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Abstract

Background: Adhatoda vasica Nees, (syn. Justicia adhatoda), is a most pertinent medicinal plant, a member of the Acanthaceae family, used since generations to overcome a variety of disease and disabilities such as asthma, tuberculosis, malaria fever, cough, and sprain. Many bioactive secondary metabolites, including alkaloids (vasicine and vasicinone), tannins, flavonoids, glycosides, phenolic compounds, and terpenoids, are responsible for Adhatoda vasica's therapeutic effectiveness. Methods: In this study the aqueous, ethanol, and acetone leaf extracts of Adhatoda vasica were phytochemically screened for usage in the environmentally sustainable green synthesis of ZnO nanoparticles. Results: Qualitative phytochemical analysis indicates the presence of alkaloids, flavonoids, phenolics, reducing sugars, tannins and terpenoids in all solvent extracts. FTIR, XRD, and SEM characterisation demonstrated the effective biogenic synthesis of ZnO nanoparticles, confirming phytochemical-mediated reduction and stabilisation of zinc ions and revealing nanoparticles with particle sizes ranging from 111 to 125 nm. Antibacterial activity by agar well diffusion method against Staphylococcus aureus, Escherichia coli, coagulase negative Staphylococcus, Klebsiella pneumoniae, and Candida spp revealed that the aqueous extract demonstrated the significant inhibitory potential. The green synthesized ZnO nanoparticles demonstrated both antifungal activity against Candida species and demonstrated enhanced concentration-dependent antibacterial activity against K. pneumoniae exhibiting highest Zone of inhibition (39 ± 0.63 mm at 60 mg/mL). Conclusion: These results demonstrate the significant therapeutic significance of A. vasica and its phytoconstituents as a sustainable biological resource for the development of powerful antibacterial medicines against diseases resistant to multiple drugs.
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INTRODUCTION
Plants have been used medicinally for a very long time, and their significance has only grown since they are a large part of the modern drug development process. Alkaloids, flavonoids, phenols, tannins, terpenoids, and saponins are among the secondary metabolites are produced by the plants have antioxidant, anti-inflammatory, anticancer, and antibacterial qualities[1, 2]. Phytochemicals have been given more attention as possible alternatives to synthetic antimicrobials since they serve as plants' defence mechanism against microorganisms[3].
An increase in the prevalence and impact of antimicrobial resistance (AMR) have become one of the biggest global public health threats. Antibiotic overuse and misuse have accelerated the emergence of multidrug-resistant (MDR) bacteria, decreasing the efficacy of traditional antimicrobial treatments and raising morbidity, death, and healthcare costs globally[4]. Furthermore, extended and indiscriminate use of antibiotics can cause environmental contamination, allergic reactions, and disturbance of the normal microbiota, among other negative health effects[5]. Therefore, the development of innovative antimicrobial compounds that are safe, effective, and environmentally sustainable is urgently needed.
Antimicrobial substances generated from plants are known to target bacteria in multiple ways. Their mechanism of action includes interfering with vital metabolic processes, preventing the creation of biofilms, disrupting the integrity of cell membranes, and inhibiting the synthesis of proteins and nucleic acids[6]. Additionally, the combination of several bioactive components in a single plant frequently leads to synergistic interactions that increase antimicrobial efficacy and lower the likelihood of resistance development. Because of this, medicinal plants remain a significant resource for the development of novel antibacterial compounds[7].
Because of their rich phytochemical profiles, many medicinal plants, including Azadirachta indica, Ocimum sanctum, Moringa oleifera, Aloe vera, and Curcuma longa, have been thoroughly studied for their antibacterial potentialities[8, 9] Among these, Adhatoda vasica Nees (syn. Justicia adhatoda), a member of the Acanthaceae family, have drawn a lot of scientific interest due to its wide range of biological activity and therapeutic applications. The herb has historically been used to treat numerous viral and inflammatory conditions as well as respiratory conditions such as asthma, bronchitis, cough, and TB[10]. Various bioactive components of the plant have been found through phytochemical research, include flavonoids, phenolics, tannins, essential oils, and quinazoline alkaloids in addition to vasicine and vasicinone[11]. Its antioxidant, antibacterial, anti-inflammatory, and immunomodulatory qualities are mostly due to these substances. A. vasica's as a natural source of antimicrobial drugs have been supported by earlier research showed their inhibitory effect against both Gram-positive and Gram-negative bacterial pathogens [12].
