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Abstract

:

Nanotechnology is an emerging multidisciplinary field that has the potential to offer solutions to pharmaceutical challenges starting from drug delivery to therapeutic applications. The plant-mediated method is eco-friendly and the most inexpensive of the various techniques used to synthesize nanoparticles (NPs). In this study, silver (Ag) NPs have been successfully synthesized using leaf extract of Catharanthus roseus and Ocimum tenuiflorum. X-ray diffraction revealed an average crystalline size of 19.96 and 21.42 nm for C. roseus and O. tenuiflorum-mediated Ag NPs, respectively. Further, shape, size, and elemental composition were analyzed using a scanning electron microscope, transmission electron microscope (TEM), and energy-dispersive X-ray spectral technique. TEM study revealed spherical/spheroidal-shaped Ag NPs were formed between 10–48 nm with C. roseus and 17–55 nm with O. tenuiflorum. Both synthesized Ag NPs inhibited Escherichia coli and Bacillus subtilis, where the effect was more prominent against E. coli (MIC 3.90 ± 0 µg/mL) with O. tenuiflorum Ag NPs. Mechanistic insights of antibacterial activity were also highlighted, and the activity might be attributed to the diverse mode of action of surface functionalized phytoconstituents and NPs.
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1. Introduction


Nanotechnology is one of modern science’s most promising research areas, affecting all spheres of human life [1]. It entails the usage of 1–100 nm size range particles known as nanoparticles (NPs). Numerous approaches can be used to synthesize NPs, such as chemical, physical, biological, and hybrid methods [2]. Chemical processes are widely explored and utilized in various NPs formations with toxic chemicals, whereas physical methods require high energy and sophisticated instruments. Hence, there is a growing need to develop an eco-friendly or alternative method for synthesizing NPs. In this context, biological, or green processes are preferred as they are eco-friendly and cost-effective [3,4,5,6]. Using biological organisms, green nanotechnology allows us to break all barriers of high energy consumption, low yield, imperfect surface structure, etc. Green synthesis is economical, biocompatible, and safe as it mediates through plants, fungi, algae, bacteria, actinomycetes, and other organisms [7,8]. In comparison to conventional methods, bacteria, fungi, and natural products contain abundant hydrogen (H+) atoms that play a significant role in the synthesis of NPs [9,10]. For example, the green synthesized Fe3O4 NPs possessed a size range of 2–80 nm, which is quite smaller than the chemically synthesized NPs with a size range of 87–400 nm [11]. In addition, this method does not require toxic solvents, the addition of reducing agents, or a high temperature [12]. The biological precursors of metallic NPs can act as a reducing agent that undergoes nucleation of atomized metal ions and forms metallic NPs in aqueous solutions [13]. Certain metal-resisting bacterial species possess the potential to reduce metal ions and form desired inorganic metallic NPs through their active functional groups [14,15]. These microorganisms secrete some significant reductase enzymes such as nitrate reductase and α-NADPH-dependent reductases, and act as reducing agents for synthesizing metallic NPs [16]. For instance, the supernatant of Pseudomonas aeruginosa ATCC 90271 bacterial strain was used to synthesize gold (Au) NPs of with a size range between 15–40 nm [17]. Similarly, the yeast and non-phototrophic fungi that secrete some functional proteins could fabricate metal NPs from aqueous M+ ions [18,19]. For example, Au and silver (Ag) NPs have been synthesized using the yeast Candida guilliermondii and tested for antimicrobial activity against pathogenic bacterial strains [20]. Compared to a microbial technique that requires time-consuming and expensive downstream processing, phyto-mediated synthesis is advantageous [21,22,23].



