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Abstract
The search for safer and environmentally friendly nanoparticle-synthesis methods is becoming more significant in sustainable nanotechnology. In this study, phytochemical-assisted green synthesis of silver nanoparticles (AgNPs) was achieved using Eucalyptus globulus leaf extract (ELE), a rich source of phenolics, flavonoids, and tannins. Varying the ELE concentrations from 1–6% provided differential phytochemical availability, directly influencing nanoparticle nucleation, growth, and stabilization. Characterization by UV–Vis spectroscopy confirmed surface plasmon resonance bands at 410–430 nm, while FTIR analysis confirmed the presence of O–H, C=O, and C=C functional groups responsible for both reduction and capping of the AgNPs. TEM imaging demonstrated a concentration-dependent decrease in particle agglomeration, with 6% ELE producing predominantly spherical nanoparticles averaging 12 ± 10.3 nm. XRD analysis indicated crystalline face-centred cubic structures with decreasing crystallite sizes (5.3–4.9 nm) at higher extract concentrations, reflecting enhanced stabilization by abundant phytochemicals. Antibacterial assays showed significant inhibitory activity against Staphylococcus aureus and Klebsiella pneumoniae, with MIC values surpassing those of neomycin. These findings established that phytochemical-assisted green synthesis of AgNPs has a promising antimicrobial potential against the pneumonia-causing pathogens with controlled morphology and bioactivity.
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1.0 Introduction 
Nanotechnology has emerged as one of the most transformational scientific fields of the twenty-first century, allowing researchers to alter materials at the nanometre scale and design structures with unique features and capabilities [1,2]. Among the several nanomaterials investigated, silver nanoparticles (AgNPs) have sparked great interest due to their distinct physicochemical and biological properties. AgNPs have excellent antibacterial action, catalytic efficiency, and unique optical features due to their surface plasmon resonance [3]. These characteristics have established them as essential contenders for biomedical, environmental, agricultural, and industrial applications [4]. Biomedical applications include wound healing, antimicrobial coatings, biosensors, medication delivery systems, food packaging, and water purification technology [3–7]. Their wide range of applications is due to nanoparticles' high surface area-to-volume ratio, which increases their reactivity and permits molecular and cellular interactions that are not possible with bulk materials [8].
Despite their advantages, conventional techniques for synthesizing silver nanoparticles present significant limitations. Methods such as chemical reduction, laser ablation, and evaporation–condensation often involve toxic reducing agents (e.g., sodium borohydride, hydrazine), involve high energy inputs, and frequently yield hazardous byproducts that threaten both environmental integrity and human health [9,10]. Moreover, the reliance on hazardous chemicals and energy-intensive conditions poses challenges for sustainable large-scale production. These concerns have driven the exploration of alternative synthesis pathways aligned with the principles of green chemistry, emphasizing renewable resources, reduced toxicity, and lower energy requirements [11]. In response, the emerging field of green nanotechnology seeks to develop eco-friendly, economically feasible, and biocompatible methods for nanoparticle production, including phytochemical-mediated synthesis using plant extracts, microbial-assisted approaches employing bacteria and fungi, and biopolymer-based strategies utilizing natural polysaccharides such as chitosan and starch [12].
Plant-mediated nanoparticle synthesis has gained prominence due to the abundance of secondary metabolites such as polyphenols, flavonoids, tannins, alkaloids, and terpenoids that act as natural reducing and stabilizing agents [13]. These biomolecules act dually as reducing and stabilizing agents, facilitating the conversion of silver ions (Ag⁺) into metallic silver (Ag⁰) while preventing nanoparticle agglomeration [14]. Compared to microbial synthesis, which demands stringent sterile conditions and long-term culture preservation, plant-mediated synthesis is more cost-effective, inherently safer, and easily scalable for large-scale nanoparticle production [15]. Furthermore, phytochemicals found in plants provide extra biological functionality to the nanoparticles, typically boosting their antibacterial, antioxidant, and catalytic characteristics [16,17].