Recent developments in nanotechnology have opened up new possibilities for the creation of novel materials with uses in food preservation, agriculture, medicine, and environmental management. Green synthesis is one of the highly solicited methods for creating nanoparticles that have garnered the most attention because it provides a sustainable, affordable, and eco-friendly substitute for traditional physical and chemical methods[13]. Naturally occurring phytochemicals function as reducing, stabilising, and capping agents in plant-mediated synthesis, enabling the creation of nanoparticles without the use of hazardous reagents or severe processing conditions[14]. Additionally, the phytochemical coating on the surface of the nanoparticles may increase their biocompatibility and biological activity.
Zinc oxide nanoparticles (ZnO NPs) have become one of the most promising metal oxide nanomaterials due to their unique physicochemical properties, which include large surface area, chemical stability, photocatalytic activity, and favourable biocompatibility[15]. Through a number of processes, including the production of reactive oxygen species (ROS), the release of zinc ions, the breakdown of cellular membranes, and the development of oxidative stress, these nanoparticles have broad-spectrum antibacterial action against a variety of pathogenic microbes[16, 17]. ZnO nanoparticles have been investigated for use in wound healing, targeted drug delivery, biosensing technologies, food packaging systems, and anticancer treatments in addition to their antibacterial uses[18].
The present study was conducted to synthesize ZnO nanoparticles using A. vasica leaf extract using a green synthesis method because of the rich phytochemical content of Adhatoda vasica and the recognised antibacterial potential of ZnO nanoparticles. The phytochemical components and antibacterial activity of the produced nanoparticles against particular pathogenic bacterial strains were then assessed. ZnO nanostructures and bioactive chemicals obtained from plants may provide a viable and efficient method for creating next-generation antimicrobial drugs that can tackle the present problems related to bacterial antimicrobial resistance.
MATERIALS AND METHODS
Collection and processing of Plant material
All chemicals and reagents used in the present study were of analytical grade. Fresh, healthy leaves of Adhatoda vasica were collected from Chandrana Halli village, Davanagere District, Karnataka, India ([Fig. 1]). The collected leaves were carefully cleaned under running tap water and then rinsed with distilled water to get rid of dust, soil particles, and other surface impurities. Later, the leaves were shade-dried at room temperature for four weeks until they reached a consistent weight. The dried leaves were subsequently ground into a fine powder using a mechanical grinder and stored in airtight containers at room temperature until further use for phytochemical screening and the green synthesis of zinc oxide nanoparticles (ZnO NPs)[19].
Fig. 1: Adhatoda vasica leaves used in the study 
Synthesis of Zinc oxide nanoparticles from Adhatoda vasica leaves extract
Preparation of leaf extract:
The dried leaf powder of Adhatoda vasica leaves was used to prepare leaf extracts using different solvents including distilled water (aqueous), ethanol, and acetone[20].
Preparation of aqueous extract of Leaf: For the preparation of aqueous extract, the dried powder of Adhatoda vasica leaves were combined with deionised water in a 1:10 (w/v) ratio. The mixture was heated at 70°C and constantly stirred at 250 rpm using a magnetic stirrer for 30–45 minutes to enhance the extraction of bioactive phytoconstituents. In order to eliminate insoluble plant residues, the mixture was first allowed to cool to ambient temperature before being filtered through Whatman No. 41 filter paper. The filtrate was collected and stored at 4°C for the green production of zinc oxide nanoparticles (ZnO NPs) and for further phytochemical screening.
Preparation of Ethanol extract: To aid in the extraction of bioactive components, dried leaf powder of Adhatoda vasica (10 g) was extracted with 30 mL of 70% ethanol and incubated at 30°C for 12 hours on a rotary shaker. Following the initial extraction phase, 70% ethanol was added to the solvent volume to compensate for evaporative losses, and the extraction procedure was then continued for an additional twelve hours under identical conditions. To remove plant residues, the resulting mixture was filtered through Whatman No. 1 filter paper, and to eliminate any remaining particulate matter, the filtrate was centrifuged at 2000 rpm for 10 min. Then by solvent evaporation method, the supernatant obtained was concentrated to dryness. After that, the dried ethanolic extract was transferred to sterile containers and kept at 4°C until further use for biological activity and phytochemical screening.
Preparation of Acetone extract: For the preparation of acetone extract, 10 g of dried Adhatoda vasica leaf powder was combined with 45 mL of acetone and incubated at 30°C for 24 hours on a rotating shaker. To preserve the initial extraction volume, acetone was added back after extraction. After filtering the mixture through Whatman No. 1 filter paper, and to eliminate the residual particulate matter, the filtrate was centrifuged at 3000 rpm/10 minutes. Later, the supernatant was collected and concentrated by solvent evaporation method until it was completely dry. Before being used for phytochemical analysis and further analysis, the dried extract was stored in sterile containers and kept in a refrigerator at 4°C.