Subsequently, very few reports supported the use of algal extract as a reductant source because of the absence of a well-developed cellular structure and the maintenance of cellular media. Therefore, to overcome this limitation, higher plants with medicinal value are widely explored as compared with algae or lower plants and break this barrier in the field of nanoscience [24,25]. When compared with microorganisms, plants are easily accessible biological resources that produce a higher amount of reducing agents in their different parts such as root, leaves, stem, and flowers [26]. The presence of secondary metabolites such as polyphenols, alkaloids, terpenoids, glycosides, alcohols, carbohydrates, ascorbic acid, flavonoids, and phenolic acids helps the reduction of metal ions into metallic NPs form. For example, an extract of Pogestemon benghalensis was used to synthesize gold nanoparticles, which are triangular or spherical and show a size range of 10–50 nm [27]. Further, under stress conditions plants produce a variety of secondary metabolites such as polyphenols and terpenes that can convert metal ions into NPs [28]. Plants also generate phytochelatins, metallothioneins, and peptides as chelating agents to create less toxic or stable complexes with carbonyl or hydroxyl groups for detoxification in metal-stressed circumstances [29].



NPs such as copper, titanium, gold, zinc, silver, cadmium, iron, etc. have been explored in the literature with different approaches [30,31,32,33]. Among all these, Ag NPs are the most significant because of their unique properties and applications, such as antimicrobial, chemical stability, conductivity, etc. [6,34]. Further, it has been reported that Ag NPs are most efficient against bacteria, viruses, and other microorganisms even at low concentrations [35,36]. The attachment of plant bioactive molecules on the surface of NPs has been associated with increased biological potential [22]. In a standard protocol, Ag NPs are synthesized using silver nitrate (as a precursor) and plant extract under a specific temperature and pH [37,38]. The flavonoids in the extracts reduce the NPs and stabilize them. The color change confirms their synthesis [39]. Various applications for these NPs can be found in medicine, catalysis, optics, and energy. Their antibacterial properties make them an ideal ingredient in ointments for treating burns and wounds and coatings for surgical masks and implantable devices [40].



Ag NPs have been synthesized using a variety of plants with variable sizes and shapes, and their biological activity varies significantly, which might be due to plant selection. The selection of plants with bioactive molecules is crucial for synthesis and biomedical applications. Additionally, the phytoconstituents of plants vary with altitude, which will also affect size, shape, and biological activity. Himalayan region plants are rich in bioactive composition, so the present study is designed to synthesize Ag NPs using leaf extracts of Catharanthus roseus (L.) G.Don and Ocimum tenuiflorum L. C. roseus, commonly known as Madagascar periwinkle, is a member of the family Apocynaceae. It is native to Madagascar [41]. C. roseus has several applications in traditional medicine, especially for diabetes and cancer [42]. Its bioactive composition includes phenols, flavonoids, tannins, and alkaloids content. The higher phenols and flavonoid concentrations in leaf extract were 0.65 ± 0.02 and 0.62 ± 0.02 µg/mL, respectively [43]. O. tenuiflorum, belonging to the family Lamiaceae, is widely distributed from tropical and subtropical Asia to the Western Pacific region [41]. In Ayurveda, it has been used for treating several ailments and is reported to be a stimulant and antipyretic herb. Phenolic compounds, flavonoids, phenylpropanoids, coumarins, tannins, and terpenoids are the bioactive molecules of O. tenuiflorum [44]. The total polyphenolic and flavonoid contents of O. tenuiflorum leaves were 212.26 ± 6.3 mg GAE/g extract and 54.51 ± 3.5 mg QE/g extract, respectively [45]. Drug resistance and emerging pathogens have made the search for novel antibacterials inevitable. NPs have been reported to be strong antimicrobials, so we are also endeavoring to evaluate the antibacterial potential of synthesized Ag NPs.




2. Materials and Methods


2.1. Materials


Silver nitrate (Merck) was procured and used without any purification. Leaves of O. tenuiflorum and C. roseus were collected from Career Point University, Hamirpur (1189 m), Himachal Pradesh, India. The plants were authenticated by the scientists of the Herbal Research Division, Patanjali Research Institute, Haridwar, India. No specific authorization was required for collecting plant parts because they are not protected by national or international laws. Escherichia coli and Bacillus subtilis were procured from Microbial Type Culture Collection and Gene Bank, IMTECH, Chandigarh, India.




