phenolic compounds using the HPLC technique. The results confirmed the synthesis of centered cubic, spherical-shaped and crystalline nanoparticles by employing standard characterization techniques. A qualitative and quantitative phytochemical analysis revealed the presence of phenolics (41.52 mg GAE/g), flavonoids (14.2 mg QE/g) and other metabolites of medicinal importance. Different concentrations (1000 µg/mL to 15.62 µg/mL—2 fold dilutions) of AgNPs and plant extract (PE) alone, and both in combination (AgNPs-PE), exhibited a differential inhibition of X. axanopodis in a high throughput antibacterial assay. Overall, AgNPs-PE was superior in terms of displaying significant antibacterial activity, followed by AgNPs alone. An appreciable antioxidant potential was recorded as well. The observed antibacterial and antioxidant potential may be attributed to eight phenolic compounds identified in the extract. The Euphorbia wallichii leaf-extract-induced synthesized AgNPs exhibited strong antibacterial activity against X. axanopodis, which could be exploited as effective alternative preparations against citrus canker in planta in a controlled environment. In addition, as a good source of phenolic compounds, the plant could be further exploited for potent antioxidants.
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1. Introduction


The management of plant pathogenic diseases is of immense importance, especially in the context of economically important plants across the world [1]. These diseases result in a reduced production of valuable crops, which leads to worldwide economic losses [2,3]. For instance, Xanthomonas axonopodis is the causal agent of citrus canker and bacterial leaf spots in many plant species of economic importance [4]. The citrus canker disease occurs in various species of citrus and some citrus relatives, including lemon, grapefruit and orange, etc. [5]. The disease is of concern because it has no cure, and most of the control strategies are focused on restraining the dissemination of its causative agent [6]. It is a very expensive disease and millions of dollars are spent worldwide for its prevention and control [5,7]. The symptoms include leaf spotting, fruit rind-blemishing, premature fruit development and dieback, which cause extensive damage to citrus [7,8]. It is considered as one of the major threats to the citrus industry worldwide [9]. Technologies such as biological control using plant extracts [10] and the applications of nanoparticles [11,12] could be effectively used to control plant disease.



Euphorbia is among the largest genera of flowering plants, with c. 2000 accepted species, making it the third largest genus of angiosperm [13,14]. Many species of Euphorbia possess medicinal properties and have been used traditionally by native communities for the treatment of various diseases in indigenous societies [15,16,17]. Euphorbia wallichii Hook. f., commonly known as the Himalayan or Wallich Spurge, is native to the Himalayas from Pakistan in the north and extends eastward to Yunnan, China, between elevations of 2200 and 4000 m above sea level. It is a perennial robust, patchy-form herb, with woody rootstock, reaching up to 100 cm height, with cyathia subtended by yellowish ovate bracts and bearing a tricarpellary ovary. Euphorbia wallichii contains important secondary metabolites, including diterpenoids and triterpenoids [18]. Therefore, it has been used as folk medicine by different communities for the treatment of skin diseases and edema [19,20]. The methanolic extract of E. wallichii was previously used for the synthesis of silver nanoparticles, which has shown a significant inhibition of the selected pathogens [21]. Similarly, the ethanolic extract of E. wallichii rhizome was used as a bio-reductant for the synthesis of silver nanoparticles. The prepared nanoparticles revealed efficient biological activities and were found to be useful against infectious and oxidative stress disorders [22].



The plant-based synthesis of nanoparticles is preferred due to the presence of important biomolecules that may act as reducing and capping agents to synthesize nanoparticles with desired morphological properties [23,24]. Medicinal plants are of special concern since they control the size and shape of nanoparticles by providing capping layers to nanoparticles [25,26]. Among metals, silver is the most important source for the synthesis of nanoparticles due to its strong antifungal and antibacterial activities [27]. Silver nanoparticles have been previously investigated for their applications in medicine, diagnostics, cosmetics and food processing industries [28,29]. Moreover, previous reports showed that the growth of plant pathogenic bacteria and fungi has been inhibited by biologically synthesized silver nanoparticles [30,31].