Qualitative phytochemical screening
Different solvent extracts (aqueous, ethanol, acetone) of Adhatoda vasica leaf were subjected to qualitative phytochemical screening to identify different bioactive secondary constituents by standard methods [19].
Test for alkaloids:
Hager's test: The plant extract was acidified with a few drops of dilute hydrochloric acid, then Hager's reagent (aqueous solution of picric acid) was added. Formation of yellow precipitate indicated the presence of alkaloids.
Mayer's test: Mayer's reagent (mercuric chloride-1.36 g, potassium iodide-5 g dissolved in 100 ml of distilled water) was added to the leaf extract and observed for white or green colour precipitate which indicated the presence of alkaloids.
Test for reducing sugars:
Benedict's test: To 1 ml of plant extract, 2 ml Benedict's reagent was added, heat the mixture in a boiling water bath for 2 minutes and allowed it to cool. Orange or brick red precipitate indicated the presence of reducing sugars.
Fehling's test: To 1 ml of plant extract, 2 ml of Fehling's reagent (equally mixed Fehling's solution A and B) was added, then heated in boiling water for a few minutes and allowed to cool. Formation of brick-red precipitate indicated the presence of reducing sugars.
Test for glycosides:
The plant extract was mixed with a few drops of diluted sulfuric acid and 20% KOH solution. To this, 3 ml of Fehling's reagent was added and heated in water bath for few minutes. The presence of glycosides was indicated by the appearance of brick red colour.



Test for phenols:
Ferric chloride test: To 2 ml of plant extract, few drops of 5% ferric chloride (FeCl₃) solution was added. Bluish black or dark colouration confirms the presence of phenols.
Test for flavonoids:
Alkaline reagent test: A few drops of 10% sodium hydroxide solution was added to 2 ml of plant extract and the colour change was observed, then dilute hydrochloric acid (HCl) was added. Formation of intense yellow colour on addition of HCl indicated the presence of flavonoids.
Test for terpenoids:
Salkowski test: 2 ml of chloroform was added to 2 ml of plant extract in a test tube and concentrated sulfuric acid was added carefully and the development of reddish-brown or golden-yellow coloration at the interface confirms the presence of terpenoids.
Test for steroids:
Liebermann-Burchard test: 1–2 ml of plant extract was dissolved in 2 ml of chloroform with 2 ml of acetic anhydride. Concentrated sulfuric acid was added and the formation of emerald green or blue-green colour indicates the presence of steroids.
Test for tannins:
To 1–2 ml of plant extract, two to three drops of 5% ferric chloride solution were added and observed for blue-black or greenish-black colour formation that indicates the presence of tannins.
Characterisation of green synthesised Zinc oxide (ZnO) nanoparticles
FTIR analysis:
Fourier transform infrared spectroscopy (FTIR) Bruker ALPHA II spectrophotometer was used to identify the functional groups responsible for the reduction, stabilisation, and capping of the synthesized nanoparticles from Adhatoda vasica leaves. Resulting spectra were recorded in the mid-infrared region spanning from 400-4000 cm-1 at a resolution of 4 cm-1[21].
XRD analysis:
The crystalline nature and phase composition of the synthesised nanoparticles were identified using X-ray diffraction (XRD). The dried nanoparticles were finely milled and then placed on a sample holder for analysis. XRD patterns were recorded using an X-ray diffractometer operating at 40 kV and 30 mA with Cu-Kα radiation (λ = 1.5406 Å). The diffraction data were collected across a 2θ range of 5–80° using a scanning rate of 2° min⁻¹ and a step size of 0.02°. The crystalline structure and purity of the produced nanoparticles were verified by additional analysis of the diffraction pattern[22].
SEM analysis:
Scanning electron microscopy (SEM) was used to analyse the microstructural and surface morphology features of the produced nanoparticles. Double-sided conductive carbon tape was used to attach the powdered dry nanoparticles to an aluminium stub coated with carbon. Before analysis, the samples were sputter-coated with a small layer of gold to increase conductivity and reduce charging effects during imaging. High vacuum conditions and an accelerating voltage of 5–20 kV were used for SEM studies. To assess the distribution, degree of aggregation, surface texture, and particle shape, micrographs were taken at various magnifications[23].
