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The application of nanotechnology is gaining worldwide attention due to attractive physico-chemical and opto-electronic properties of nanoparticles that can be also employed for catalytic dye degradation. This study reports a phytogenic approach for fabrication of silver (AgNPs) and gold nanoparticles (AuNPs) using Leucophyllum frutescens (Berl.) I. M. Johnst (Scrophulariaceae) leaf extract (LFLE). Development of intense dark brown and purple color indicated the synthesis of AgNPs and AuNPs, respectively. Further characterization using UV-visible spectroscopy revealed sharp peak at 460 nm and 540 nm for AgNPs and AuNPs, respectively that were associated to their surface plasmon resonance. High resolution transmission electron microscope (HRTEM) revealed the spherical shape of the AgNPs, whereas anisotropic AuNPs were spherical, triangular and blunt ended hexagons. The majority of the spherical AgNPs and AuNPs were ∼50 ± 15 nm and ∼22 ± 20 nm, respectively. Various reaction parameters such as, metal salt concentration, temperature and concentration of the leaf extract were optimized. Maximum synthesis of AgNPs was obtained when 5 mM for AgNO3 reacted with 10% LFLE for 48 h at 50°C. Likewise, AuNPs synthesis was highest when 2 mM HAuCl4 reacted with 10% LFLE for 5 h at 30°C. Energy dispersive spectroscopy (EDS) showed phase purity of both the nanoparticles and confirmed elemental silver and gold in AgNPs and AuNPs, respectively. The average hydrodynamic particles size of AgNPs was 34.8 nm while AuNPs was 140.8 nm as revealed using dynamic light scattering (DLS) that might be due to agglomeration of smaller nanoparticles into larger clusters. ZETA potential of AgNPs and AuNPs were 0.67 mV and 5.70 mV, respectively. X-ray diffraction (XRD) analysis confirmed the crystallinity of the nanoparticles. Fourier transform infrared spectroscopy (FTIR) confirmed that various functional groups from the phytochemicals present in LFLE played a significant role in reduction and stabilization during the biogenic synthesis of the nanoparticles. The bioreduced AgNPs and AuNPs catalytically degraded Rhodamine B dye (RhB) in presence of UV-light with degradation rate constants of 0.0231 s−1 and 0.00831 s−1, respectively. RhB degradation followed a first order rate kinetics with 23.1 % and 31.7% degradation by AgNPs and AuNPs, respectively.
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INTRODUCTION
Nanotechnology has received wide attention globally owing to the attractive surface properties of the nanoparticles that range between 1–100 nm in size (Cheriyamundath and Vavilala, 2021). Physical, chemical, optical and electronic properties of the nanomaterials are largely dependent on their size and shape (Dauthal and Mukhopadhyay, 2016). Large scale application of nanotechnology include almost every aspect of life such as, textiles, paints, sensors, electrical equipments, agriculture, and even therapeutics (Jadoun et al., 2021). Smaller dimension and large surface area makes the nanoparticles ideal for functionalization with drugs, contrast agents and targeting ligands that is significant for biomedical applications (Aftab et al., 2018; Karmakar et al., 2021). Nanoparticles can be fabricated employing top-down and bottom-up approaches. Conventional physical methods for synthesis of metal nanoparticles include lithography, laser ablation, milling and sputtering. Likewise, chemical methods for nanoparticle synthesis includes hydrothermal, sol-gel, pyrolysis and vapour deposition (Bloch et al., 2021). However, these methods involve hazardous reaction conditions and toxic chemicals during synthesis for reduction of the metal ions to respective nanoparticles and their stabilization thereafter (Tarannum and Gautam, 2019). Moreover, energy consumption, high cost and requirement of sophisticated instruments are major limitations in these methods. Hence, more recently, biogenic metal and metal oxide nanoparticles are reported from bacteria, algae, fungi, medicinal plants and their metabolites with diverse therapeutic applications (Ali et al., 2020; Ghosh and Webster, 2021).
Medicinal plant mediated synthesis of nanoparticles is more advantageous as the plant extracts used in the synthesis process are nontoxic and environmentally benign. The green synthesis method is simple, rapid, economical, and perform under moderate operational conditions with low energy consumption (Ahmed and Mustafa, 2020). Various plant parts such as root, stem, bark, leaf, flower, fruit, and even latex are reported for synthesis of nanoparticles that is preferred over microbe-mediated synthesis as this process neither require stringent aseptic condition, nor long incubation periods (Chandra et al., 2020; Hano and Abbasi, 2022). Secondary metabolites of medicinal plants are superior reducing and stabilizing agents that facilitate the synthesis of nanoparticles with multiple applications (Khatami et al., 2018). Rich phytochemical diversity that include predominance of terpenoids, flavones, ketones, aldehydes, alkaloids and amides play a significant role in the nanoparticle synthesis (Gour and Jain, 2019). Among various medicinal plants Leucophyllum frutescens (Berl.) I.M. Johnst (Scrophulariaceae) is a drought tolerant shrub that can sustain even in unfavourable summer heat (Mohammed and Al-Megrin, 2021). Diterpenoid leubethanol from L. frutescens was reported to have potent antimicrobial activity against multi-drug-resistant tuberculosis (Miller et al., 2020). Anthocyanin, carotenoids, lutein, lycopene, and phenolics in L. frutescens not only render it with the antimicrobial property but also rationalize its traditional use in treatment of asthma, cataracts, cough, dysentery, and liver injury (Menchaca et al., 2013). Hence, it would be interesting to explore the nanobiotechnological potential of L. frutescens.
In recent years, the excessive use of synthetic and organic dyes in textiles, tannery, cosmetics and food industries has posed a severe threat to the environment. Various conventional methods employed for the removal of toxic synthetic dyes from water bodies are often insufficient and ineffective. Nanoparticles exhibit tremendous catalytic potential that can be exploited for dye degradation for effective treatment of the industrial effluents. Various phytogenic nanoparticles such as, silver, gold, copper, zinc, platinum, palladium, etc. with photocatalytic effect are reported for disinfection, and water treatment by catalytic dye degradation (Iravani, 2011; Khan et al., 2018). Dyes are toxic colouring agents that are largely used in textile, food, paper, and pharmaceutical industries and are released in huge amount in the environment (Naghizadeh et al., 2021). Consumption of the dye contaminated water has deleterious effect on the health due to oxidative stress mediated damage and carcinogenesis.
Among various synthetic dyes, Rhodamine B (RhB) is a water soluble xanthene dye that is widely used as a trace dye for the determination of rate and direction of water flow in industries. Hence this dye is considered as one of the most common organic pollutants in the environment (Awad et al., 2021). Hereby, photodegradation of dye pollutants to less harmful products is an effective remedial method to control their adverse ecological impact. Several conventional treatment methods like chemical oxidation, sonochemical degradation, microwave, photoelectric, and solar photofenton are often inadequate, expensive and complicated (Baruah et al., 2018). Therefore, development of more facile and eco-friendly approach for toxic dye removal is a prerequisite for clean environment. Hence, use of biogenic nanoparticles for catalytic dye degradation can serve as a promising alternative strategy for controlling the environmental pollution (Ismail et al., 2018).
This novel study is the first report where critical reaction parameters like duration, metal precursor concentration, temperature and concentration of plant extracts are thoroughly optimized for maximum green synthesis of silver (AgNPs) and gold (AuNPs) nanoparticles using L. frutescens leaf extract (LFLE). The resulting AgNPs and AuNPs were characterized using advanced analytical techniques like high resolution transmission electron microscopy, energy dispersive spectroscopy, dynamic light scattering and X-ray diffraction spectroscopy. This is the first report on photocatalytic RhB dye degradation by phytogenic AgNPs and AuNPs synthesized using LFLE.
MATERIALS AND METHODS