Over the past two decades, numerous plants have been explored for the green synthesis of silver nanoparticles (AgNPs) due to their diverse phytochemical constituents, which act as natural reducing and stabilizing agents [15]. Neem (Azadirachta indica) was among the earliest reported, where metabolites such as azadirachtin, flavonoids, and terpenoids enabled the formation of AgNPs (50–100 nm) with notable antibacterial activity [18,19]. Aloe vera, enriched with anthraquinones, phenolics, and polysaccharides, produced spherical AgNPs (10–40 nm), widely applied in biomedical applications [20]. Similarly, Ocimum sanctum (Tulsi), rich in eugenol and ursolic acid, yielded AgNPs (20–50 nm) with strong antioxidant and antibacterial properties [21]. Moringa oleifera seeds and leaves also produced AgNPs (15–25 nm), showing promise for antibacterial use and water purification [22].
Eucalyptus (Myrtaceae) has emerged as a particularly important genus owing to its wide distribution and rich reservoir of bioactive phytochemicals such as 1,8-cineole, tannins, flavonoids, phenolic acids, and terpenoids, which not only provide medicinal benefits but also act as effective reducing and stabilizing agents [23,24]. Several studies have demonstrated its efficiency in producing stable, monodispersed AgNPs. For example, Sadiq et al.[25] reported spherical nanoparticles (30–50 nm) synthesized from Eucalyptus globulus with strong antibacterial activity, while Ali et al.[26]achieved microwave-assisted synthesis that yielded smaller particles (1.9–4.3 nm) compared to conventional extract-based synthesis (5–25 nm), both displaying antibacterial and antibiofilm properties. Similarly, Munir et al.[27] showed that AgNPs derived from Eucalyptus camaldulensis possessed dual antioxidant and catalytic activities, highlighting the multifunctional potential of this genus. Comparative studies further reveal that while E. camaldulensis AgNPs exhibit antioxidant and catalytic functions, E. globulus extracts predominantly generate spherical particles (20–50 nm) with superior antibacterial performance [25,28].
Despite these advances, the relationship between extract concentration, phytochemical availability, and nanoparticle nucleation remains poorly established. Furthermore, comprehensive structural characterization, including optical, vibrational, crystalline, and morphological analyses, is often incomplete or inconsistently reported in most studies. Furthermore, while many studies demonstrate antimicrobial activity, there is limited systematic evaluation of concentration-dependent effects and quantitative assessments across clinically relevant bacterial strains. Addressing these gaps is crucial for translating plant-mediated AgNP synthesis into standardized, reproducible, and application-oriented nanomaterials.
The present work thus aimed to synthesize silver nanoparticles using Eucalyptus leaf extract (ELE), investigate the effect of extract concentration on particle size and morphology, evaluate their optical and structural properties, and assess their antimicrobial potential against Staphylococcus aureus and Klebsiella pneumoniae, pneumonia-causing microorganisms.
2.0 Materials and Methods 
[bookmark: _Toc207092456]2.1 Materials
Fresh leaves of Eucalyptus globulus were collected in November 2024 from the botanical garden of Maasai Mara University, Narok County, Kenya (1°06′20″ S, 35°52′10″ E). Other chemicals were Silver nitrate (AgNO₃, ≥99.8%), Methanol (CH₃OH, ≥99.5%), Sodium tripolyphosphate (Na₅P₃O₁₀, ≥95%), Tween 80 (C₆₄H₁₂₄O₂₆), Sodium hydroxide (NaOH, ≥98%), Folin–Ciocalteu reagent, Gallic acid (C₇H₆O₅, ≥97.5%, Aluminum chloride (AlCl₃, ≥98%), Quercetin (C₁₅H₁₀O₇, >95.5%), Sodium carbonate (Na₂CO₃, ≥99%, Ferric chloride (FeCl₃, ≥97%), Hydrochloric acid (HCl, 32%), Dragendorff's reagent, Copper acetate monohydrate (Cu(CH₃COO)₂·H₂O, ≥98%), Anhydrous Magnesium sulphate (MgSO₄, ≥99%), Ethanol (C₂H₅OH,  ≥99.8%), Sodium nitrite (NaNO₃, ≥99.0%). All the chemicals were purchased from Sigma Aldrich and were of analytical grade. Nutrient broth, Muller Hinton Agar, and the bacteria culture were obtained from the Biology laboratory, Maasai Mara University. Distilled water was used throughout the experiments.
[bookmark: _Toc182256543][bookmark: _Toc207092458]2.2 Methods
[bookmark: _Toc182256544][bookmark: _Toc207092459]2.2.1 Sample pretreatment
The fresh Eucalyptus globulus leaves were collected from healthy, mature trees and thoroughly inspected to remove diseased, insect-infested or physically damaged leaves. The leaves were first rinsed with running tap water to eliminate dust and surface impurities, followed by washing with distilled water to remove residual contaminants. The cleaned leaves were air-dried at room temperature (25 ± 2 °C) for 48 hours in a shaded and dust-free environment within the laboratory. After drying, the leaves were oven-dried at 40–45 °C until constant weight was achieved to minimize moisture content and prevent microbial growth. The dried leaves were then crushed into powder using a sterile mechanical grinder, transferred into sterile, airtight polythene bags, and stored at room temperature in a dry, dark cabinet for further experiments.