To the best of our knowledge, there is no published report on AgNPs synthesis through a greener route using leaf extract of the medicinal plant Euphorbia wallichii as a reducing agent. Therefore, as a novel study, this work was designed to synthesize stable silver nanoparticles using aqueous leaf extract of E. wallichii, and to evaluate antioxidant potential and differential antimicrobial activities of the synthesized nanoparticles against the X. axonopodis bacterial strain. The extract was also subjected to phytochemical screening by using standard tests and the HPLC technique.




2. Materials and Methods


2.1. Extract Preparation for Phytochemical Screening


Healthy plants of Euphorbia wallichii were collected from the moist temperate coniferous forest in Jarugo waterfall, Biha valley, 35 km northwest of Matta Swat, Pakistan. The leaves were washed and then shade-dried at room temperature and were homogenized into fine powder by using mortar and pestle. For the preparation of extract, approximately 50 g leaf powder was added to 300 mL of distilled water in a 500 mL Erlenmeyer flask and the solution was incubated at 28 °C for 24 h. The solution was then filtered using Whatman filter paper (grade 1, pore size 11 µm) to yield a clear liquid, which was then evaporated, and the crude extract was obtained.




2.2. Qualitative Analysis


The qualitative screening of the leaf extract of E. wallichii was carried out following the protocols of Ajayi et al. [32] with minor modifications.



2.2.1. Test for Terpenoids


To investigate terpenoid contents, approximately 1.0 mg crude extract was boiled in 5 mL distilled water. The solution was then filtered and mixed with 2 mL chloroform and 3 mL concentrated sulfuric acid. The appearance of reddish-brown color indicated the presence of terpenoids.




2.2.2. Test for Glycosides


To investigate the glycoside contents, approximately 5 mg crude extract was heated in distilled water at 60 °C for 15 min. The prepared solution was filtered and 5 mL of filtered extract was mixed with 2 mL of glacial acetic acid and 1 mL of concentrated sulfuric acid. This was followed by the dropwise addition of ferric chloride. The appearance of blue ring at the bottom of the flask indicated the presence of glycosides.




2.2.3. Test for Tannins


To investigate tannins, approximately 2 mg crude extract was taken in 20 mL distilled water and placed on hot water bath for 5 min. The solution was filtered and 1 mL of the filtrate was taken in a vial, and ferric chloride was added dropwise to it. The appearance of brownish color indicated the presence of tannins.




2.2.4. Test for Flavonoids


To investigate flavonoid contents, approximately 1 mg of crude extract was taken in 10 mL distilled water and kept on hot water bath for 5 min. The solution was filtered and 1 mL of the filtrate was taken in a vial followed by the addition of sodium hydroxide (20%) dropwise. The appearance of yellow color confirmed the presence of flavonoids.





2.3. Quantitative Screening


2.3.1. Total Phenolic Contents (TPCs)


The TPCs were determined following standard procedure of Shirazi et al. [33] with minor modifications. Briefly, 5 mg crude extract was taken in 10 mL distilled water and placed on hot water bath for 30 min. The solution was then filtered and 100 µL extract was mixed with 500 µL distilled water in a vial. Further, 100 µL of Folin-Ciocalteu reagent and 1000 µL of sodium carbonate (7%) were added to the solution, which was kept in the dark for 90 min at room temperature. The absorbance of the resultant blue-colored solution was recorded at 760 nm using UV-Vis dual beam spectrophotometer. For TPC quantification, a calibration curve of standard gallic acid was used and was expressed as mg GAE/g (gallic acid equivalent/gram) of dry sample.




2.3.2. Total Flavonoid Contents Test (TFCs)


The TFC was determined following protocol of Kim et al. [34] with minor modifications. Approximately 100 µL extract was mixed with 500 µL distilled water and 100 µL NaNO3 (5%). Then, 150 µL of AlCl3 (10%) and 200 µL of sodium hydroxide (1M) were added to it. After 5 min, the absorbance was recorded at 510 nm using UV-Vis double beam spectrophotometer. A standard quercetin curve was used for TFC quantification and was expressed as mg QE/g (quercetin equivalent/gram) of dry sample.