Plant extract preparation
Preparation of L. frutescens leaf extract (LFLE) was carried out as per our earlier report (Ranpariya et al., 2021). In short, L. frutescens leaves were collected from RK. University, Rajkot, Gujarat, India in the month of February. The plant was authenticated by taxonomist at the Saurashtra University, Rajkot, India with the voucher specimen number BG001. Mature and fresh leaves from the plant were thoroughly washed in running tap water for 15 min and then shade dried for 3 days at room temperature. Dried leaves were pulverized into fine powder using an electric blender. Thereafter, 5 g of the leaf powder was suspended in 100 ml of distilled water in a 300 ml Erlenmeyer flask followed by boiling for 20 min. The extract obtained was filtered through Whatman filter paper No. 1 and the filtrate was collected and stored at 4°C for further experiments.
Synthesis of AgNPs and AuNPs
Reduction of Ag+ ions was initiated on addition of 1 ml of LFLE to 9 ml of 5 mM aqueous silver nitrate (AR grade) solution. Thereafter, the flasks were incubated in darkness under shaking condition (120 rpm) at 40°C (Soshnikova et al., 2018). During the synthesis of AuNPs, reduction of Au3+ ions started immediately on addition of 1 ml of LFLE to 9 ml of 1 mM aqueous chloroauric acid (AR grade) solution followed by which the flasks were incubated under aforementioned conditions (Alaqad and Saleh, 2016). Progress in the synthesis of both the nanoparticles was monitored by recording the UV-visible spectra of the reaction mixture at regular intervals using an UV-1900 Shimadzu spectrophotometer.
Optimization study
Different reaction parameters like metal salt concentration, temperature, and LFLE concentration were optimized. Temperature optimization for the synthesis of AgNPs and AuNPs was carried out at different temperature ranging from 4°C to 50°C. In order to optimize concentration of metal salt for the synthesis of AgNPs and AuNPs, the concentration of AgNO3 and HAuCl4 were varied respectively, from 0.3 mM to 5 mM. The effect of variation in LFLE concentration from 1% to 10% was also checked. Progress of the reactions were monitored using UV-visible spectrophotometry at regular intervals (Shinde et al., 2018). Statistical significance was determined by analysis of variance (ANOVA two factor) with p < 0.05.
Characterization of synthesized AgNPs and AuNPs
Morphological analysis of the phytogenic AgNPs and AuNPs was accomplished in a high resolution transmission electron microscope (HRTEM) Tecnai G2 F30 operating at an accelerating voltage of 300 kV by placing a droplet of sonicated sample directly on a carbon-coated copper grid that was subsequently dried under infrared (IR) lamp for 20 min. Energy dispersive spectroscopy (EDS) were obtained using an energy dispersive spectrometer at 0–20 keV energy range to confirm the elemental composition. The hydrodynamic size and zeta potential of the AgNPs and AuNPs were measured in polystyrene cuvettes employing dynamic light scattering (DLS) Microtrac system. In short the freshly synthesized samples were sonicated for 30 min to remove any agglomeration and poured in the cuvettes followed by particle size analysis and zeta potential measurement. A thin film of concentrated nanoparticles was prepared on a thoroughly washed grease-free clean glass slide and desiccated overnight to obtain a moisture free layer. The phase and crystallographic structure of synthesized AgNPs and AuNPs was determined by subjecting to thin film X-ray diffraction (XRD) using an X-ray wavelength of 1.5406 Å, current and voltage settings of 40 mA and 40 kV, respectively, with a 2θ ranging from 20° to 90°.
Fourier transmission infrared spectroscopy
The alteration of the functional groups in LFLE before and after synthesis of AgNPs and AuNPs were analyzed using FTIR. After 5 h of synthesis of the nanoparticles the reaction mixture was centrifuged at 10,000 rpm for 15 min at room temperature. The pellet was redispersed in sterile distilled water and the supernatant was collected. The process of centrifugation and redispersion in sterile distilled water was repeated three times to ensure better separation of free entities from the nanoparticles. The purified pellet was then dried and subjected to FTIR measurement using the potassium bromide (KBr) pellet technique. The nanoparticle powder was mixed with KBr (AR grade) and exposed to an infrared source of 600–4000 cm−1 for identification of the functional groups associated with the nanoparticles. Likewise, the functional groups in the recovered supernatant after the reaction was also compared with the crude unreacted LFLE.
Photocatalytic dye degradation
The procedure used for the measurement of photocatalytic activity of samples is similar to the one described earlier elsewhere (Zachariah et al., 2008). A 0.4 g L−1 of sample was added to 125 ml of 7.5 μM RhB (Practical grade) dye solution in distilled water having an initial pH of 6.67. The resulting suspension was equilibrated by stirring in darkness (that is, without the UV irradiation) for 1 h to stabilize the adsorption of RhB on the sample surface. The aqueous suspension was then subjected to the UV irradiation in the photoreactor chamber (LZC-4X, Luzchem, Canada) by using the 14 UVA lamps (6 top and 8 side lamps) having an emission peak intensity of 350 nm with the continuous in-built magnetic stirring for 1 h. An 8 ml aliquot was frequently taken out at 10 min interval followed by centrifugation (Hettich EBA 20, Sigma-Aldrich labware, Bengaluru, India). The filtrate was examined by using a UV-visible absorption spectrophotometer (UV-2401 PC, Shimadzu, Japan) to determine the residual RhB concentration in the aqueous dye solution (Baiju et al., 2007).
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where, C−60 and C0 are the RhB concentrations within the aqueous solution before (time (t) = −60 min) and after (t = 0 min) the adsorption experiment conducted in the dark condition; while, A−60 and A0 are the corresponding absorbance values. The normalized concentration of RhB remaining in the solution after stirring in the dark condition for 1 h is calculated by using Eq. 2.
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The normalized concentration of RhB remaining in the solution under the UV irradiation is calculated by using Eq. 3.
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where, Ct is the RhB concentration remaining within the aqueous dye solution after the UV irradiation time of t = t min; while, At is the corresponding absorbance value.
The first order kinetic constant (k) for the degradation of RhB is calculated using Eq. 4
[image: image]
RESULTS AND DISCUSSION
UV-visible spectroscopy and optimization studies
The green synthesis of nanoparticles is an attractive efficient route for synthesis of metal and metal oxide nanoparticles. UV-visible spectra of the reaction mixture of LFLE and AgNO3 were recorded at regular time intervals. Reduction of Ag+ to AgNPs by LFLE could be followed by color change from yellow to dark brown as shown in the inset of Figure 1A. Although there was no significant synthesis at t = 0 h and t = 0.5 h, the synthesis of AgNPs was initiated after 1 h followed to which there was steady increase in the intensity of peak at 460 nm up to 48 h. Likewise, reduction of Au3+ to AuNPs by LFLE could be followed by color change initially from yellow to light purple that turned further dark as observed in the inset of Figure 1B. Synthesis of AuNPs was extremely faster and was found to initiate immediately at t = 0.5 h. Subsequent rise in peak at 540 nm was noted till 5 h of synthesis followed to which no further increase in the peak insentity was noticed. Appearance of the brown and purple colour indicating AgNPs and AuNPs were found to be identical with the earlier reports with Sisymbrium irio and Trachyspermum ammi extracts, respectively (Mickymaray, 2019; Perveen et al., 2021).
[image: Figure 1]FIGURE 1 | UV-visible spectra recorded as a function of reaction time for nanoparticle synthesis using LFLE. (A) AgNPs; and (B) AuNPs.