2.2.2 Preparation of the Eucalyptus leaf extract
The pre-treated Eucalyptus leaf powder (10 g) was accurately weighed using an analytical balance and transferred into a 250 mL Erlenmeyer flask. Subsequently, 100 mL of distilled water was added to the flask. The mixture was then heated at 90 °C for 5 minutes to promote the extraction of bioactive phytochemicals. After heating, the extract was allowed to cool to approximately 70 °C and filtered through Whatman No.1 filter paper. The filtrate was then collected and preserved at 4 °C under refrigeration, which was maintained for three days before use.
[bookmark: _Toc160882600][bookmark: _Toc207092462]2.2.2 Phytochemical Screening of Eucalyptus Leaf Extract
Phytochemical screening of the ELE was carried out following standard qualitative and quantitative procedures described by Shaikh & Patil [29] with slight modifications. Before analysis, the leaf extract was dissolved in 95% ethanol for assays requiring organic solvents, while emulsification with 0.5% (v/v) Tween-20 was employed for tests necessitating aqueous conditions. All analyses were performed in triplicate to ensure reproducibility, and appropriate reagent blanks and standards were included.
[bookmark: _Toc207092463]2.2.3 Determination of Total Phenolic Content (TPC)
The total phenolic content of the leaf extract was quantified using the Folin–Ciocalteu colorimetric method [30,31]. Briefly, aliquots of the extract at different concentrations (25–100 µg/mL) were prepared in methanol. To 0.5 mL of each sample, 2.5 mL of 10% (v/v) Folin–Ciocalteu reagent was added, followed by 2.0 mL of 7.5% (w/v) sodium carbonate solution after a 5-minute reaction period. The mixtures were incubated at room temperature for 30 minutes in the dark, after which absorbance was measured at 765 nm against a reagent blank. A calibration curve was prepared using gallic acid as a standard, and the total phenolic content was expressed as milligrams of gallic acid equivalents per gram of dry extract (mg GAE/g). The values were calculated using Equation 3.1.
 								(3.1)
where Tp ​ is the total phenolic content, C is the concentration determined from the calibration curve (mg/mL), V is the volume of extract (mL), and M is the mass of dry extract (g).
[bookmark: _Toc207092464]2.2.4 Determination of Total Flavonoid Content (TFC)
The total flavonoid content was determined using the aluminum chloride colorimetric method [32]. A standard calibration curve was prepared using quercetin solutions (25–100 µg/mL) in methanol. For the assay, 1 mL of the ELE was mixed with 4 mL of distilled water, followed by 0.3 mL of 5% (w/v) sodium nitrite solution. After 5 minutes, 0.3 mL of 10% (w/v) aluminum chloride was added, then 2 mL of 1 M sodium hydroxide was introduced after 6 minutes, and the final volume was adjusted to 10 mL with distilled water. The solution was thoroughly mixed, and absorbance was read at 415 nm against a reagent blank. Results were calculated using the quercetin calibration curve and expressed as milligrams of quercetin equivalents per gram of dry extract (mg QE/g) according to Equation 3.2 below.
 									(3.2)
where Tf​ is the total flavonoid content, C is the concentration obtained from the calibration curve (mg/mL), V is the volume of extract (mL), and M is the mass of dry extract (g).
[bookmark: _Toc207092460]2.2.5 Phytochemical-assisted green synthesis of silver nanoparticles 
1 M AgNO₃ stock solution was prepared by dissolving 1.7 g of AgNO₃ in 10 mL of deionized water. From this stock, 4 mM AgNO₃ working solution was obtained by diluting 4 mL of the 1 M solution to a final volume of 1 L with distilled deionized water. The phytochemical-assisted synthesis of AgNPs was carried out using a reaction mixture with AgNO₃ to ELE ratio of 4:1, adjusted to pH 10. The ELE was added in aliquots of 0.5 mL under continuous stirring while maintaining the reaction temperature between 50–70 °C. During the process, the reaction mixture exhibited a distinct color transition from colorless to yellow, and finally to dark brown, indicating the formation of AgNPs. The reaction mixture was allowed to stand undisturbed for 38 hours to facilitate nanoparticle stabilization. The supernatant was then carefully decanted, leaving behind the solid residue, which was subsequently dispersed in methanol and incubated for 12 hours to remove residual impurities. Subsequently, the methanol phase was carefully decanted, and the AgNPs were preserved in a minimal volume of methanol for characterization, followed by drying prior to further analyses.
[image: ]
Figure 1: Schematic presentation of the phytochemical-assisted green synthesis of AgNPs using ELE.