2.2. Preparation of Plant Extracts


Fresh leaves (20 g) of C. roseus and O. tenuiflorum were washed well with distilled water to remove impurities/dust. Leaves were finely cut and ground in mortar and pestle, followed by 10 min of boiling in 100 mL of double distilled water. After cooling, the resultant mixture was filtered to eliminate particulates and used to synthesize Ag NPs.




2.3. Synthesis of Silver NPs


Ag NPs were synthesized as per the methodology described earlier by Kuppurangan et al. [46] with modifications. The aqueous solution of silver nitrate (10 mM) was prepared, and 10 mL of plant extract was added dropwise to it under constant stirring with a magnetic stirrer. The solution was kept under a stirrer until the color of the solution changes to dark brown, indicating the formation of Ag NPs. Further, the solution was undisturbed for 2 days so that the NPs settle down at the bottom (Figure 1). The obtained NPs were dried at 60 °C after successive washing with double distilled water and lastly with ethanol. A yield of ≈45 mg was recovered from the reaction of 100 mL.




2.4. Characterization of the NPs


NPs were characterized as per the methodology described earlier by various researchers [31,33,47]. The synthesized NPs were characterized by X-ray diffraction (XRD) method for the crystallinity and phase study of the prepared samples using SmartLab 9 kW rotating anode X-ray diffractometer (Rigaku Corporation) in the diffraction angles (2θ) from 20° to 80° (scanning range) at 20°/min scanning rate. FEI Quanta FEG-450 (FEI, USA) scanning electron microscope (SEM) and energy dispersive X-ray spectroscopy (EDS or EDX) were used to study the external morphology and elemental analysis of Ag NPs. The shape and size were examined by FP 5022/22-Tecnai G2 20 S-TWIN (FEI, USA) transmission electron microscope (TEM). Lastly, the FTIR spectroscopy of NPs was performed from 4000 to 400 cm−1 spectrum range using Cary, 630 FTIR (Agilent Technologies, India).




2.5. Nanoparticles Preparation for Antibacterial Study


A stock solution of NPs with a final concentration of 1000 μg/mL was prepared in methanol and kept at 4 °C for later use. The stock solution was sonicated for 15 min at 25 °C before experimental usage.




2.6. Antibacterial Activity


2.6.1. Well Diffusion Assay


The preliminary antibacterial efficacy of Ag NPs was evaluated using a modified well diffusion assay [48]. Mueller Hinton agar (MHA) were prepared and used for well diffusion assay. Each inoculum (Escherichia coli and Bacillus subtilis) was applied with a sterile cotton swab, on the whole surface of the corresponding MHA plates. Wells were then made into plates using a cork borer. Ag NPs (250, 500 and 1000 μg/mL w/v) were loaded into the wells. Tetracycline (25 μg/mL w/v) served as the positive control, and methanol was used as the negative control. The zone of inhibition was measured using the Hi antibiotic zone scale following incubation for 24 h at 37 °C.




2.6.2. Minimum Inhibitory Concentration and Minimum Bactericidal Concentration of Ag NPs


The minimum inhibitory concentration (MIC) of Ag NPs was performed using the broth microdilution method [49]. Firstly, the inoculums were prepared and standardized with 0.5 McFarland standard (1–2 × 108 CFU/mL). Secondly, wells were made in the Mueller Hinton agar (MHA) plates containing bacterial inoculums and different conc. (250, 500, and 1000 μg/mL w/v) of Ag NPs were filled in wells followed by 24 h incubation at 37 °C. Tetracycline (25 μg/mL w/v) and methanol were used as the positive and negative control, respectively. Thirdly, in MIC determination, 96 wells of microtiter plate were aliquoted with Muller Hinton Broth (MHB, 100 μL of 2X conc.). Briefly, Ag NPs (100 μL of 2X conc.) were added in the first well, and successive dilutions (250–0.97 μg/mL) were prepared up to the ninth well. After that, each well was filled with 10 μL inoculum. The 10th and 11th wells were used as negative (inoculum, MHB, and methanol) and positive control (Tetracycline, MHB, and inoculum), respectively. The 12th well with MHB and inoculum was used as a growth control well. The MIC was the lowest concentration at which growth inhibition was initiated. In addition, after transferring 10 μL of suspension from microtiter plate on the agar plates, minimum bactericidal concentration (MBC) was considered with no colonies.