2.3.3. Antioxidant Assay


DPPH antioxidant assay of the leaf was accomplished as per the standard method of Cho et al., 2002 [35], with certain modifications. DPPH solution was prepared and kept in the dark at room temperature for 24 h. Further, sample solution was prepared by dissolving 5 mg crude extract in 5 mL methanol (90%). The obtained solution was diluted to 5 different concentrations, i.e., 62.5, 125, 250, 500 and 1000 µg/mL. Approximately 1 mL of each solution was mixed properly with 2 mL DPPH and the mixtures were kept in the dark for 30 min at room temperature. Absorbance of each mixture was checked at 517 nm. Standard ascorbic acid was used for quantification and percent activity was determined by the following formula:


   Percent   inhibition  =    Absorbance   of   control  −  Absorbance   of   sample     Absorbance   of   control    × 100  



(1)








2.3.4. HPLC-UV Profiling for the Detection of Phenolic Compounds


Detection of phenolic compounds in the leaf extract was performed using HPLC Agilent 1260 system equipped with UV detector, degasser and autosampler [36]. Approximately 1 g dried powdered sample was dissolved in 50% methanol (20 mL, v/v water/methanol) and kept on hot water bath at 50 °C for 1 h. After double filtration, the solution was poured into HPLC vials for the determination of phenolic compounds. ZORBAX Eclipse C18 (4.6 × 250 mm, 5 Micron) column was used for separation of components. Sample was eluted with a gradient system comprising solvent A: methanol, acetic acid, deionized water, 10:2:88, v/v, and solvent B: methanol, acetic acid, deionized water, 90:2:8, v/v. The gradient program was started with 100% A, then 85% A and 15% B at 5 min, 50% each of A and B at 20 min, 30% A and 70% B at 25 min and 100% B from 30 to 40 min, with a flow rate of 1 mL/min. The chromatograms were recorded at room temperature at 320 nm. The identification of bioactive compounds was carried out by comparing the retention times of samples peaks with that of standards.




2.3.5. Biosynthesis of Silver Nanoparticles


For the biosynthesis of silver nanoparticles, 1.25 mg/mL plant extract was mixed properly with 4 mM silver nitrate in different volumetric ratios (1:9 to 9:1) as per standard protocols [37,38]. The prepared mixtures were exposed to sunlight for 15 min to observe the color change. The mixtures were incubated for 24 h following exposure to sunlight. After spectroscopic analysis, mixture with appropriate optical characteristic was selected for centrifugation and washing. For separation of silver nanoparticles, the prepared solutions were centrifuged at 14,000 rpm for 15 min. The supernatants were discarded and the settled materials were dissolved in deionized water and were centrifuged again to remove unreacted reactants and impurities. This process was repeated three times to obtain pure and washed silver nanoparticles (AgNPs). Following the final step of washing, the supernatants were pipetted out and the Eppendorf tubes (1.5 mL) with AgNPs pellets were kept open for 24 h at room temperature to obtain dried AgNPs. The dried AgNPs were later characterized through various physical techniques. To prepare plant-extract-coated silver nanoparticles (AgNPs-PE), the dried AgNPs were re-immersed in 1.25 mg/mL plant extract and air dried.





2.4. Characterization of Silver Nanoparticles


Different physical techniques were used for the characterization of biosynthesized silver nanoparticles, which were as follows:



MultiskanTM Sky Microplate Spectrophotometer (MAN0018930) was used for UV-visible spectroscopy of biosynthesized silver nanoparticles. The surface plasma resonance was recorded at the spectral range of 300–600 nm to find out the typical peak for silver.



Thermo-Nicolet 6700 FTIR Spectrometer (Madison, WI, USA) ranging from 4000 to 400 cm−1 was used in ATR reflection mode using a Ge crystal to detect functional groups responsible for the formation of stable nanoparticles. The observed peaks of FTIR analysis was compared with IR spectrum table to identify the specific functional group.