[bookmark: _Toc173769394][bookmark: _Toc174446004][bookmark: _Toc207092467]2.3 Characterization
[bookmark: _Toc173769400]The optical properties of AgNPs synthesized using different concentrations of ELE (1%, 3%, and 6%) were characterized using a Shimadzu UV-3150 spectrophotometer at room temperature. Absorption spectra were collected in the 200–600 nm range with a 1 cm path-length cuvette, using distilled water as reference. Surface plasmon resonance (SPR) peak was used to confirm the nanoparticle formation and stability across the three concentrations.
Fourier Transform Infrared (FTIR) spectroscopy was performed on the leaf extract and the across the three concentrations using a Perkin Elmer spectrometer with an attenuated total reflectance (ATR) accessory. Spectra were recorded between 4000–500 cm⁻¹ at a resolution of 4 cm⁻¹ with 32 scans averaged per sample. The spectra were baseline-corrected and normalized to identify characteristic peaks of functional groups associated with nanoparticle stabilization.
Transmission Electron Microscopy (TEM, JEOL JEM-2100) operating at 200 kV was used to assess nanoparticle size, shape, and morphology. The samples were dispersed in ethanol and sonicated for 15 minutes, deposited onto carbon-coated copper grids, and air-dried before imaging. Surface morphology was further examined using a JEOL IT-7500LA Scanning Electron Microscope at 15–20 kV. Samples were gold-sputtered to enhance conductivity, and micrographs were captured between 1,000x and 50,000x magnification to evaluate particle uniformity, surface texture, and aggregation. X-ray Diffraction (XRD) was performed using a Shimadzu XRD-7000 with Cu Kα radiation (λ = 1.5406 Å) at 40 kV and 30 mA. Scans were run from 10° to 80° (2θ) at 2°/min, and the resulting diffraction patterns were compared with the reference JCPDS card, and the average crystallite size was calculated using the Scherrer equation (Eq.3.3).
                                                      			(3.3)
[bookmark: _Toc207092473]2.4 Antimicrobial Tests
[bookmark: _Toc207092474]2.4.1 Determination of antimicrobial activity of the prepared samples
The antibacterial activity of the AgNPs prepared at different ELE concentrations of 1%, 3%, and 6% was evaluated against S. aureus and K. pneumoniae using the minimum inhibitory concentration (MIC) method. Neomycin was used as a positive control for comparison.
[bookmark: _Toc207092475]2.4.2 Bacteria, medium, and cultivation
Bacterial strains of interest were cultivated in Brain Heart Infusion (BHI) broth, a nutrient-rich medium that simulates physiological conditions. Cultures were centrifuged at 11,000 rpm for 5 min, after which the supernatant was discarded. The bacterial pellet was resuspended in 20 mL of sterile normal saline to obtain viable stock cultures. The bacterial concentration was standardized to an optical density (OD) of 0.10 at 625 nm using a spectrophotometer, corresponding to approximately 1 x 108 CFU/mL (0.5 McFarland standard).
[bookmark: _Toc207092476]2.4.3 MIC determination
The minimum inhibitory concentration (MIC) was determined using the standard broth microdilution method according to Clinical and Laboratory Standards Institute (CLSI) guidelines (M07-A8) [33]. Silver nanoparticles synthesized using 1%, 3%, and 6% ELE were tested. Serial two-fold dilutions of the AgNPs, ranging from 5 mg/mL to 0.156 mg/mL, were prepared in BHI broth. Each tube was inoculated with the standardized bacterial suspension (approximately 1 × 108 CFU/mL). Controls consisted of inoculated broth without nanoparticles. All tubes were incubated at 37 °C for 24 h. The MIC was defined as the lowest concentration of AgNPs at which no visible bacterial growth was observed. Turbidity was visually assessed before and after incubation to confirm MIC values.
3.0 Results and Discussions
3.1 Phytochemical screening of the ELEs
Preliminary phytochemical screening of the ELE revealed the presence of the main classes of secondary metabolites (Table 1). The presence of phenols, flavonoids, tannins, saponins, and glycosides established its strong potential as a reducing and capping agent in the green synthesis of AgNPs. The abundant flavonoids and phenols are particularly significant, as these classes of compounds are consistently implicated in electron transfer processes that reduce Ag⁺ ions to metallic Ag⁰. Similar findings were reported by [34], who demonstrated that phenolic-rich extracts from Phoenix dactylifera efficiently mediated AgNP formation with enhanced stability. In a related study, Ahmed et al. (2016) observed that tannins and flavonoids from Azadirachta indica leaf extract served dual roles as reducing and capping agents, yielding well-dispersed nanoparticles. Furthermore, [36] highlighted that saponins and glycosides in Eucalyptus globulus contributed to nanoparticle stabilization, in line with the current results. This suggests that ELE's phenols, flavonoids, tannins, saponins, and glycoside metabolites operate synergistically to direct nanoparticle nucleation, growth, and stabilization during green synthesis.