These findings rationalize LFLE as a promising reducing and stabilizing agent that successfully reduced Ag+ and Au3+ ions into AgNPs and AuNPs, respectively within 5 h. The synthesis was carried out at ambient reaction conditions unlike conventional methods such as chemical reduction, sol-gel method, and/or photochemical method (Lkhagvajav et al., 2011; Gabriel et al., 2017; Ranoszek-Soliwoda et al., 2017). No external chemical reducing or capping agents were required as the phytochemicals in the LFLE satisfied the purpose hence making this one-pot synthesis more economical unlike the physical and chemical methods (Bonigala et al., 2018). Our results supporting the nanobiotechnological potential of L. frutescens is in agreement with the earlier reports on synthesis of nanoparticles from medicinal plants such as, Cleome viscosa (Lakshmanan et al., 2018), Carica papaya (Banala et al., 2015), Phytolacca decandra, Hydrastis canadensis, Thuja occidentalis (Das et al., 2013), and Amomum villosum (Soshnikova et al., 2018).
Phytogenic synthesis of metal nanoparticles depends on several parameters such as reaction time, concentration of metal salts, temperature, and plant extract concentration (Ahmed and Mustafa, 2020). The syntheses of both AgNPs and AuNPs by LFLE were completed at 5 h which was faster as compared to the reported synthesis of AgNPs by Pimpinella anisum seed extract that took 96 h (Alsalhi et al., 2016). Likewise, Withania somnifera extract was able to synthesize AgNPs only after 7 days which substantiate the fact that LFLE mediated nanoparticles synthesis is rapid which is advantageous over others (Marslin et al., 2015). It is speculated that the reaction time is a key factor determining the shape, size and stability of nanoparticles. Size of nanoparticles increases with time and hence shorter reaction time is beneficial to have smaller nanoparticles with larger surface area (Alsalhi et al., 2016).
Optimization studies for AgNPs and AuNPs were carried out at 460 nm and 540 nm, respectively which were their absorbance maxima as revealed in the UV-visible spectroscopy of the particles concerned. Various parameters such as, metal precursor salt concentration, reaction temperature and LFLE concentration were optimized to get maximum rate of synthesis. Figure 2A shows the effect of AgNO3 concentration on the synthesis of AgNPs with time. Till 1 mM concentration no synthesis was observed up to 5 h while with 2 mM AgNO3 a slight increase was observed only after 3 h. Further increase in the AgNO3 concentration exhibited significant increase in the synthesis of AgNPs maximum being at 5 mM. Hence, for further optimization 5 mM of AgNO3 was selected. In case of AuNPs, 0.3 mM HAuCl4 showed negligible synthesis while further increase in the concentration of HAuCl4 resulted in steady rise in the rate of synthesis. With 1 mM of HAuCl4, synthesis was maximum till 3 h followed to which 2 mM showed an increased AuNPs production as evident from Figure 2B.
[image: Figure 2]FIGURE 2 | Time course of nanoparticle synthesis using LFLE at 40°C with (A) different concentrations of AgNO3 and (B) HAuCl4. The difference in synthesis is significant among different concentrations and time points with p < 0.05 by two factor ANOVA.
From the above results it is evident that the concentration of metal salts played a critical role in determining the speed of the nanoparticle synthesis. Concentration of AgNO3 above 1 mM facilitated better synthesis of AgNPs. Our results are well in agreement where extracts of Carum carvi could synthesize AgNPs with higher concentrations (10 mM) of AgNO3 (Nasiri and Nasiri, 2016). Similarly, Atunola et al. (2017) reported that 100 mM AgNO3 was required for synthesis of AgNPs by the extracts of Allium sativum L. (garlic), Zingiber officinale Rosc. (ginger), and Capsicum frutescens L. (cayenne pepper). This signifies that LFLE requires lower concentration of AgNO3 as compared to other phytogenic routes and hence is more economical as well. On the other hand 1 mM and 2 mM of HAuCl4 were found to be suitable for synthesis of AuNPs which is identical to the synthesis reported using extracts of Litchi chinensis and Platanus orientalis (Shende et al., 2017; Shende et al., 2018). It should be noted that reaction time can be remarkably shortened by increasing higher concentration of the metal ions if the quantity of the reducing phytochemicals in plant extract is not sufficiently high. Moreover, altering the metal ion concentration may modulate the morphologies and applications of the biogenic nanoparticles (Dhand et al., 2016; Zulfiqar et al., 2019).
Temperature had a pronounced effect on the rate of synthesis of both AgNPs and AuNPs as observed from Figure 3. No synthesis of AgNPs was observed at 4°C while gradual increase in the reaction temperature upto 40°C showed a steady rise in the synthesis. However, further increase of temperature to 50°C showed an abrupt enhancement in the rate of synthesis of AgNPs as observed in Figure 3A. It is interesting to note that the synthesis of AuNPs was almost instant even at 4°C that also increased with the increase in temperature. Beyond 30°C the rate of synthesis was identical and completed well before 1 h followed to which a plateau was observed as evident from Figure 3B.
[image: Figure 3]FIGURE 3 | Time course of nanoparticle synthesis using LFLE at different reaction temperatures with (A) 5 mM AgNO3 and (B) 1 mM HAuCl4. The difference in synthesis is significant among different reaction temperatures and time points with p < 0.05 by two factor ANOVA.
LFLE concentration also exhibited a significant role in determining the speed of the synthesis. Very slow rate of AgNPs synthesis was achieved with 1 and 3% of LFLE which increased with increase in the LFLE concentration upto 10% as illustrated in Figure 4A. A distinct gradual increase in the rate of AuNPs on increasing the LFLE concentration from 1% to 10% was observed as depicted in Figure 4B.
[image: Figure 4]FIGURE 4 | Time course of nanoparticle synthesis using different concentrations of LFLE at 40°C with (A) 5 mM AgNO3 and (B) 1 mM HAuCl4. The difference in synthesis is significant among different concentrations of LFLE and time points with p < 0.05 by two factor ANOVA.
Spectral data for optimization study is available in the Supplementary data (Supplementary Figures S1–S34). The concentration of LFLE also had pronounced effect on the synthesis of both AgNPs and AuNPs. As stated earlier, LFLE is a rich cocktail of diverse phytochemicals such as tannins, terpenoids, flavonoids, ketones, aldehydes, amides, and carboxylic acids that are assumed to donate electrons for reduction of Ag1+ to Ag0 (Prabhu and Poulose, 2012; Srikar et al., 2016). Similarly, water-soluble plant metabolites, such as proteins, and reducing sugars were mainly responsible for the biosynthesis of the metal nanoparticles by Foeniculum vulgare and Dioscorea bulbifera (Sulthana and Rajanikanth, 2018; Jamdade et al., 2019). Morphological features of the phytogenic nanoparticles were reported to be dependent on the concentrations of Azadirachta indica and Cassia auriculata L extracts (Roy et al., 2017; Bhuvaneswari et al., 2019). Our results are well in agreement where Chandraker et al. (2022a) showed that higher temperature (80°C) facilitated the synthesis of AgNPs using Thalictrum foliolosum DC leaf extract (TFLE). Optimization studies revealed that reaction time of 80 min, 2 ml TFLE, and 2 mM AgNO3 were ideal for maximum synthesis of AgNPs. Likewise the optimum temperature, pH, leaf extract concentration and AgNO3 concentration were 60°C, 8, 2 ml and 2 mM, respectively during synthesis of AgNPs employing Rubia cordifolia L. leaf extract. This signifies that the higher temperature can enhance the synthesis of AgNPs (Chandraker et al., 2022b). The yield of AgNPs and AuNPs were calculated as 40 mg and 30 mg from 100 ml reaction mixture, apparent cost of which were 35 (INR) and 311.5 (INR), respectively.
High resolution transmission electron microscope, energy dispersive spectroscopy, dynamic light scattering analyses
The size and shape of the bioreduced AgNPs and AuNPs were elucidated with the help of HRTEM. The HRTEM images of the bio-synthesized AgNPs and AuNPs are shown in Figures 5A,B, respectively. The bioreduced AgNPs as illustrated in Figure 5A were mostly spherical and irregular in shape. The particles were attached to each other in discrete clusters. The average diameter of the AgNPs was calculated from the histogram plot as shown in the lower right inset of Figure 5A and was found to be ∼50 ± 15 nm. Figure 5A shows smaller AgNPs attached to the surface of the larger particles indicating the increase in size due to fusion of initially formed smaller AgNPs. Distinct lattice fringes were observed on the surface of the AgNPs in the magnified HRTEM image of the selected portion of Figure 5A as shown in the upper right inset. The inter-planer d-spacing of 2.29 Å corresponds to (110) plane of AgNPs. Anisotropic AuNPs with varied shapes and sizes were formed by LFLE as evident from Figure 5B. The phytogenic AuNPs showed spherical, triangular, blunt ended hexagonal and even rod shaped particles. The average diameter of the spherical AuNPs was ∼22 ± 20 nm as shown in the histogram plot in the lower right inset of Figure 5B.