2.7. Statistical Analysis


The experiments were conducted in triplicates for antibacterial activity, and average and standard deviation were determined using GraphPad Prism.





3. Results and Discussion


3.1. XRD Analysis


XRD analysis was conducted to determine the crystal structure of Ag NPs. Figure 2 a gives the XRD diffraction patterns of C. roseus-mediated Ag NPs. The values of 2θ were taken between 20 to 80 degrees. Four different diffraction peaks at 38.18, 44.28, 64.55, and 77.46° are indexed corresponding to the planes (111), (200), (220), and (311), respectively [50]. These planes confirmed that the crystal structures of synthesized Ag NPs are face-centered cubic in nature. The lattice constant ‘a’ values corresponding to these angles are 4.085, 4.086, 4.075, and 4.079, respectively. Similar diffraction peaks (Figure 2b) also govern the formation of (111), (200), (220), and (311) planes for O. tenuiflorum Ag NPs. The lattice constant ‘a’ values corresponding to these angles/planes are 4.077, 4.067, 4.073, and 4.079, respectively. In Figure 2b, the XRD patterns recorded at 27.92, 32.31, 46.27, 54.92, and 57.3° correspond to the occurrences of the Ag2O3 crystalline structure. Janardhanan et al. [51] reported similar observations with Ag NPs and silver oxide (Ag2O) particles. These peaks were well matched with the JCPDS File No. 771829. These patterns in the spectra confirmed the plant selective synthesis and formation of Ag and Ag2O3 using O. tenuiflorum, whereas using the C. roseus, the formation of pure Ag crystalline NPs was observed. The average crystalline size using Scherrer’s equation was found to be 19.96 and 21.42 nm for Ag NPs prepared using C. roseus and O. tenuiflorum, respectively. Scherrer’s equation:


  D =   0.94 λ   β cos θ    








where




	
D = Average crystalline size.



	
β = Line broadening in radians.



	
θ = Bragg’s angle.



	
λ = X-ray wavelength (λ = 1.5418 Ǻ).
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Figure 2. XRD patterns of Ag NPs synthesized using C. roseus (a) and O. tenuiflorum (b). 
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3.2. EDX Analysis


EDX images of synthesized Ag NPs (Figure 3) revealed that NPs are composed of silver metal only, as EDX spectra have strong signals for silver metal at 3 keV, which is in close agreement with optical absorption peaks reported earlier [52]. In contrast, the other unassigned low-intensity peaks may correspond to the peaks of carbon and oxygen present in the sample [53]. The carbon and oxygen are supposed to represent the plant phytochemicals or biomass that take part in the stability of the Ag NPs synthesized by using the plant extract.




3.3. SEM Analysis


The size, morphology, and shape of synthesized Ag NPs were analyzed by using SEM. SEM images show the formation of high-density, mostly spherical Ag NPs with sizes ranging between 30–70 nm in both cases (Figure 4). This demonstrated that the plants actively engaged in the synthesis and regulation of the formation of Ag NPs. However, the particles are found to be aggregated in both the synthesis. Gleichenia pectinata-mediated Ag NPs were found as aggregates of spherical shape as reported by Femi-Adepoju et al. [52]. Further, O. tenuiflorum, Musa balbisiana, and Azadirachta indica extracts resulted in cuboidal, spherical, and triangular Ag NPs, respectively [54]. This might be due to the diverse bioactive composition of plant extracts.