JEOL JEM-101 system was used for transmission electron microscopy of the prepared nanoparticles. The exploration of size and shape morphology was recorded using different magnification lens. Moreover, selected area electron diffraction (SAED) was performed to determine the crystallographic structure.



JSM5910, JEOL, Japan, scanning electron microscope equipped with energy dispersive X-ray system was used for EDX analysis to determine the elemental composition of the particles.



JDX-3432, JEOL, Japan was used for XRD pattern analysis of the synthesized nanoparticles, following the protocol of Asghar et al. [39]. The average size of crystallite was measured using Debye–Scherrer equation, which is calculated by D = k λ/βcosθ,



Where D is the average size, k is constant factor (0.9), λ is wavelength of X-ray, β is full width at half maximum of the peak in radians and θ is angle diffraction.




2.5. Antibacterial Assay against Xanthomonas axonopodis


Biosynthesized AgNPs (AgNPs and AgNPs-PE) were investigated for their antibacterial efficiency against Xanthomonas axonopodis using microtiter plate assay [40]. Briefly, the antibacterial activity was performed by using 96-well microtiter plate with varying concentrations (1000 µg/mL, 500 µg/mL, 250 µg/mL, 125 µg/mL, 62.5 µg/mL, 31.25 µg/mL, 15.62 µg/mL) of washed silver nanoparticles (AgNPs), plant extract (PE) and plant-extract-coated silver nanoparticles (AgNPs-PE). Distilled water was used to prepare 1000 µg/mL of dried AgNPs, AgNPs-PE and plant extract. Lower concentrations of each treatment were prepared with distilled water by 2-fold serial dilution method. Pure culture of X. axonopodis was obtained from Department of Plant Pathology, University of Peshawar. The culture was refreshed on nutrient agar 2–3 times by incubation at 28 °C for 36 h each time. Following growth on nutrient agar, cultures were established in nutrient broth and incubated at 28 °C overnight in shaker incubator at 200 rpm. For antibacterial assay, the OD of bacterial suspensions was adjusted as OD (600) = 1. To make a total volume of 300 µL in each well of microtiter plate, 150 µL of bacterial suspension was mixed with 150 µL of each treatment concentration and the plates were placed in shaking incubator at 28 °C and 200 rpm. Control treatment used in the experiment consisted of bacterial cells without nanoparticles or plant extract. Each treatment was replicated three times and the optical density was recorded at 600 nm at 0 h and 24 h time points. The growth inhibition pattern of the bacterial cells was calculated by using the formula:


Antibacterial activity (%) = Control-Treatment/Control × 100



(2)









3. Results


3.1. Phytochemical Screening


A qualitative analysis of the methanolic extract of E. wallichii showed the presence of terpenoids glycosides, tannins and flavonoids in the aqueous extract (Table 1). Total phenolic and flavonoid contents are also given in Table 1. Moreover, the DPPH antioxidant activity of the methanolic extract of E. wallichii revealed the highest percent activity for the dilution of 1000 µg/mL. The results regarding DPPH activity were compared with standard ascorbic acid and the obtained data are presented in Figure 1. The extract contained antioxidant agents in the form of phytochemical, and scavenged the DPPH radical effectively, with an IC50 of 32 µg/mL in comparison to the standard (IC50 of ascorbic acid = 10 µg/mL). The HPLC profiling of the E. wallichii leaf extract identified nine bioactive compounds (Figure 2 and Table 2). The most prominent possible bioactive phenolic compounds identified were mandelic acid and morin. The observed antioxidant and antimicrobial potential may be attributed to the compounds identified.



The observed biological potential may be due to the presence of these compounds. However, at this stage, it is too early to claim this, and further studies are needed.