Antibacterial activity of Adhatoda vasica leaf extracts and ZnO nanoparticles
The antibacterial activity of Adhatoda vasica leaf extracts and synthesized nanoparticles was evaluated against test pathogens that include Staphylococcus aureus, Escherichia coli, coagulase-negative Staphylococcus, Klebsiella pneumoniae, and Candida sp using the agar well diffusion method. Autoclaved Muller-Hinton agar (MHA) was poured into petri plates. The test pathogens were seed inoculated and wells of 6 mm were made with a sterile cork borer. Leaf extracts prepared with aqueous, acetone and ethanol solvents were added to the wells at a concentration of 50 mg ml-1 and nanoparticles at concentrations of 60 mg ml-1, 40 mg ml-1 and 20 mg ml-1  were added to separate wells; the plates were incubated at 37°C for 24 hours and antibacterial activity was assessed by measuring the diameter of the zone of inhibition (ZOI) and recorded in millimeters (mm)[24] and DMSO was used as control.
RESULTS
Qualitative phytochemical screening
The results of phytochemical screening of Adhatoda vasica leaf extract prepared from different solvent extracts showed that the plant is rich in various bioactive secondary metabolites such as alkaloids, flavonoids, tannins, phenolic compounds, glycosides and steroids. This suggests the potential antibacterial and therapeutic properties of Adhatoda vasica as these compounds possess anti-inflammatory, antioxidant and other pharmacological activities.
[Table. 1] displays the findings of the qualitative phytochemical screening of Adhatoda vasica leaf extracts made with ethanol, acetone, and aqueous solvents. These findings showed that the phytochemical content differed between the various solvent extracts, suggesting variations in the solvents' extraction consequently their effectiveness.
	Sl. No.	Phytochemical tests	Aqueous	Acetone	Ethanol
	1	Alkaloids test	+	+	+
	2	Reducing sugar	+	+	+
	3	Glycosides	+	-	-
	4	Phenolic compounds	+	+	+
	5	Flavonoids	+	+	+
	6	Terpenoids	+	+	-
	7	Phytosterols	-	-	-
	8	Tannins	+	+	+

Table 1: Qualitative phytochemical screening of aqueous, acetone and ethanolic leaf extracts of Adhatoda vasica. The presence (+) or absence (-) of major phytochemical constituents was determined using standard qualitative phytochemical tests(+) presence of  phytochemical constituents
(-) absence phytochemical constituents
 
Alkaloids were found in all three extracts, indicating that these nitrogen-containing secondary metabolites are extensively distributed in A. vasica leaves. Reducing sugars were also found in the ethanolic, acetone, and aqueous extracts, indicating that these compounds can be extracted from both polar and moderately polar solvents.
All three extracts also included flavonoids and phenolic substances. These findings showed that A. vasica leaves are rich in polyphenolic components, which may be efficiently extracted using ethanol, acetone, and aqueous solvents, indicating that these substances are important bioactive components of the plant.
Glycosides, on the other hand, were absent in acetone and ethanolic extracts and only found in the aqueous extract. This result implies that glycosidic chemicals were more successfully extracted by water, most likely because of their greater polarity and solubility in aqueous conditions.
The ethanolic extract did not contain terpenoids, while it was present in aqueous and acetone extracts. Differences in solvent polarity and the chemical properties of these chemicals may be the cause of the terpenoids' varying occurrence among the extracts.
Tannins were present in all the solvent extracts. None of the solvent extracts included phytosterols, suggesting that they were either absent or present at levels below the qualitative assays' detection limits.
These results showed that the qualitative phytochemical profile of A. vasica sample was significantly influenced by the extraction solvent selection. Alkaloids, phenolic compounds, flavonoids, glycosides, and terpenoids are examples of bioactive secondary metabolites that are abundant in A. vasica and may be responsible for its purported pharmacological and antibacterial effects.
Green synthesis of zinc oxide nanoparticles using Adhatoda vasica leaves extract
The green synthesis of zinc oxide nanoparticles using Adhatoda vasica leaf extract was confirmed by a discernible colour shift during the reaction. The aqueous leaf extract was initially light green in colour, whereas the zinc sulfate solution was colourless. When the leaf extract and zinc sulfate solution were combined, the reaction mixture gradually changed from light green to dark brown, indicating the formation of ZnO nanoparticles. The characteristic colour change is caused by bioactive phytochemicals in the leaf extract that transform Zn²⁺ ions into ZnO nanoparticles. The production of nanoparticles was evident throughout the incubation period, suggesting that Adhatoda vasica's biomolecules effectively served as stabilising and reducing agents during the nanoparticle synthesis process.
The effective biogenesis of ZnO nanoparticles was further verified by physicochemical characterisation using Fourier Transform Infrared Spectroscopy (FTIR), X-ray Diffraction (XRD), and Scanning Electron Microscopy (SEM). These methods verified the synthesised nanoparticles' optical characteristics, surface morphology, crystalline structure, and functional groups involved in nanoparticle stabilisation.