3.4. TEM Analysis


The shape and size of the Ag NPs were further examined by using TEM. The particle size of C. roseus mediated NPs ranged between 10–48 nm. While the size of O. tenuiflorum synthesized NPs lies between 17–55 nm (Figure 5). On the contrary, the NPs synthesized using the O. tenuiflorum are comparatively bigger. The shape of the NPs synthesized using both plants had a similar pattern of particle formation. Most synthesized NPs were spherical/spheroidal in shape, while some were hexagonal. The same phenomenon was also seen in the crystalline size calculated by the XRD analysis. Ankamwar et al. [55] also reported the same type of morphology for Ag NPs, where the Emblica officinalis fruit extract was used for synthesis. In continuation, Lippia javanica plant extract also resulted in spheroidal-shaped Ag NPs [56]. Ahmed and Ikram [57] synthesized spherical and 8–50 nm sized Ag NPs from Terminalia arjuna bark. On the other hand, Kumar et al. [58] synthesized spherical shaped Ag NPs of size within 92–73 nm and 30–29 nm using seed and leaf extract and fractions of Syzygium cumini, respectively. Additionally, the authors observed that a decrease in polyphenols (extracts and fractions of seeds and leaves of Syzygium cumini) directly decreases the size of NPs. Similar to this, Saxena et al. [59] produced monodispersed, spherical-shaped Ag NPs with a size of 16.6 nm from Ficus benghalensis leaf extract.




3.5. FTIR Analysis


The FTIR spectrum for Ag NPs is depicted in Figure 6. These spectra display numbers of absorption bands which indicate the complex nature of Ag NPs and different biomolecules of the plant extract. FTIR spectrum of C. roseus Ag NPs (Figure 6a) showed the absorption bands at 2899, 2358, 1664, 1512, 1427, 1377, 1319, 1229, 1159, 1098, 1032, 899, 708, and 553 cm−1 which correspond to aldehydic C−H, alkene C=C, amide C=O, aromatic C=C, CH3, C−O−C, etc., functional groups stretching vibrations, respectively. The FTIR spectrum of O. tenuiflorum Ag NPs (Figure 6b) showed absorption bands at 3253, 2358, 2164, 1585, 1370, 1237, 1047, 738, 718, 644, 598, and 549 cm−1 which represent alcoholic OH, aldehydic C-H, C=N, amide C=O, C−O−C, etc. stretching vibrations, respectively. Ag NPs are generated by binding Ag+ to an amide group that is present between 3300–3500 cm−1 (Figure 6a). The presence of an amide group, which functions as a potent reducing and capping agent, is linked to the synthesis of Ag NPs via the reduction of silver nitrate [60]. Ramteke et al. [61] reported bands of O. sanctum-mediated Ag NPs at 1654 and 1614 cm−1 which corresponds to C=C (aromatic rings) and the C–C (alkene rings), respectively, ether linkages were confirmed from bands at 1012 and 1080 cm−1. Further, they revealed distinctive bands for eugenol, terpenes, and linalools of O. sanctum extract. Palaniappan et al. [62] reported FTIR spectra of C. roseus, with bands at 2927, 1680, 1460, and 980 cm−1 for the respective groups; however, the shifting of the band in present study governs the role surface functionalized phytochemicals that are supposed to be involved in the stabilization and capping of the Ag NPs. Similarly, the shifting in the band position for pure O. sanctum, reported at 2130, 1630, 1550, 1320, 1250 1060, 1030, and 780 cm−1 by Mandal and Bhattacharya [63] relative to the current study also governs the same and provide the suitable evidence for the synthesis of Ag NPs by the plant extract. FTIR studies revealed that different functional groups took part in the capping and stabilization of the NPs as C. roseus and O. tenuiflorum extract have diverse phytochemicals such as alkaloids, flavonoids, phenolic compounds, and others [45,64].