3.2. Characterization of Biosynthesized Silver Nanoparticles (AgNPs)


After mixing the plant extract and silver nitrate in different proportions, the reaction mixtures turned dark brown when exposed to direct sunlight, which is a common characteristic of the synthesized silver nanoparticles in aqueous form (Figure 3b). The UV-visible absorption spectra of the mixtures of plant extract and silver nitrate in different volumetric ratios showed an increased absorbance between 400–500 nm. However, the mixture with a 1:1 volumetric ratio exhibited the best spectral characteristics, and a narrow peak was observed at 415 nm after 24 h of incubation (Figure 4). The band gap energy calculated from the UV-visible data was found to be 1.79 eV.



The TEM micrographs of biosynthesized silver nanoparticles showed round and spherical-shaped silver nanoparticles (Figure 5). The size of the synthesized nanoparticles ranged from 20 to 60 nm, with an average size of 24 nm. The TEM images showed aggregates of particles; however, these were not in direct contact. Moreover, the SAED pattern records Bragg reflection rings equivalent to the crystalline nature of silver nanoparticles. The size distribution histogram is presented in Figure 6.



The graphical results for the energy dispersive X-ray (EDX) are presented in Figure 7. The elemental composition showed the highest amount, with a strong peak of the silver element in the EDX spectra. The specific signal between 3 to 4 keV was observed, which confirmed the presence of silver metal.



The crystalline nature of AgNPs was confirmed through XRD analysis, where 2 θ values were taken on the X-axis and corresponding intensities were taken on the Y-axis (Figure 8). The crystalline nature of the synthesized AgNPs was patterned using XRD analysis in the range of 10° to 80° at a 2θ diffraction angle. The four diffraction peaks at ~38°, ~45°, ~65° and ~78° were attributed to the crystalline planes 111, 200, 220 and 311, respectively. The XRD study showed the cubic crystal shape with an average crystallite size of 32 nm (according to the Debye–Scherrer equation) of the synthesized silver nanoparticles.



FTIR results of the AgNPs are given in Figure 9, which show the presence of different functional groups. FTIR spectra found that a different peak at 3300 cm−1 is associated with OH stretching corresponding to alcohols, 2913 for C-H stretching of alkene, 2160 for C≡C stretching of alkyne and 1622 for C=C stretching of alkene. These functional groups were probably the capping layer of the plant secondary constituent, which is responsible for stable nanoparticle formation.




3.3. Antibacterial Activity of the Biosynthesized Nanoparticles


The AgNPs (1000 µg/mL) and AgNPs-PE (1000 µg/mL) strongly inhibited the growth of X. axonopodis, while PE showed an optimum inhibition in comparison to the control (water) treatment. Our finding revealed that the highest inhibition was 98% by AgNPs (1000 µg/mL) and 93% by AgNPs-PE (1000 µg/mL), which were significantly comparable. However, the plant extract (1000 µg/mL) alone inhibited the growth by 53.6%. No inhibition in the cell growth of X. axanopodis was observed by the control treatment (Figure 10).





4. Discussion


Medicinal plants are of special concern for the efficient synthesis of silver nanoparticles, since they control the size and shape of the particles [41,42]. Plants are easily available and can be utilized in limited quantities for the synthesis process [43]. Plants contain important secondary metabolites that provide stability to nanoparticles [44]. Moreover, green synthesis does not use any toxic chemicals and offers a safe and bio-friendly route for the large-scale production of nanoparticles [45].