[bookmark: _Toc160883083][bookmark: _Toc168057767]Table 1: Phytochemicals qualitatively detected in the Eucalyptus leaf crude extract  
	Secondary metabolites
	Crude Extract
	Inferences

	Alkaloids
	-
	Brown color 

	Phenols
	+++
	Blue-black

	Saponins
	+
	Persist foam 

	Flavanoids
	++
	Persist yellow precipitate

	Terpenoids
	-
	Brown

	Tannis
	+
	Black

	Steroids test
	-
	Red-brown

	Glycosides
	+
	Brown

	Phlobatannis
	-
	Green 

	Antraquinones
	_
	Blue


*Key: (+++) = Abundance     (++) = Moderate        (+) = Present             (-) =Absent        

3.2 Total Phenolics and Flavonoids
The phytochemical richness of the ELE was quantified in terms of total phenolic content (TPC) and total flavonoid content (TFC), as shown in Table 2. Both TPC and TFC increased with ELE concentration, rising from 31 mg GAE/mg and 7 mg QAE/mg at 1% to 78 mg GAE/mg and 32 mg QAE/mg at 6%, respectively. This steady increase indicates that ELE provides abundant reducing and capping agents at higher concentrations, which directly influence nanoparticle nucleation and stabilization. Comparable findings in the literature show that Eucalyptus camaldulensis leaf extract generates stable silver nanoparticles due to its high phenolic content, which acts as both a reducing and stabilizing agent [28]. Similarly, biosynthesis using Eucalyptus globulus leaf extract demonstrated that flavonoid-rich fractions facilitated the production of uniformly dispersed, stable AgNPs with strong antimicrobial properties  [37,38].
Table 2: Total Phenolic and Flavonoid content in the ELE.
	ELE (%)
	TPC (mgGAE/mg)
	SD
	TFC (mgQAE/mg)
	SD