3.6. Antibacterial Activity


Ag NPs synthesized using O. tenuiflorum and C. roseus inhibited Escherichia coli and Bacillus subtilis. The effect is more pronounced against Escherichia coli (Inhibition zone diameter 17 ± 1 and 16.6 ± 0.58 mm with O. tenuiflorum and C. roseus mediated Ag NPs) as compared to Bacillus subtilis in both Ag NPs types as shown in Table 1 (see Supplementary Material Figure S1 for pictorial representation).



The well diffusion assay findings and the MIC and MBC of synthesized Ag NPs show a good correlation. The lowest MIC (3.90 ± 0 μg/mL) was observed with O. tenuiflorum mediated Ag NPs against E. coli, whereas the lowest MBC values, i.e., 125 ± 0 μg/mL, was observed against the same with both Ag NPs types. Positive control tetracycline exhibited MIC of 0.19 and 0.39 μg/mL, respectively. No activity was observed with negative control methanol. The Ag NPs synthesized from the leaves of Anacardium occidentale also showed potent antimicrobial activity with MIC ranges from 3.5–14.5 µg/mL against different microorganisms such as E. coli and S. aureus [65]. Rautela et al. [66] observed a MIC value of 2.0 μg/mL against E. coli with Tectona grandis-mediated Ag NPs. The difference in the MIC may be due to the type of bacterial strain and diversity of phytoconstituents attached to the surface of Ag NPs. Numerous studies have demonstrated that NPs were more potent antibacterials against Gram positive than Gram negative bacterial strains because the latter have a cell wall made up of LPS, lipoproteins, and phospholipids that act as a penetration barrier and only permit the entry of macromolecules [67,68].



In contrast, our study revealed that E. coli is more susceptible than B. subtilis. Additionally, Ag and Ag2O3 NPs were formed using O. tenuiflorum, Ag2O3 NPs can positively enhance the antibacterial potential. This fact is also supported by the existing literature where Ficus benghalensis prop root-mediated Ag2O NPs showed excellent activities against the two-dental bacteria Streptococcus mutans and Lactobacilli sp. [69].





4. Mechanism of Antibacterial Activity: From Plants to NPs


In recent years, severe health issues have been caused by microorganisms’ growing resistance to antibiotics. Most bacterial strains that cause infections are resistant to at least one antibiotic that is often used to treat the same. This issue inspires researchers to investigate novel compounds that can successfully inhibit microbial growth. In this context, applications of nanotechnology in microbiology and pharmaceuticals have shown promise in combating the issue of antibiotic resistance. Different bacterial strains adopt various distinct antibiotic resistance mechanisms, such as alteration of the molecular target, overexpression of efflux pumps, biofilm formation, and enzyme-mediated modification or degradation of antibiotics, as highlighted in Figure 7 [70,71,72,73]. Plant bioactive molecules could be broad-spectrum antimicrobials owing to their diverse mode of action. They contribute significantly by acting as drug-inactivating enzyme inhibitors and preventing the efflux pump’s overexpression. Moreover, they display anti-biofilm activity and inhibit protein and DNA synthesis as shown in Figure 7 [74]. Subsequently, even though several methods, inventions, and formulations have been developed over time, the specific mechanism by which NPs affect bacteria and fungi has not yet been fully established. Some reported mechanisms include direct contact and cell membrane destabilization, permeability alteration, metal ions release, reactive oxygen species generation, enzyme disruption, DNA, and protein damage [75,76,77,78].