The reducing potential of different classes of plant secondary metabolites to synthesize nanoparticles has been excellently reviewed [46,47]. Biomolecules with various structural classes, such as phenolics, flavonoids, terpenoids, saponins, alkaloids, etc., that are present in plant extracts may be involved as reducing and stabilizing agents in nanoparticles synthesis; however, complexity regarding the exact mechanism of synthesis exists [48,49]. Notwithstanding, the complex nature of plant extracts, the synergism of metabolites in reducing metal ions and differential phytochemical profiles of plant species may be the factors that contribute to uncertainty regarding a generalized mechanism. A recent study conducted by Pradeep et al. [48] demonstrated that compounds such as kaempferol-3-glucoside, quercetin and quercetin-3-glucoside are able to reduce silver ion sizes. The same study showed that metabolites with enol groups reduce metal ions to nanoparticles due to their antioxidant potential and metabolites with methoxy groups act as capping agents. In another study, quercetin in Ocimum sanctum leaf extract was considered as the main compound used to reduce silver ions to silver nanoparticles [50]. However, the dual nature of secondary metabolites, such as terpenes, as reducing agents and capping agents has also been demonstrated [51]. In the current study, phytochemical investigations were conducted to determine the quantity of major bioactive compounds as possible reducing agents of silver ions, and the presence of other classes of metabolites was investigated for their possible capping properties of silver nanoparticles. The results showed a rich profile of bioactive compounds, predominantly epigallocatechin, rutin, quercetin and morin, which may be more likely involved as the major reducing compounds of silver ions.



In this study, physical characterization techniques revealed that most of the synthesized AgNPs were round and spherical-shaped, in the size range of 20 nm to 60 nm and crystalline in nature. Moreover, alkene, alkyne and alcohol groups were found to be associated with AgNPs, suggesting the involvement of these plant-extract-associated functional groups in reducing the potential of ionic silver to a particulate form. Consistent with our results, several studies focused on the green synthesis of AgNPs, and their physical characteristics and functional groups as reducing agents have been reviewed recently [52]. Chakraborty et al. [53] have found alkane and alkene as the possible reducing agents of silver ions to atomic silver by using Galphimia glauca leaf extract. Moreover, the major energy peak corresponding to silver by EDX analysis was found to be between 3 and 4 keV, which is consistent with the findings of Ali et al. [54]. The optical band gap, characterized as the gap between the valence band and the conduction band, was found to be 1.79 eV for the synthesized AgNPs. Our results on the interrelation of UV-Vis absorption, band gap energy and the size of AgNPs are comparable with the findings of Roddu et al. [55].



We found a significant impact of the volumetric ratios of Euphorbia wallichii leaf extract and silver nitrate on AgNPs synthesis. Both the reactants mixed in a 1:1 v/v ratio exhibited an AgNPs sample with the desired physical characteristics, such as the size, shape and consistency of physical parameters. The differential profile of AgNPs synthesis following the mixing of plant extract and silver nitrate has previously been reported [54]. Similarly, we found that the incubation of a reactant mixture in direct sunlight stimulated the reaction substantially, as evident by the abrupt color change. Previous studies have shown the same pattern of the accelerated synthesis of AgNPs following exposure to sunlight [55,56,57].



Pathogenic bacteria cause a number of diseases of valuable crops and reduce their productivity [58]. For instance, X. axonopodis causes citrus canker and bacterial leaf spots in the member species of family Rosaceae [4], and lead to a compromised quality and quantity of landscape plants. Similarly, these diseases reduce the crop productivity of citrus species worldwide, leading to huge economic losses [4,59]. Chemical pesticides are traditionally used to control these plant pathogens; however, the use of synthetic chemicals is hazardous to other organisms, including humans [60]. Therefore, biosynthesized silver nanoparticles may offer alternative control formulations due to their innocuous nature to control phytopathogens efficiently [61,62]. Biosynthesized silver nanoparticles are non-toxic, cost effective and efficient against pathogenic microbes [37]. Several studies have reported the efficiency of biosynthesized silver nanoparticles against pathogenic microbes [40,42,63]. In this study, AgNPs alone and plant-extract-coated silver nanoparticles (AgNPs-PE) displayed strong antibacterial activity at lower concentrations compared to plant extract alone. Overall, dose-dependent inhibition profiles were exhibited by AgNPs, AgNPs-PE and PE. Interestingly, more than a 50% bacterial inhibition occurred in response to 250 µg/mL of AgNPs and AgNPs-PE. Moreover, significantly comparable activity was shown by 250 µg/mL and 125 µg/mL of AgNPs-PE. This indicates that lower concentrations of AgNPs could be effectively used against the tested bacterial pathogen.