[image: Figure 5]FIGURE 5 | High-resolution transmission electron micrographs of nanoparticles synthesized by LFLE. (A) Spherical and irregular AgNPs synthesized by LFLE, (B) anisotropic AuNPs synthesized by LFLE showing triangular, spherical, rod shaped and blunt ended hexagonal shapes; their upper and lower insets showing the magnified HRTEM image and histogram plot of the particle distribution, respectively.
The length of the sides of the triangular AuNPs was ∼46 nm. The AuNPs were separate and stable with no sign of agglomeration. Distinct lattice fringes on the surface of the spherical AuNPs was observed in the magnified HRTEM image of the selected portion of Figure 5B as shown in the upper right inset and it is observed that the inter-planer d-spacing was 2.35 Å which corresponds to (111) plane of AuNPs.
The energy dispersive spectra in Figure 6 confirmed the presence of elemental silver and gold in the LFLE synthesized AgNPs and AuNPs, respectively. The hydrodynamic size distribution of the colloidal AgNPs and AuNPs as revealed by DLS in Figure 7 is in close agreement with the HRTEM results. The average particle size of synthesized AgNPs and AuNPs were 34.8 nm and 140.8 nm, respectively that were larger compared to HRTEM results. This might be attributed to the agglomeration of the smaller particles into larger clusters with time. The zeta potential of the biogenic AgNPs and AuNPs were 0.67 mV and 5.70 mV, respectively which indicate the higher stability of AuNPs.
[image: Figure 6]FIGURE 6 | Representative spot EDS profile. (A) AgNPs and (B) AuNPs.
[image: Figure 7]FIGURE 7 | Histogram of size distribution of nanoparticles synthesized by LFLE. (A) AgNPs and (B) AuNPs.
The particle size achieved in the LFLE mediated synthesis of AgNPs was similar to that achieved with leaf and root extract of Ricinus communis that also gave spherical particles in range between 29 and 38 nm of diameter (Gul et al., 2021). Another study with onion peel as a reducing agent synthesized AgNPs at 90°C which were spherical in shape with 12.5 nm particle size (Abdullah et al., 2021). Earlier studies on phytofabrication of AgNPs using Bryophyllum pinnatum leaf extract also showed predominance of similar spherical shaped particles with an average size of ∼15 nm (Chandraker et al., 2021a). However, anisotropic polydispersed AuNPs were synthesized by LFLE which is in close agreement with triangular, pentagonal, and hexagonal shaped AuNPs synthesized using extracts from various plants such as blackberry, blueberry, pomegranate, and turmeric (Nadagouda et al., 2014; Castillo-Henríquez et al., 2020). Zeta potential reflects the effective charge on the surface of nanoparticles. The stable and discrete AuNPs unlike the agglomerated AgNPs was attributed to their higher zeta value (Leroy et al., 2011). The fact was also reflected in the hydrodynamic size as confirmed using DLS.
X-ray diffraction pattern analyses
The XRD patterns of the AgNPs and AuNPs are shown in Figure 8. The XRD spectrum of AgNPs reveal a large number of peaks at 2θ value of 27.90°, 32.30°, 38.10°, 46.30°, 54.90°, and 64.40° corresponding to [image: image], (102), (110), (220), (104), and [image: image] planes of silver, respectively. Likewise, the XRD spectrum of AuNPs reveal a large number of peaks at 2θ value of 38.10°, 44.30°, 64.70°, and 77.40° corresponding to (101), (200), (220), and (311) planes of gold, respectively.
[image: Figure 8]FIGURE 8 | XRD spectra of AgNPs and AuNPs.
Fourier transform infrared spectroscopy spectral analyses
The FTIR transmittance spectra of LFLE before and after synthesis of AuNPs and AgNPs showed different vibrations and bond stretching as observed in Figure 9. The absorbance bands in LFLE at 3438 cm−1, 2398 cm−1, 2160 cm−1, 1640 cm−1, and 1180 cm−1 are associated with the stretch vibrations of N-H stretching, O=C=O stretching, C-H bending, C=O stretching and C-O stretching, respectively (Krueger and Smith, 1967; Goudarzi et al., 2016; Md Salim et al., 2021). The LFLE showed aliphatic primary amine which is supported by the presence of a strong peak approximately at 3438 cm−1. This sharp peak representing N–H bond was not seen in LFLE after bioreduction of HAuCl4. This indicates that primary amines are mainly responsible for the reduction of Au3+ into AuNPs. We could observe minor C-O stretching and the presence of secondary alcohol in the FTIR of AuNPs at 1180 cm−1. AgNPs showed sharp peak stretching of N-H bond on 3438 cm−1. The presence of peaks at 2398 cm−1, 2160 cm−1, 1640 cm−1 and 1180 cm−1 indicated that the AgNPs may be surrounded by amines and hydroxyl groups as a stabilizing agent because the peaks indicate symmetric minor stretching (Goudarzi et al., 2016).
[image: Figure 9]FIGURE 9 | (A) FTIR spectra of LFLE after reduction of Au3+ (a) and Ag1+ (b) compared with before reduction (c); (B) FTIR spectra of AgNPs and AuNPs.
It is interesting to note that various functional groups of the phytoconstituents in LFLE were responsible in the reduction of the metal ions to AgNPs and AuNPs as revealed by FTIR. Further, some functional groups were also associated on the surface of the phytogenic nanoparticles that might play a key role in the capping. The slight band shift might be attributed to transition of the phytochemicals such as alkaloids, flavonoids, tannins, terpenes and quinones from free to nanoparticle bound form. These shifts rationalize their involvement in the metal reduction and formation of the nanoparticles (Ynalvez and Compean, 2014). The anisotropy was attributed to the obvious presence of diverse reducing and capping agents. Hence, in order to address the polydispersity issue pure phytochemicals like quercetin can be employed for synthesis of nanoparticles that can give better control over the size and shape of the phytogenic nanoparticles (Jain and Mehata, 2017). Ghosh et al. (2020) reported the involvement of flavonoids, tannins, glycosides, and alkaloids as potential reducing, stabilizing and capping agents responsible in synthesis of stable copper nanoparticles (CuNPs) with average size of 10 ± 1 nm using a leaf extract from Jatropha curcas.
Photocatalytic dye degradation
The photocatalytic activity of samples is shown in Figure 10. The degradation of RhB under UV irradiation in presence of phytogenic AgNPs and AuNPs was monitored using an UV-visible spectrophotometer. The absorption maxima of RhB was centered at 553 nm. The main absorption peak steadily decreased and eventually approached the base line in both the cases as clearly evident from Figure 10A. The plot of ln (C0/C) vs. time for the catalytic degradation of RhB is shown in Figure 10B. The rate constants were calculated as 0.0231 s−1 and 0.00831 s−1, for AgNPs and AuNPs, respectively. The experimental data fits well with the first order kinetic model with 23.1 % and 31.7% degradation of RhB dye by AgNPs and AuNPs, respectively.
[image: Figure 10]FIGURE 10 | Degradation of RhB in presence of nanoparticles. (A) Photocatalytic RhB degradation by AgNPs and AuNPs under the UV light; (B) First-order kinetic constant for the degradation of RhB under UV-light.
The degradation mechanism for metal nanoparticles has been widely studied. A possible mechanism for the degradation of organic dye in this study is given below where M represents the metallic element (Baruah et al., 2018; Khan et al., 2020)