Characterisation of green synthesised Zinc oxide (ZnO) nanoparticles
FTIR:
FTIR spectrometry was used to determine the nature of functional groups existing in the ZnO NPs synthesized from Adhatoda vasica leaf extract ([Fig. 2]). The FTIR of the synthesized ZnO nanoparticles was performed in the mid-infrared region in the range of 500 to 3500 cm⁻¹ and revealed some absorption bands which indicate characteristic bioactive functional groups from the plant extract.
The broad absorption band at 3273.71 cm⁻¹ indicates O-H stretching vibrations, and the existence of hydroxyl groups and hydrogen bonding phenols that are crucial in the reduction and stabilization of nanoparticles. The absorption band at 3134.06 cm⁻¹ indicates N-H stretching or aromatic C-H stretching vibrations and indicates the presence of amine or aromatic phytochemicals. The absorption peaks at 3024.58 cm⁻¹ indicate aliphatic C-H stretching vibrations, showing the existence of hydrocarbon groups that could be from biomolecules in the plant extract. A distinct absorption spectrum at 1826.16 cm⁻¹ is due to stretching vibration of carbonyl (C=O) group and is possibly due to organic acids or ester groups used in nanoparticle synthesis. The major absorption peak at 1621.71 cm⁻¹ is due to C=C stretching vibrations of aromatic rings or amide band. The absorption spectrum at 1062.73 cm⁻¹ is for C-O stretching vibrations of alcohols, ethers or esters. The absorption peak at 870.25 cm⁻¹ is for aromatic C-H out-of-plane bending vibrations. Thus, FTIR analysis indicates that the phytochemicals from Adhatoda vasica leaves extract have participated in the reduction of Zn²⁺ ions and also in capping and stabilisation of the synthesized ZnO nanoparticles.
Fig. 2: FTIR spectrum of biosynthesized zinc oxide nanoparticles synthesized using Adathoda vasica leaf extract. The spectrum shows the absorption bands corresponding to functional groups of phytochemicals involved in the stabilisation, capping and reduction of ZnO nanoparticles 
XRD:
The effective production of crystalline zinc oxide was verified by the X-ray diffraction (XRD) pattern of the biosynthesised ZnO nanoparticles are depicted in [Fig. 3]. X-ray diffraction (XRD) examination verified the successful synthesis of crystalline zinc oxide nanoparticles. The crystalline structure of the biosynthesized ZnO nanoparticles was demonstrated by the diffraction pattern, which showed multiple distinct and sharp peaks. The observed diffraction peaks are consistent with the standard JCPDS data (Card No. 36-1451) and are typical of the hexagonal wurtzite crystal structure of ZnO. The absence of notable impurity peaks showed great phase purity, while the high intensity and narrow diffraction peaks show good crystallinity of the produced nanoparticles. Remaining biomolecules from the biological extract, which function as reducing and capping agents during the creation of nanoparticles, may be responsible for the broad background seen at lower diffraction angles. Overall, the successful biosynthesis of crystalline ZnO nanoparticles was confirmed by the XRD data.
Fig. 3: X-ray diffraction patterns of biosynthesized ZnO nanoparticles showing distinct diffraction peaks, confirming the crystalline nature and successful formation of ZnO nanoparticles 
SEM analysis:
The surface shape and particle size of the biosynthesised nanoparticles were examined using scanning electron microscopy (SEM); micrographs are displayed in [Fig. 4].
Fig. 4: SEM micrographs of biosynthesised ZnO nanoparticles synthesized with Adhatoda vasica leaf extract at various magnifications: (A) 500×, (B) 1,000×, (C) 2,500×, and (D) high-magnification image displaying ZnO nanoparticles with particle sizes ranging from roughly 111.6 to 125.2 nm 
Figure A: The low-magnification SEM image shows the overall shape of the generated nanoparticles. The particles appear as aggregates of varying sizes that resemble plates or flakes. Particle aggregation may be caused by the nanoparticles' increased surface energy during the drying process.
Figure B: At a higher magnification, the nanoparticles' surface was rough and uneven, with irregular edges. The particles remained aggregated, but the individual crystalline domains became more visible. This type of aggregation is commonly observed in biosynthesised nanoparticles because phytochemicals serve as capping and reducing agents.
Figure C: Further imaging reveals compact aggregates consisting of many small nanoparticles scattered over the particle surface. The surface's porous and uneven look showed that crystalline nanoparticle clusters had formed.
Figure D: The highest magnification SEM image clearly displayed nanosized particles with an average particle size ranging from approximately 111 to 125 nm, according to the scale measurements on the micrograph. The irregular form and slight aggregation of plant-mediated synthesised nanoparticles are their defining characteristics.