The antimicrobial efficacy of different Euphorbia species is well documented in previous studies [38,64,65,66,67]. Previously, Li et al. [68] have reported the isolation of three antibacterial ent-abietane-type diterpenoids from the root extract E. wallichii. However, Jayalakshmi et al. [65] have attributed the antibacterial activity of Euphorbia cotinifolia to phenols and flavonoids. In the current study, higher concentrations (1000 µg/mL and 500 µg/mL) of aqueous leaf extract showed comparable antibacterial activity, which was reduced significantly in response to lower concentrations. However, the differential effects of natural antibacterial present in the plant extracts may be due to various classes of secondary metabolites, their possible synergism and the solvents used for extraction.



In this study, we investigated the phytochemical profile and the antioxidant and antibacterial activities of the leaf extract of E. wallichii. The qualitative phytochemical assessment showed positive results for terpenoids, glycosides, tannins and flavonoids. The obtained results were compared with the previous studies [69,70]. The TPC in aqueous and methanolic extract was found to be 41.52 and 45.35 mg GAE/g, respectively. Additionally, the highest TFC found in the sample dilution of 1000 µg/mL was 59.34 mg QE/g, and obtained results correlated with previous studies [34,71,72].



Further, the highest DPPH free radical scavenging activity shown was 91.5 by the leaf extract of E. wallichii. The HPLC profiling revealed nine bioactive compounds in the leaf extract of the plant. The obtained results of the DPPH antioxidant and HPLC phenolic profiling were compared with previous literature studies [36,66,71,73,74,75]. The TEM, EDX and XRD characterization of the biosynthesized silver nanoparticles showed spherical-shaped particles that were crystalline in nature. The size of the particles ranged from 20 to 60 nm, with an average size of 24 nm. Moreover, the capping layers that provides stability to the particles were observed during FTIR study. The results of the characterization correlated with the previous studies [54,71,76,77,78].



The biosynthesized silver nanoparticles (AgNPs and AgNPs-PE) revealed significant antibacterial activity against X. axonopodis. The in vitro microtiter plate experiment revealed a pronounced efficiency of AgNPs-PE against the tested pathogenic bacterium. The plant secondary constituents provide stability to silver metal and increase its antibacterial effects. Our results regarding the antimicrobial activity of the biosynthesized silver nanoparticles are in agreement with those previously reported [79,80,81]. Although the exact mechanism of the antimicrobial action of silver nanoparticles is unclear, several models have been proposed. AgNPs are considered to show their antimicrobial action by causing membrane leakage, protein denaturation, DNA damage and the disassembly of bacterial ribosomes [82]. Another model proposes that Ag ions are released by AgNPs that interact with sulfur proteins in the cell wall and cytoplasmic membrane, deactivate respiratory enzymes, disrupt adenosine triphosphate (ATP) synthesis and compromise DNA replication and cell reproduction by interacting with sulfur and phosphorus in the DNA [83]. In a recent study, the in vitro inhibition of Actinomyces viscosus and Streptococcus mutans was reported due to an increase in reactive oxygen species (ROS) production and leakage of nucleic acids and proteins after treatment with green synthesized AgNPs [84]. In the current study, AgNPs alone and AgNPs in combination with plant extract displayed diverse antibacterial profiles, which demonstrates the possible synergistic role of nanoparticles and organic capping agents in bacterial inhibition. Moreover, the antibacterial action of biosynthesized nanoparticles may be strongly dependent on the polydispersity of synthesized nanoparticles and the plant extract initially used for nanoparticles synthesis.



Previous research used the ethanolic and methanolic extract of E. wallichii for the synthesis of silver nanoparticles [21,22]. Their finding revealed the biological efficiency of the synthesis silver nanoparticles. However, methanolic and ethanolic extract may be hazardous to human health due to the presence of sufficient amounts of methanol/ethanol [85,86]. Therefore, in this study, we have reported the synthesis of silver nanoparticles using the aqueous extract of E. wallichii. Our results revealed the optimal synthesis of silver nanoparticles from the aqueous leaf extract of E. wallichii, along with its significant antibacterial activity against X. axonopodis.