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The results of the present study exhibited a good catalytic potential of the synthesized AgNPs and AuNPs towards the reductive degradation of RhB dye which is in consensus with the previously addressed studies on phytogenic nanoparticles from extracts of Trigonella foenum-graecum seed, Alpinia nigra leaves, and Cocos nucifera (Baruah et al., 2018; Awad et al., 2021; Rajendran et al., 2021). It was speculated that the layer of the reducing agent on the surface of the biogenic nanoparticles may promote the effective adsorption of the dye molecules on to the nanoparticle surface. This in turn facilitates the oxidation-reduction between the active RhB dye and reducing agent that occurs more conveniently at a faster rate if the particles are smaller in size (Yazdi et al., 2020). Our results indicated that the reactivity of large surface area of AgNPs and AuNPs attributed to an efficient photocatalytic degradation of the RhB dye substantiating their promising role in elimination of dye pollution. Earlier reports have established that such oxidation-reduction reaction can occur due to involvement of intermediates such as hydroxyl radicals (David and Moldovan, 2020). Further, it was proposed that the irradiation mediated photocatalysis in dye might be due to the transfer of excited electrons from the valance band to the conduction band by the generation of electron hole pair. As an active oxidizing agent, the generated hydroxyl radical then degrades the dye to nontoxic products (carbon dioxide, water, etc.). Both AgNPs and AuNPs with high stability, conductivity and optical properties enable efficient trapping of photo excited electrons on the surface of photocatalytic material preventing the recombination of the electron hole pair (Rostami-Vartooni et al., 2016). Photocatalytic potential of nanoparticles under visible light was proposed to be attributed to their SPR associated collective oscillations of electrons promoting the interaction between the generated free radicals and molecular oxygen. Additionally, dye degradation can also involve the positive holes generated due to electron excitation (Marimuthu et al., 2020).
Biogenic nanoparticles are reported to show high catalytic activity due to their smaller size and stability (Ghosh et al., 2022a; Nitnavare et al., 2022). Photocatalytic activity of phytogenic nanoparticles was also reported by Chandraker et al. (2020) where anisotropic CuNPs synthesized by Ageratum houstonianum leaf extract had exhibited cubic, hexagonal, and rectangular shape, with average size of 80 nm. The phytogenic CuNPs effectively degraded Congo red dye within 2 h with a pseudo-first-order kinetics. The phytogenic nanoparticles with catalytic activity can be further coupled with solvent impregnated resin (SIR) for their potential application like removal and sensing of refractory pollutants such as dye, metal ions and phenolic compounds from industrial effluents (Tamang et al., 2022). Additionally, these nanoparticles can be functionalized with bioactive principles, drugs, targeting ligands and/or contrast agents for extending their applications as antimicrobial, anticancer, antioxidant, tissue engineering and theranostic agents (Chandraker et al., 2021b; Ghosh et al., 2022b).
CONCLUSION
L. frutescens leaf extract mediated synthesis of AgNPs and AuNPs is an efficient, rapid and environmentally benign approach. This green route involves the naturally occurring bioactive molecules in the plant extract for reducing the metal ions to corresponding nanoparticles and their further stabilization. The spherical to irregular shaped AgNPs with an average diameter of ∼50 ± 15 nm were synthesized within 5 h having elemental Ag as confirmed by EDS. Polydispersed AuNPs were comprised of spherical, triangular, rod, and hexagonal shaped nanoparticles with an average size of ∼22 ± 20 nm. Optimization of various reaction parameters such as reaction time, metal salt concentration, temperature, and LFLE concentration showed their promising role in determining the rate of the synthesis. FTIR spectra identified the potential functional groups in LFLE that were involved in rapid reduction of Ag+ and Au3+ ions to Ag0 and Au0. The phytofabricated AgNPs and AuNPs exhibited catalytic degradation of RhB dye rationalizing their promising applications in treatment of dye contaminated industrial effluent. Based on the remarkable photocatalytic activities of AgNPs and AuNPs it is hereby recommended for its uses in biomedical applications and tissue engineering with elaborated research with respect to photothermal and photodynamic therapy for controlling biofilm associated infections and cancer.
DATA AVAILABILITY STATEMENT
The original contributions presented in the study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding authors.
AUTHOR CONTRIBUTIONS
BG, KB, SM, and SK performed the experiments. SS, AA, and ST analyzed the data. SG conceptualized the research and drafted the manuscript. All authors approved the final submission to Frontiers in Chemistry.
FUNDING
BG and KB are thankful to Student Startup & Innovation Policy (SSIP) of Government of Gujarat and RK University for funding (U-0647/SSIP/RKU/SOS/2020-21/12 and U-0647/SSIP/RKU/SOS/2021-22/13). SK is very much thankful to the UGC D. S. Kothari Post-Doctoral Fellowship Scheme for maintaining fellowship. SG acknowledges Kasetsart University, Bangkok, Thailand for Post Doctoral Fellowship and funding under Reinventing University Program (Ref. No. 6501.0207/10870 dated 9 November 2021) and RUP2565/Act2-1-9 (Ref. No. 6501.0207/9219 dated 14th September, 2022).
ACKNOWLEDGMENTS
The authors thank Sophisticated Analysis Instrumentation Facilities (SAIF), IIT Bombay TEM and SEM facilities. The authors acknowledge Department of Pharmaceutical Sciences, Saurashtra University, Rajkot for the DLS and FTIR facilities. The work disclosed in this manuscript is part of the filed patent entitled ‘Ghosh S., Gami B. M., Bloch K. M. (2022) A process for preparation of nanoparticles from Leucophyllum frutescens leaf extract. Indian Patent (Filed) Application number IN 202221025835.’
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fchem.2022.932416/full#supplementary-material
REFERENCES
 Abdullah, H. S. T. S. H., Asseri, S. N. A. R. M., Mohamad, W. N. K. W., Kan, S. Y., Azmi, A. A., Julius, F. S. Y., et al. (2021). Green synthesis, characterization and applications of silver nanoparticle mediated by the aqueous extract of red onion peel. Environ. Pollut. 271, 116295. doi:10.1016/j.envpol.2020.116295
 Aftab, S., Shah, A., Nadhman, A., Kurbanoglu, S., Ozkan, S. A., Dionysiou, D. D., et al. (2018). Nanomedicine: An effective tool in cancer therapy. Int. J. Pharm. X. 540 (1-2), 132–149. doi:10.1016/j.ijpharm.2018.02.007
 Ahmed, R. H., and Mustafa, D. E. (2020). Green synthesis of silver nanoparticles mediated by traditionally used medicinal plants in Sudan. Int. Nano Lett. 10, 1–14. doi:10.1007/s40089-019-00291-9
 Alaqad, K., and Saleh, T. A. (2016). Gold and silver nanoparticles: Synthesis methods, characterization routes and applications towards drugs. J. Environ. Anal. Toxicol. 6 (4), 1000384. doi:10.4172/2161-0525.1000384
 Ali, M. A., Ahmed, T., Wu, W., Hossain, A., Hafeez, R., Mausam, M. M. I., et al. (2020). Advancements in plant and microbe-based synthesis of metallic nanoparticles and their antimicrobial activity against plant pathogens. Nanomaterials 10 (6), 1146. doi:10.3390/nano10061146
 Alsalhi, M. S., Devanesan, S., Alfuraydi, A. A., Vishnubalaji, R., Munusamy, M. A., Murugan, K., et al. (2016). Green synthesis of silver nanoparticles using Pimpinella anisum seeds: Antimicrobial activity and cytotoxicity on human neonatal skin stromal cells and colon cancer cells. Int. J. Nanomedicine 11, 4439–4449. doi:10.2147/IJN.S113193
 Awad, M. A., Hendi, A. A., Ortashi, K. M., Alzahrani, B., Solimane, D., Alanazi, A., et al. (2021). Biogenic synthesis of silver nanoparticles using Trigonella foenum-graecum seed extract: Characterization, photocatalytic and antibacterial activities. Sensors Actuators A Phys. 323, 112670. doi:10.1016/j.sna.2021.112670
 Baiju, K. V., Shukla, S., Sandhya, K. S., James, J., and Warrier, K. G. K. (2007). Photocatalytic activity of sol-gel-derived nanocrystalline titania. J. Phys. Chem. C 111, 7612–7622. doi:10.1021/jp070452z
 Banala, R. R., Nagati, V. B., and Karnati, P. R. (2015). Green synthesis and characterization of Carica papaya leaf extract coated silver nanoparticles through X-ray diffraction, electron microscopy and evaluation of bactericidal properties. Saudi J. Biol. Sci. 22 (5), 637–644. doi:10.1016/j.sjbs.2015.01.007
 Baruah, D., Goswami, M., Yadav, R. N., Yadav, A., and Das, A. M. (2018). Biogenic synthesis of gold nanoparticles and their application in photocatalytic degradation of toxic dyes. J. Photochem. Photobiol. B Biol. 186, 51–58. doi:10.1016/j.jphotobiol.2018.07.002
 Bhuvaneswari, T. S., Thirugnanam, T., and Thirumurugan, V. (2019). Phytomediated synthesis of silver nanoparticles using Cassia auriculata L.: Evaluation of antibacterial and antifungal activity. Asian J. Pharm. Pharmacol. 5 (2), 326–331. doi:10.31024/ajpp.2019.5.2.16
 Bloch, K., Pardesi, K., Satriano, C., and Ghosh, S. (2021). Bacteriogenic platinum nanoparticles for application in nanomedicine. Front. Chem. 9 (32), 624344. doi:10.3389/fchem.2021.624344