The SEM analysis confirmed the successful production of nanoparticles with distinctive nanoscale morphology. Most of the particles were irregular to quasi-spherical in shape and had rough surfaces. Furthermore, the SEM micrographs revealed that the nanoparticles were densely packed aggregates. This aggregation, commonly observed in green-synthesised nanoparticles, may be caused by the high surface energy of the nanoparticles and the interaction of the phytochemicals in the leaf extract of Adhatoda vasica which function as reducing and capping agents.
Antibacterial activity of Adhatoda vasica leaf extracts and ZnO nanoparticles
The agar well diffusion assay was used to assess the antibacterial activity of Adhatoda vasica leaf extracts and biosynthesised ZnO nanoparticles against Staphylococcus aureus, Escherichia coli, coagulase negative Staphylococcus aureus (CNSA), Klebsiella pneumoniae, and Candida sp, was measured as Zone of inhibition (ZOI).  For A. vasica leaf extract (aqueous) showed maximum ZOI against CNSA and K. pneumoniae (15 ± 0.36 mm and 15 ± 0.41mm) while acetone extract was inhibiting only E. coli (ZOI 11±0.32 mm). However, ethanol extract was consistently inhibiting all four bacterial isolates with maximum ZOI against K. pneumoniae but Candida spp was resistant ([Fig. 5] and [Table. 2]).
The antibacterial activity of the biosynthesised ZnO nanoparticles was concentration-dependent. At different concentration of nanoparticle, 
Fig. 5: The antibacterial efficacy of the different concentrations of ZnO nanoparticles A: 60 mg/ml, B: 40mg/ml, C: 20 mg/ml and D: DMSO (control) against test pathogens 1. Klebsiella pneumoniae, 2. Candida spp, and 3. Various solvent extracts A: aqueous, B: ethanol, and C: acetone by  agar well diffusion method against Klebsiella pneumoniae. The control DMSO is represented by C. Antibacterial effectiveness is indicated by zones of inhibition (in mm) 
ZOI was found to be maximum at 60 mg mL⁻¹ with 17 ± 0.63 mm, 11 ± 0.39 mm, and 39 ± 0.63 mm against Escherichia coli, CNSA, Klebsiella pneumoniae respectively while no activity was observed against S. aureus but Candida sp. showed 20 ± 0.39 mm of ZOI ([Table. 2]). Klebsiella pneumoniae exhibited maximum ZOI, with range of ZnO NP concentration with decrease in ZOI with decrease in NP concentration. However, when compared to the other tested microbial species for ZnO NP antimicrobial activity, Klebsiella pneumoniae was maximum with its ZOI with all NP concentration (39 ± 0.63 mm, 37 ± 0.83 mm, and 34 ± 0.71 mm for 60, 40 and 20 mg mL⁻¹). Furthermore, the ZnO NP demonstrated notable antifungal efficacy against Candida sp. with ZOI of 20 ± 0.96 mm, 23 ± 0.54 mm, and 28 ± 0.66 mm (60, 40 and 20 mg mL⁻¹ respectively), an increase in ZOI with decrease in NP concentration was a notable point.
In total, ethanolic and acetone leaf extracts showed observable antibacterial activity, but maximum ZOI was observed with aqueous leaf extract. When compared to the leaf extracts, the biosynthesised ZnO nanoparticles showed stronger antibacterial action, especially against Klebsiella pneumoniae along with other tested organisms. These results imply that the ZnO NP are potential with improved the antimicrobial activity when compared to leaf extract of Adhatoda vasica.
 
 
	Extracts and Nanoparticles	Concentration, mg/ml	Zone of inhibition (ZOI) against different test pathogens measured in mm

	Staphylococcus aureus	Escherichia coli	Coagulase-negative Staphylococcus	Klebsiella pneumoniae	Candida spp.
	Leaf extracts	 	 	 	 	 	 
	a. Aqueous	50	14±0.83	13±0.45	15±0.36	15±0.41	-
	b. Acetone	50	-	11±0.32	-	-	-
	c. Ethanol	50	12±0.22	12±0.51	12±0.76	15±0.38	-
	Nanoparticles	60	-	17±0.63	11±0.39	39±0.63	20±0.96
	 	40	-	16±0.47	12±0.99	37±0.83	23±0.54
	 	20	-	15±0.38	15±0.56	34±0.71	28±0.66

Table 2: The antibacterial activity of Adhatoda vasica leaf extracts (aqueous, acetone, and ethanol) and biosynthesised ZnO nanoparticles against bacterial and fungal pathogens evaluated using the agar well diffusion assayThe data are expressed as the mean zone of inhibition (mm) ± standard deviation (SD).