The antibacterial actions of silver NPs are mediated through the release of silver ions (Ag+) leading to disruption of the cell wall and cytoplasmic membrane, denaturing ribosomes and inhibiting protein synthesis, termination of ATP production as they deactivate respiratory enzyme on the cytoplasmic membrane. In addition, reactive oxygen species generation disrupts the membrane and binds to DNA, and inhibits replication (Figure 7). Further, Ag NPs migrate across the cytoplasmic membrane, releasing cell organelles [75,76,78,79,80,81]. Ag NPs (prepared from Albizia lebbeck bark) can damage cell walls and membranes, resulting in several pores and leakage of cytosolic content of Pseudomonas aeruginosa and Serratia marcescens [82]. Researchers have explored several mechanisms for the mode of action of NPs including Ag NPs. Likewise, the plants and their diverse bioactive composition were found to be potent antimicrobials as various mechanisms mediate their activity. However, the mechanism of action of plant-mediated NPs still needs exploration as this activity might also be attributed to nanomaterials and their surface functionalized plant bioactive compounds.




5. Conclusions and Future Perspectives


In conclusion, C. roseus and O. tenuiflorum were found to be good choices for the synthesis of Ag NPs. The XRD study confirmed two phases (Ag and Ag2O3) for Ag NPs synthesized using O. tenuiflorum, whereas only the pure phase of Ag NPs was confirmed in the case of C. roseus. The SEM and TEM analysis confirmed spherical/spheroidal-shaped Ag NPs. FTIR analysis confirmed the presence of diverse biomolecules such as aldehyde or amide groups present in the plant extracts, which were responsible for the capping and formation of Ag NPs. Further synthesized Ag NPs inhibited Escherichia coli and Bacillus subtilis and can find application against various diseases in the future after detailed follow-up studies. Lastly, the stability of NPs and toxicological impacts on human health and the environment need further validation.
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Figure 1. Experimental design for synthesis of Ag NPs using O. tenuiflorum and C. roseus. 






Figure 1. Experimental design for synthesis of Ag NPs using O. tenuiflorum and C. roseus.



[image: Processes 11 01479 g001]







[image: Processes 11 01479 g003 550] 





Figure 3. EDX spectra of C. roseus (a) and O. tenuiflorum (b) mediated Ag NPs. 
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Figure 4. SEM images of Ag NPs synthesized using C. roseus (a) and O. tenuiflorum (b). 






Figure 4. SEM images of Ag NPs synthesized using C. roseus (a) and O. tenuiflorum (b).



[image: Processes 11 01479 g004]







[image: Processes 11 01479 g005 550] 





Figure 5. TEM images and particle size distribution of C. roseus (a) and O. tenuiflorum (b) mediated Ag NPs. 
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Figure 6. FTIR spectrum of Ag NPs synthesized from (a) C. roseus and (b) O. tenuiflorum. 
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Figure 7. Insights into antibiotic resistance among bacterial strains and the impact of plant bioactive molecules and NPs against drug resistance. 
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Table 1. Antibacterial activity of C. roseus and O. tenuiflorum mediated Ag NPs.
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NPs Types

	
Conc. (µg/mL)

	
Bacterial Strains




	
Escherichia coli

	
Bacillus subtilis




	
IZD (mm) ± SD

	
MIC (µg/mL) ± SD

	
MBC (µg/mL) ± SD

	
IZD (mm) ± SD

	
MIC (µg/mL) ± SD

	
MBC (µg/mL) ± SD






	
OSAg NPs

	
250

	
15.6 ± 1.15

	
3.90 ± 0

	
125 ± 0

	
11.3 ± 0.58

	
6.51 ± 2.26

	
125 ± 0




	
500

	
16 ± 0

	
12 ± 0




	
1000

	
17 ± 1

	
13.6 ± 1.15




	
CRAg NPs

	
250

	
14.3 ± 0.58

	
7.81 ± 0

	
250 ± 0

	
10 ± 0

	
15.6 ± 0

	
250 ± 0




	
500

	
14.6 ± 0.58

	
10.3 ± 0.58




	
1000

	
16.6 ± 0.58

	
11 ± 0








OSAg NPs: O. tenuiflorum mediated Ag NPs; CRAg NPs: C. roseus mediated Ag NPs; MIC: Minimum inhibitory concentration; IZD: Inhibition zone diameter; MBC: Minimum bactericidal concentration; SD: Standard deviation.
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