 Bonigala, B., Kasukurthi, B., Konduri, V. V., Mangamuri, U. K., Gorrepati, R., and Poda, S. (2018). Green synthesis of silver and gold nanoparticles using Stemona tuberosa Lour and screening for their catalytic activity in the degradation of toxic chemicals. Environ. Sci. Pollut. Res. 25 (32), 32540–32548. doi:10.1007/s11356-018-3105-9
 Castillo-Henríquez, L., Alfaro-Aguilar, K., Ugalde-Álvarez, J., Vega-Fernández, L., Montes de Oca-Vásquez, G., and Vega-Baudrit, J. R. (2020). Green synthesis of gold and silver nanoparticles from plant extracts and their possible applications as antimicrobial agents in the agricultural area. Nanomaterials 10 (9), 1763. doi:10.3390/nano10091763
 Chandra, H., Kumaro, P., Bontempi, E., and Yadav, S. (2020). Medicinal plants: Treasure trove for green synthesis of metallic nanoparticles and their biomedical applications. Biocatal. Agric. Biotechnol. 24, 101518. doi:10.1016/j.bcab.2020.101518
 Chandraker, S. K., Ghosh, M. K., Lal, M., and Shukla, R. (2021b). A review on plant-mediated synthesis of silver nanoparticles, their characterization and applications. Nano Ex. 2, 022008. doi:10.1088/2632-959X/ac0355
 Chandraker, S. K., Lal, M., Dhruve, P., Singh, R. P., and Shukla, R. (2021a). Cytotoxic, antimitotic, DNA binding, photocatalytic, H2O2 sensing, and antioxidant properties of biofabricated silver nanoparticles using leaf extract of Bryophyllum pinnatum (Lam.) Oken. Front. Mol. Biosci. 7, 593040. doi:10.3389/fmolb.2020.593040
 Chandraker, S. K., Lal, M., Dhruve, P., Yadav, A. K., Singh, R. P., Varma, R. S., et al. (2022a). Bioengineered and biocompatible silver nanoparticles from Thalictrum foliolosum DC and their biomedical applications. Clean. Techn. Environ. Policy . doi:10.1007/s10098-022-02329-7
 Chandraker, S. K., Lal, M., Ghosh, M. K., Tiwari, V., Ghorai, T. K., and Shukla, R. (2020). Green synthesis of copper nanoparticles using leaf extract of Ageratum houstonianum Mill. and study of their photocatalytic and antibacterial activities. Nano Ex. 1, 010033. doi:10.1088/2632-959X/ab8e99
 Chandraker, S. K., Lal, M., Khanam, F., Dhruve, P., Singh, R. P., and Shukla, R. (2022b). Therapeutic potential of biogenic and optimized silver nanoparticles using Rubia cordifolia L. leaf extract. Sci. Rep. 12, 8831. doi:10.1038/s41598-022-12878-y
 Cheriyamundath, S., and Vavilala, S. L. (2021). Nanotechnology-based wastewater treatment. Water Environ. J. 35 (1), 123–132. doi:10.1111/WEJ.12610
 Das, S., Das, J., Samadder, A., Bhattacharyya, S. S., Das, D., and Khuda-Bukhsh, A. R. (2013). Biosynthesized silver nanoparticles by ethanolic extracts of Phytolacca decandra, Gelsemium sempervirens, Hydrastis canadensis and Thuja occidentalis induce differential cytotoxicity through G2/M arrest in A375 cells. Colloids Surfaces B Biointerfaces 101, 325–336. doi:10.1016/j.colsurfb.2012.07.008
 Dauthal, P., and Mukhopadhyay, M. (2016). Noble metal nanoparticles: Plant-mediated synthesis, mechanistic aspects of synthesis, and applications. Ind. Eng. Chem. Res. 55 (36), 9557–9577. doi:10.1021/acs.iecr.6b00861
 David, L., and Moldovan, B. (2020). Green synthesis of biogenic silver nanoparticles for efficient catalytic removal of harmful organic dyes. Nanomaterials 10 (2), 202–216. doi:10.3390/nano10020202
 Dhand, V., Soumya, L., Bharadwaj, S., Chakra, S., Bhatt, D., and Sreedhar, B. (2016). Green synthesis of silver nanoparticles using Coffea arabica seed extract and its antibacterial activity. Mater. Sci. Eng. C 58, 36–43. doi:10.1016/j.msec.2015.08.018
 Gabriel, J. S., Gonzaga, V. A., Poli, A. L., and Schmitt, C. C. (2017). Photochemical synthesis of silver nanoparticles on chitosans/montmorillonite nanocomposite films and antibacterial activity. Carbohydr. Polym. 171, 202–210. doi:10.1016/j.carbpol.2017.05.021
 Ghosh, M. K., Sahu, S., Gupta, I., and Ghorai, T. K. (2020). Green synthesis of copper nanoparticles from an extract of Jatropha curcas leaves: Characterization, optical properties, CT-DNA binding and photocatalytic activity. RSC Adv. 10, 22027–22035. doi:10.1039/d0ra03186k
 Ghosh, S., Bhagwat, T., Kitture, R., Thongmee, S., and Webster, T. J. (2022b). Synthesis of graphene-hydroxyapatite nanocomposites for potential use in bone tissue engineering. J. Vis. Exp. , e63985. In Press). doi:10.3791/63985
 Ghosh, S., Sarkar, B., Kaushik, A., and Mostafavi, E. (2022a). Nanobiotechnological prospects of probiotic microflora: Synthesis, mechanism, and applications. Sci. Total Environ. 838, 156212. doi:10.1016/j.scitotenv.2022.156212
 Ghosh, S., and Webster, T. J. (2021). Nanobiotechnology : Microbes and plant assisted synthesis of nanoparticles, mechanisms and applications. USA: Elsevier. eBook ISBN: 978-0-12-823115-9; Paperback ISBN: 978-0-12-822878-4. doi:10.1016/C2019-0-05231-4
 Goudarzi, M., Mir, N., Mousavi-Kamazani, M., Bagheri, S., and Salavati-Niasari, M. (2016). Biosynthesis and characterization of silver nanoparticles prepared from two novel natural precursors by facile thermal decomposition methods. Sci. Rep. 6, 32539. doi:10.1038/srep32539
 Gour, A., and Jain, N. K. (2019). Advances in green synthesis of nanoparticles. Artif. Cells Nanomed. Biotechnol. 47 (1), 844–851. doi:10.1080/21691401.2019.1577878
 Gul, A., Shaheen, A., Ahmad, I., Khattak, B., Ahmad, M., Ullah, R., et al. (2021). Green synthesis, characterization, enzyme inhibition, antimicrobial potential, and cytotoxic activity of plant mediated silver nanoparticle using Ricinus communis leaf and root extracts. Biomolecules 11 (2), 206–217. doi:10.3390/biom11020206
 Hano, C., and Abbasi, B. H. (2022). Plant-based green synthesis of nanoparticles: Production, characterization and applications. Biomolecules 12 (1), 31–39. doi:10.3390/biom12010031
 Iravani, S. (2011). Green synthesis of metal nanoparticles using plants. Green Chem. 13 (10), 2638–2650. doi:10.1039/C1GC15386B
 Ismail, M., Khan, M. I., Khan, S. B., Akhtar, K., Khan, M. A., and Asiri, A. M. (2018). Catalytic reduction of picric acid, nitrophenols and organic azo dyes via green synthesized plant supported Ag nanoparticles. J. Mol. Liq. 268, 87–101. doi:10.1016/j.molliq.2018.07.030
 Jadoun, S., Arif, R., Jnagid, N. K., and Meena, R. K. (2021). Green synthesis of nanoparticles using plant extracts: A review. Environ. Chem. Lett. 19, 355–374. doi:10.1007/s10311-020-01074-x
 Jain, S., and Mehata, M. S. (2017). Medicinal plant leaf extract and pure flavonoid mediated green synthesis of silver nanoparticles and their enhanced antibacterial property. Sci. Rep. 7, 15867. doi:10.1038/s41598-017-15724-8
 Jamdade, D. A., Rajpali, D., Joshi, K. A., Kitture, R., Kulkarni, A. S., Shinde, V. S., et al. (2019). Gnidia glauca and Plumbago zeylanica mediated synthesis of novel copper nanoparticles as promising antidiabetic agents. Adv. Pharmacol. Sci. 2019, 1–11. doi:10.1155/2019/9080279
 Karmakar, S., Ghosh, S., and Kumbhakar, P. (2020). Enhanced sunlight driven photocatalytic and antibacterial activity of flower-like ZnO@MoS2 nanocomposite. J. Nanopart. Res. 22, 11. doi:10.1007/s11051-019-4710-3
 Khan, S. U., Saleh, T. A., Wahab, A., Khan, M. H. U., Khan, D., Khan, W. U., et al. (2018). Nanosilver: New ageless and versatile biomedical therapeutic scaffold. Int. J. Nanomedicine 13, 733–762. doi:10.2147/IJN.S153167
 Khan, Z. U. H., Shah, N. S., Iqbal, J., Khan, A. U., Imran, M., Alshehri, S. M., et al. (2020). Biomedical and photocatalytic applications of biosynthesized silver nanoparticles: Ecotoxicology study of brilliant green dye and its mechanistic degradation pathways. J. Mol. Liq. 319, 114114. doi:10.1016/j.molliq.2020.114114
 Khatami, M., Alijani, H. Q., Nejad, M. S., and Varma, R. S. (2018). Core@shell nanoparticles: Greener synthesis using natural plant products. Appl. Sci. (Basel). 8 (3), 411–417. doi:10.3390/app8030411
 Krueger, P. J., and Smith, D. W. (1967). Amino group stretching vibrations in primary aliphatic amines. Can. J. Chem. 45 (14), 1605–1610. doi:10.1139/v67-262
 Lakshmanan, G., Sathiyaseelan, A., Kalaichelvan, P. T., and Murugesan, K. (2018). Plant-mediated synthesis of silver nanoparticles using fruit extract of Cleome viscosa L.: Assessment of their antibacterial and anticancer activity. Karbala Int. J. Mod. Sci. 4 (1), 61–68. doi:10.1016/j.kijoms.2017.10.007
 Leroy, P., Tournassat, C., and Bizi, M. (2011). Influence of surface conductivity on the apparent zeta potential of TiO2 nanoparticles. J. Colloid Interface Sci. 356 (2), 442–453. doi:10.1016/j.jcis.2011.01.016