5. Conclusions


In the current study, the phytochemical profile of medicinally important E. wallichii was evaluated and its aqueous solution was used as a reductant in the biosynthesis of silver nanoparticles. Qualitative and quantitative phytochemical results revealed the presence of substantial quantities of secondary metabolites. From the HPLC chromatogram, nine biologically active compounds were identified. The aqueous extract potently inhibited the DPPH free radical, pointing towards the antioxidant applications of E. wallichii which needs to be investigated further. Plant extract revealed the total phenolic content and total flavonoid contents as 41.52 mg GAE/g and 14.2 mg QE/g, respectively. The biosynthesized silver nanoparticles were found to be in the size range of 20 to 60 nm and mostly round or spherical in shape. Moreover, alkane, alkene and alcohol were found to be the major functional groups attached to AgNPs. AgNPs also exhibited potent antibacterial activity against X. axanopodis in the in vitro experiment. The selected plant in the form of aqueous extract and fabricated nanoparticles has tremendous biological potential. Antioxidant and antimicrobial activities of the extract and nanoparticles have been investigated in this study; the plant in these forms needs to be investigated for other biological potentials as well.
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Figure 1. Free radical scavenging effects of aqueous extract of E. wallichii (IC50 of ascorbic acid = 10 µg/mL, IC50 of aqueous extract = 32 µg/mL). 
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Figure 2. HPLC phenolic profile chromatogram of E. wallichii. 
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Figure 3. Photographs of leaf extract of Euphorbia wallichii (A) and reaction mixture containing AgNO3 solution (4 mM) and E. wallichii leaf extract (B). 
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Figure 4. Optical (UV-visible) graph of washed silver nanoparticles (AgNPs) after 24 h of mixing the reactants and plant extract (PE). 
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Figure 5. TEM micrographs and SAED pattern of the biosynthesized silver nanoparticles (AgNPs). 
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Figure 6. Size distribution histogram of the biosynthesized silver nanoparticles (AgNPs). 
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Figure 7. EDX spectra of the biosynthesized silver nanoparticles (AgNPs). 
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Figure 8. XRD pattern of the biosynthesized silver nanoparticle (AgNPs). 
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Figure 9. FTIR spectrum of the biosynthesized silver nanoparticles (AgNPs). 
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Figure 10. Inhibition of X. axonopodis in response to different concentrations (1000 µg/mL, 500 µg/mL, 250 µg/mL, 125 µg/mL, 62.5 µg/mL, 31.25 µg/mL, 15.62 µg/mL) of washed silver nanoparticles (AgNPs), plant extract-coated silver nanoparticles (AgNPs-PE) and plant extract (PE). Bars with zero concentration represent control. Bars with the same letters are not significantly different. Different concentrations of each treatment were analyzed by Tukey’s HSD separately. 
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Table 1. Representative phytochemical groups present, total phenolic and flavonoid contents in the leaf extract of E. wallichii.
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	Phytochemical Group
	Remarks





	Tannin
	Present



	Terpenoid
	Present



	Flavonoid
	Present



	Glycoside
	Present



	TPC in aqueous extract
	41.52 (mg GAE/g)



	TFC in aqueous extract
	14.2 (mg QE/g)
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Table 2. Phenolic compounds identified by HPLC profiling of E. wallichii leaf extract.
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	Retention Time (min)
	Peak Area (mAU*s)
	Proposed Identified Compound
	Identification Reference





	2.654
	71.0622
	Vitamin C
	standard



	8.489
	1113.0945
	Mandelic acid
	standard



	11.786
	86.6307
	Caffeic acid
	standard



	15.146
	40.0379
	Hydroxy benzoic acid
	standard



	19.832
	43.8526
	Chlorogenic acid
	Standard



	22.163
	1479.6410
	Morin
	standard



	29.497
	22.6935
	Quercetin
	standard



	35.837
	75.0610
	Pyrogallol
	standard



	38.021
	75.0148
	Rutin
	Standard
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