(-) = No inhibition observed; values are expressed as mean ± SD (n=3)
 
DISCUSSION
The present study investigated the phytochemical profile of Adhatoda vasica leaf extracts prepared in three solvents (aqueous, acetone and ethanol). The antibacterial efficacy of both the crude extracts and the biosynthesised nanoparticles (ZnO NPs) against clinically important pathogens was evaluated. The results of the current study corroborate with previous findings about Adhatoda vasica and emphasise its viability as a sustainable biological resource for the production of ZnO nanoparticles with increased antibacterial activity. In the current investigation, alkaloids, reducing sugars, glycosides (in the aqueous extract only), phenolic compounds, flavonoids, tannins and terpenoids were found in A. vasica leaf extracts using qualitative phytochemical screening while phytosterols were not found. These findings are in consistent with previous phytochemical analyses of the plant. Gohel, et al.[25] revealed the importance of these secondary metabolites for the biological activities of the plant and obtained positive results for alkaloids, steroids, saponins, phenols, and terpenoids in ethanolic leaf extracts of A. vasica. Similarly, Khan, et al.[26] validated the presence of alkaloids, flavonoids, terpenoids, tannins, and glycosides in the phytochemical analysis of A. vasica produced from Khyber Pakhtunkhwa. Alkaloids, phenolic compounds, and flavonoids were consistently found in all three solvent extracts in our investigation, supporting findings by 
 
 
Sharma, et al.[29] that the biological activity of A. vasica is mostly dependent on phenolic group secondary metabolites. The solvent-dependent variation was well observed in this study, especially the limitation of glycosides to the aqueous extract and the lack of terpenoids in ethanol, is consistent with previous findings by Vasika, et al.[27], in which the polarity of the solvent determines extraction efficiency and, consequently, the phytochemical profile obtained from A. vasica leaves.
Based on the antibacterial activity of A. vasica leaf extracts performed by agar well diffusion method at 50 mg mL⁻¹ concentration, the aqueous extract was the most successful in suppressing the pathogens tested for S. aureus, E. coli, coagulase-negative Staphylococcus and K. pneumoniae. The ethanolic extract likewise showed a broad spectrum inhibitory effect (12–15 mm), despite the acetone extract's mild inhibition (for E. coli only 11 ± 0.32 mm) indicating the potential of A. vasica leaf extract. These results are consistent with the work conducted by Josephin, et al.[27]  where A. vasica extract exhibited dose-dependent antibacterial activity, particularly against Gram-positive isolates, in ethanol, acetone, ethyl acetate, and petroleum ether.
Similarly, Gohel, et al.[25] found that ethanolic leaf extracts had the largest inhibitory zones against Aspergillus clavatus and Pseudomonas aeruginosa. Mishra, et al.[28] found that methanolic A. vasica extracts evaluated at 25 µg mL⁻¹ had broad-spectrum antibacterial activity against K. pneumoniae, E. coli, and S. aureus. The effectiveness of water as an eco-friendly extraction medium for polar phytoconstituents like alkaloids and flavonoids was demonstrated by the aqueous extract was used in the current study, which had comparable or better inhibition zone diameters against the same genera at the standardised concentrations.
The colour shift from light green to dark brown, which signified the reduction of Zn²⁺ ions into ZnO nanoparticles, confirmed the green chemistry synthesis of ZnO nanoparticles employing A. vasica aqueous leaf extract. The characterisation results (FTIR, XRD, and SEM) unequivocally showed that the products obtained in the study were ZnO nanoparticles. Another highly pertinent example by Pandian, et al.[30], their research group obtained phase-pure crystalline ZnO NPs with a very small crystallite size of 5.2 nm using Justicia adhatoda (syn. A. vasica) aqueous leaf extract as both the reducing and stabilising agent. Additionally, this study demonstrated the improved antibacterial performance of biologically generated ZnO NPs, demonstrating the efficacy of A. vasica phytochemicals as a stabilising, reducing, and capping agent.
The employment of phytochemicals in the biosynthesis of nanoparticles was indicated by prominent peaks seen in the FTIR analysis of the biosynthesised ZnO NPs in this study. The existence of hydrogen bonds and O-H groups, which are typical of phenolic phytochemicals utilised as primary reducing agents, is shown by the broad peak of roughly 3273 cm⁻¹. The peaks match phenols, proteins, and carboxylate groups as reducing agents and capping molecules[34] was also demonstrated in Croton macrostachyus. Using the same Bruker Alpha II FTIR spectrometer, Santhosh, et al.[35] found identical functional groups (O-H, N-O, C-O, and C=C) in ZnO NPs produced from Catharanthus roseus. The presence of O-H, C=O, C=C, and C-O functional groups in the present ZnO NPs suggests that synthesis, stabilisation, and capping of the nanoparticles were significantly influenced by the phytochemical compounds in A. vasica, particularly the alkaloids, phenols, and flavonoids, consistent[33].