 Lkhagvajav, N., Yasa, I., and Celik, E. (2011). Antimicrobial activity of colloidal silver nanoparticles prepared by sol-gel method. Dig. J. Nanomater. Biostruct. 6 (1), 149–154. 
 Marimuthu, S., Antonisamy, A. J., Malayandi, S., Rajendran, K., Tsai, P. C., Pugazhendhi, A., et al. (2020). Silver nanoparticles in dye effluent treatment: A review on synthesis, treatment methods, mechanisms, photocatalytic degradation, toxic effects and mitigation of toxicity. J. Photochem. Photobiol. B Biol. 205, 111823. doi:10.1016/j.jphotobiol.2020.111823
 Marslin, G., Selvakesavan, R. K., Franklin, G., Sarmento, B., and Dais, A. C. P. (2015). Antimicrobial activity of cream incorporated with silver nanoparticles biosynthesized from Withania somnifera. Int. J. Nanomedicine 10, 5955–5963. doi:10.2147/IJN.S81271
 Md Salim, R., Asik, J., and Sarjadi, M. S. (2021). Chemical functional groups of extractives, cellulose and lignin extracted from native Leucaena leucocephala bark. Wood Sci. Technol. 55, 295–313. doi:10.1007/s00226-020-01258-2
 Menchaca, M. D. C. V., Morales, C. R., Star, J. V., Or, A., Morales, M. E. R., Nuntilde, M. A., et al. (2013). Antimicrobial activity of five plants from Northern Mexico on medically important bacteria. Afr. J. Microbiol. Res. 7 (43), 5011–5017. doi:10.5897/AJMR12.1759
 Mickymaray, S. (2019). One-step synthesis of silver nanoparticles using Saudi arabian desert seasonal plant Sisymbrium irio and antibacterial activity against multidrug-resistant bacterial strains. Biomolecules 9 (11), 662. doi:10.3390/biom9110662
 Miller, G. P., Bhat, W. W., Lanier, E. R., Johnson, S. R., Mathieu, D. T., and Hamberger, B. (2020). The biosynthesis of the anti-microbial diterpenoid leubethanol in Leucophyllum frutescens proceeds via an all-cis prenyl intermediate. Plant J. 104, 693–705. doi:10.1111/tpj.14957
 Mohammed, A. E., and Al-Megrin, W. A. (2021). Biological potential of silver nanoparticles mediated by Leucophyllum frutescens and Russelia equisetiformis extracts. Nanomaterials 11, 2098. doi:10.3390/nano11082098
 Nadagouda, M. N., Iyanna, N., Lalley, J., Han, C., Dionysiou, D. D., and Varma, R. S. (2014). Synthesis of silver and gold nanoparticles using antioxidants from blackberry, blueberry, pomegranate, and turmeric extracts. ACS Sustain. Chem. Eng. 2 (7), 1717–1723. doi:10.1021/sc500237k
 Naghizadeh, A., Mizwari, Z. M., Ghoreishi, S. M., Lashgari, S., Mortazavi-Derazkola, S., and Rezaie, B. (2021). Biogenic and eco-benign synthesis of silver nanoparticles using jujube core extract and its performance in catalytic and pharmaceutical applications: Removal of industrial contaminants and in-vitro antibacterial and anticancer activities. Environ. Technol. Innov. 23, 101560. doi:10.1016/j.eti.2021.101560
 Nasiri, S., and Nasiri, S. (2016). Biosynthesis of silver nanoparticles using Carum carvi extract and its inhibitory effect on growth of Candida albicans. Avicenna J. Med. Biochem. 4 (2), e37504. doi:10.17795/ajmb-37504
 Nitnavare, R., Bhattacharya, J., Thongmee, S., and Ghosh, S. (2022). Photosynthetic microbes in nanobiotechnology: Applications and perspectiveshotosynthetic microbes in nanobiotechnology: Applications and perspectives. Sci. Total Environ. 841, 156457. doi:10.1016/j.scitotenv.2022.156457
 Otunola, G., Afolayan, A., Ajayi, E., and Odeyemi, S. (2017). Characterization, antibacterial and antioxidant properties of silver nanoparticles synthesized from aqueous extracts of Allium sativum, Zingiber officinale, and Capsicum frutescens. Pharmacogn. Mag. 13 (2), S201–S208. doi:10.4103/pm.pm_430_16
 Perveen, K., Husain, F. M., Qais, F. A., Khan, A., Razak, S., Afsar, T., et al. (2021). Microwave-assisted rapid green synthesis of gold nanoparticles using seed extract of Trachyspermum ammi: ROS mediated biofilm inhibition and anticancer activity. Biomolecules 11 (2), 197. doi:10.3390/biom11020197
 Prabhu, S., and Poulose, E. K. (2012). Silver nanoparticles: Mechanism of antimicrobial action, synthesis, medical applications, and toxicity effects. Int. Nano Lett. 2 (32), 32–10. doi:10.1186/2228-5326-2-32
 Rajendran, A., Alsawalha, M., and Alomayri, T. (2021). Biogenic synthesis of husked rice-shaped iron oxide nanoparticles using coconut pulp (Cocos nucifera L.) extract for photocatalytic degradation of Rhodamine B dye and their in vitro antibacterial and anticancer activity. J. Saudi Chem. Soc. 25 (9), 101307. doi:10.1016/j.jscs.2021.101307
 Ranoszek-Soliwoda, K., Tomaszewska, E., Socha, E., Krzyczmonik, P., Ignaczak, A., Orlowski, P., et al. (2017). The role of tannic acid and sodium citrate in the synthesis of silver nanoparticles. J. Nanopart. Res. 19, 273. doi:10.1007/s11051-017-3973-9
 Ranpariya, B., Salunke, G., Karmakar, S., Babiya, K., Sutar, S., Kadoo, N., et al. (2021). Antimicrobial synergy of silver-platinum nanohybrids with antibiotics. Front. Microbiol. 11, 610968. doi:10.3389/fmicb.2020.610968
 Rostami-Vartooni, A., Nasrollahzadeh, M., Salavati-Niasari, M., and Atarod, M. (2016). Photocatalytic degradation of azo dyes by titanium dioxide supported silver nanoparticles prepared by a green method using Carpobrotus acinaciformis extract. J. Alloys Compd. 689 (25), 15–20. doi:10.1016/j.jallcom.2016.07.253
 Roy, P., Das, B., Mohanty, A., and Mohapatra, S. (2017). Green synthesis of silver nanoparticles using Azadirachta indica leaf extract and its antimicrobial study. Appl. Nanosci. 7, 843–850. doi:10.1007/s13204-017-0621-8
 Shende, S., Joshi, K. A., Kulkarni, A. S., Charolkar, C., Shinde, V. S., Parihar, V. S., et al. (2018). Platanus orientalis leaf mediated rapid synthesis of catalytic gold and silver nanoparticles. J. Nanomed. Nanotechnol. 9 (2), 1000494. doi:10.4172/2157-7439.1000494
 Shende, S., Joshi, K. A., Kulkarni, A. S., Shinde, V. S., Parihar, V. S., Kitture, R., et al. (2017). Litchi chinensis peel : A novel source for synthesis of gold and silver nanocatalysts. Glob. J. Nanomedicine 3 (1), 555603. doi:10.19080/GJN.2017.03.555603
 Shinde, S. S., Joshi, K. A., Patil, S., Singh, S., Kitture, R., Bellare, J., et al. (2018). Green synthesis of silver nanoparticles using Gnidia glauca and computational evaluation of synergistic potential with antimicrobial drugs. World J. Pharm. Res. 7 (4), 156–171. 
 Soshnikova, V., Kim, Y. J., Singh, P., Huo, Y., Markus, J., Ahn, S., et al. (2018). Cardamom fruits as a green resource for facile synthesis of gold and silver nanoparticles and their biological applications. Artif. Cells Nanomed. Biotechnol. 46 (1), 108–117. doi:10.1080/21691401.2017.1296849
 Srikar, S. K., Giri, D. D., Pal, D. B., Mishra, P. K., and Upadhyay, S. N. (2016). Green synthesis of silver nanoparticles: A review. Green sustain. Chem. 6 (1), 34–56. doi:10.4236/gsc.2016.61004
 Sulthana, R. N., and Rajanikanth, A. (2018). Green synthesis of silver nanoparticles using seed extract of Foeniculum vulgare and their antibacterial activity. Int. J. Curr. Res. Biosci. Plant Biol. 5 (7), 77–83. doi:10.20546/ijcrbp.2018.507.010
 Tamang, A. K., Singh, N., Chandraker, S. K., and Ghosh, M. K. (2022). Solvent impregnated resin a potential alternative material for separation dyes, metal and phenolic compounds: A review. Curr. Res. Green Sustain. Chem. 5, 100232. doi:10.1016/j.crgsc.2021.100232
 Tarannum, N., and Gautam, Y. K. (2019). Facile green synthesis and applications of silver nanoparticles: A state-of-the-art review. RSC Adv. 9 (60), 34926–34948. doi:10.1039/c9ra04164h
 Yazdi, M. E. T., Amiri, M. S., Akbari, S., Sharifalhoseini, M., Nourbakhsh, F., Mashreghi, M., et al. (2020). Green synthesis of silver nanoparticles using Helichrysum graveolens for biomedical applications and wastewater treatment. BioNanoScience 10, 1121–1127. doi:10.1007/s12668-020-00794-2
 Ynalvez, R., and Compean, K. (2014). Antimicrobial activity of plant secondary metabolites: A review. Res. J. Med. Plant 8 (5), 204–213. doi:10.3923/rjmp.2014.204.213
 Zachariah, A., Baiju, K. V., Shukla, S., Deepa, K. S., James, J., and Warrier, K. G. K. (2008). Synergistic effect in photocatalysis as observed for mixed-phase nanocrystalline titania processed via Sol−Gel solvent mixing and calcination. J. Phys. Chem. C 112, 11345–11356. doi:10.1021/jp712174y
 Zulfiqar, H., Ayesha, Z., Rasheed, N., Ali, Z., Mehmood, K., Mazher, A., et al. (2019). Synthesis of silver nanoparticles using Fagonia cretica and their antimicrobial activities. Nanoscale Adv. 1, 1707–1713. doi:10.1039/C8NA00343B
Conflict of interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2022 Gami, Bloch, Mohammed, Karmakar, Shukla, Asok, Thongmee and Ghosh. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/math_1.gif