Through distinct diffraction peaks of crystalline ZnO and the absence of any extra peaks caused by contaminants, XRD examination verified the crystalline nature of the biosynthesis of ZnO NPs. The findings are in line with earlier research that consistently confirmed the wurtzite hexagonal crystal structure of ZnO NPs made from plants. For example, Suresh, et al.[31] synthesised ZnO NPs using Cinnamomum verum bark extract and demonstrated their crystalline nature via XRD examination. Using J. adhatoda plant extract, Pandian, et al.[30] produced a very small crystallite size of 5.2 nm, demonstrating the impact of phytochemical content on the crystal development process.
ZnO nanoparticles with a size range of 111 to 125 nm were successfully formed, as per SEM measurements. It was demonstrated that the nanoparticles had a rough surface, an irregular to quasi-spherical morphology, and some degree of aggregation—all of which are expected outcomes of employing plants to make nanoparticles. These nanoparticle properties are comparable to those discovered in previous research on green synthesised ZnO nanoparticles[30, 36-38].
The biogenic ZnO nanoparticles exhibited intense antibacterial activity against the investigated microorganisms in a dose-dependent manner when compared to the raw leaf extract of Adhatoda vasica with ZOI of 39 ± 0.63 mm, 37 ± 0.83 mm, and 34 ± 0.71 mm at 60, 40, and 20 mg mL⁻¹, respectively, the highest antibacterial activity was observed against Klebsiella pneumoniae. The combination of several processes, including the production of reactive oxygen species (ROS), the release of zinc ions, the rupture of cell membranes, and the bioactive phytochemicals of A. vasica that stayed affixed to the nanoparticle's surface, can be responsible for the increased antibacterial activity. Furthermore, none of the raw extracts exhibited any antifungal activity, whereas the ZnO nanoparticles showed strong antifungal activity against Candida spp demonstrating the potential of biogenic ZnO NP. Moreover, ZnO NP of A. vasica showed highest ZOI (28 ± 0.66 mm) at lowest concentration (20 mg/ml) indicating an inverse dose response relationship. This may be due to, for higher concentration of ZnO NP, Candida spp would have become resistant gradually or sublethal dosage would have triggered the organism to develop adaptive ZnO NP stress response leading to increased growth potential of the tested unicellular fungi. 
Numerous mechanisms, including the production of ROS, the release of Zn²⁺ ions, and membrane contact, could account for the enhanced antibacterial activity of zinc oxide nanoparticles[32]. In present study biogenic ZnO NP's small size results in a large surface area, which increases the rate at which they interact with microbial cells and enhance their antibacterial activity. This study's concentration-dependent antibacterial activity is consistent with previous findings of ZnO nanoparticles derived from other plants which re-authenticate the usage of A. vesica for clinical purpose.
CONCLUSION
The current study effectively produced ZnO nanoparticles by green synthesis using Adhatoda vasica, along with aqueous, ethanolic, and acetone extracts from the leaves which also served as reducing and stabilising agents. Qualitative phytochemical screening was used to identify secondary metabolites such as alkaloids, flavonoids, phenolics, tannins, saponins, and terpenoids that facilitated the bioreduction and stabilisation of ZnO nanoparticles. The synthesised nanoparticles were characterised using FTIR, XRD, and SEM techniques. FTIR analysis showed the role of phytoconstituents in the creation of nanoparticles, XRD analysis revealed the development of highly crystalline zinc oxide nanoparticles with a hexagonal wurtzite crystal structure, while SEM study revealed nanoparticles with various surface morphologies.
Since the biologically produced ZnO nanoparticles were found to have higher antibacterial potential against both Gram-positive and Gram-negative bacteria when compared to the equivalent leaf extracts, indicating the potential of ZnO nanoparticles. ZnO nanoparticles with exceptional antibacterial and anti-Candida spp qualities overweighs with respect to future clinical use.
In conclusion, the results showed that ZnO nanoparticles produced by Adhatoda vasica are economical, sustainable, and possess potent antimicrobial properties. These biological nanoparticles have potential applications in pharmacology, medicine, and antibacterial therapy. To better understand their cytotoxicity, biocompatibility, antibacterial mechanism, and in vivo efficacy, advanced study is necessary.
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