OPS/xhtml/nav.xhtml
Contents

		Cover

		Leucophyllum frutescens mediated synthesis of silver and gold nanoparticles for catalytic dye degradation		Introduction

		Materials and methods		Plant extract preparation

		Synthesis of AgNPs and AuNPs

		Optimization study

		Characterization of synthesized AgNPs and AuNPs

		Fourier transmission infrared spectroscopy

		Photocatalytic dye degradation





		Results and discussion		UV-visible spectroscopy and optimization studies

		High resolution transmission electron microscope, energy dispersive spectroscopy, dynamic light scattering analyses

		X-ray diffraction pattern analyses

		Fourier transform infrared spectroscopy spectral analyses

		Photocatalytic dye degradation





		Conclusion

		Data availability statement

		Author contributions

		Funding

		Acknowledgments

		Publisher’s note

		Supplementary material

		References









OPS/images/inline_2.gif





OPS/images/math_3.gif
L A
RHB it (%) = = 100 = 25 x 100 o





OPS/images/math_2.gif
A Lo
RHB it (%) = 2 100 = =2 x 100 @





OPS/images/inline_1.gif





OPS/images/fchem-10-932416-g010.gif









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
2 frontiers | Frontiers in Chemistry





OPS/images/fchem-10-932416-g005.gif





OPS/images/fchem-10-932416-g006.gif





OPS/images/fchem-10-932416-g003.gif





OPS/images/fchem-10-932416-g004.gif





OPS/images/fchem-10-932416-g009.gif
*
@

H :
H

I -

H e

OB I 0 0 A W 700 100
et Weranurias (o)





OPS/images/fchem-10-932416-g007.gif
R






OPS/images/fchem-10-932416-g008.gif
Intensity

1020 3 40 5 €0 70 80 %
26 (deg.)





OPS/images/cover.jpg
& frontiers | Frontiers in Chemistry






OPS/images/math_qu7.gif
Dye + ecp. — Degradation — products





OPS/images/fchem-10-932416-g001.gif





OPS/images/math_qu4.gif
O, + H — HO,






OPS/images/fchem-10-932416-g002.gif





OPS/images/math_qu6.gif
Dye + hyg, — Degradation — products





OPS/images/math_qu5.gif
~ products





OPS/images/math_qu1.gif





OPS/images/math_4.gif
@






OPS/images/math_qu3.gif
M(ecg.)+0O;, = MNPs + O,





OPS/images/math_qu2.gif