	1%
	31
	±2
	7
	±1

	3%
	43
	±2
	21
	±2

	6%
	78
	±3
	32
	±2



3.4 UV-Vis analysis
The optical properties of the phytochemical-assisted green synthesis AgNPs examined using UV–Vis spectrophotometry are shown in Figure 2. A color transition from pale yellow to dark brown was observed upon the addition of ELE to silver nitrate solution, with increasing extract concentration the coloration intensified. The visible change corresponded to the excitation of surface plasmon resonance (SPR), confirming the reduction of Ag⁺ ions into Ag⁰ nanoparticles. Distinct SPR bands appeared in the 400–430 nm range across all concentrations, consistent with the characteristic plasmonic response of silver nanoparticles [39]. The sharper and more intense peaks observed at 6% ELE reflect a higher density of nanoparticles and improved stabilization due to the increased availability of reducing phytochemicals. These SPR positions agree well with prior reports of Eucalyptus-mediated AgNPs. For instance, [40] observed an SPR peak at approximately 423 nm when using Eucalyptus globulus extract, with peak intensity varying according to extract concentration. Similarly, a study on Eucalyptus camaldulensis extract reported a pronounced SPR band at 420 nm, confirming nanoparticle formation via green synthesis [41]. Moreover, the observed blue shift of the SPR relative to bulk silver is indicative of nanoscale dimensions and reduced particle size, a hallmark of nanoparticle behavior. This trend has been consistently reported across green synthesis aproaches using various plant extracts [27,42].

[image: ]
Figure 2. UV–Vis spectra of the phytochemical-assisted synthesis of AgNPs at 1% (a), 3%(b),  and 6%(c) ELE.

3.5. FTIR Spectroscopy Analysis
FTIR spectroscopy was employed to establish the functional groups in the ELE responsible for reducing silver ions and stabilizing the synthesized nanoparticles. As shown in Figure 3, both the ELE and the pythochemical-assisted synthesized AgNPs displayed characteristic absorption bands. The broad peak around 3400 cm⁻¹ corresponds to O–H stretching vibrations of phenolic compounds and alcohols, which are key contributors to metal ion reduction. The band at around 2920 cm⁻¹ is attributed to C–H stretching from aliphatic hydrocarbons, while the strong absorption around 1630 cm⁻¹ can be assigned to C=O stretching vibrations of flavonoids, amides, and aromatic ketones, which could have participated in the reduction process. The band observed at 1400 cm⁻¹ is associated with O–H bending or C–N stretching, reflecting the presence of polyphenols. A distinct peak at 1100 cm⁻¹ corresponds to C–O stretching vibrations of alcohols, ethers, or glycosidic bonds, which might have played the role in the nanoparticle stabilization. Upon nanoparticle formation, shifts and reductions in peak intensities were evident, confirming the active involvement of these functional groups in Ag⁺ reduction and capping. This behavior was reported from different studies using plant extracts, for example, a study by Kaviya et al.[43], investigated the green synthesis of AgNPs using Citrus sinensis peel extract. FTIR analysis revealed characteristic peaks at approximately 3444, 2927, 2856, 1635, 1118, and 742 cm⁻¹, corresponding to O–H, C–H, and C=O stretching vibrations. These functional groups were identified as key contributors to the reduction of Ag⁺ ions and stabilization of the synthesized AgNPs [43,44].


Figure 3. FTIR spectra of the phytochemical-assisted synthesis of AgNPs at 1% (a), 3%(b), 6%(c) ELE and pure ELE (d).

3.6 TEM Analysis
Figure 4 shows the morphological evolution of AgNPs synthesized using varying concentrations of ELE. At 1% extract (Figure 4a), particles appeared polydispersed and agglomerated, indicating insufficient phytochemical content for stabilization. At 3% (Figure 4b), dispersion improved, though minor clustering remained. As seen in Figure 4c, at 6% ELE the nanoparticles are uniformly distributed, spherical, and smaller in size, ranging from 5–25 nm with an average diameter of 12 ± 10.3 nm (Figure 4d). This concentration-dependent trend highlights that higher extract concentrations provide abundant phytochemicals, especially phenolics and flavonoids that act as reducing and capping agents, enhancing nucleation and limiting growth, which results in smaller particle sizes. Similar findings were reported by [45], who synthesized AgNPs using neem extract with a particle size of 19–43 nm, while [46] produced smaller, well-dispersed AgNPs (2.5–6.5 nm) from mango peel extract. These findings suggest that extract concentration directly influences phytochemical-mediated reduction and stabilization, making it a critical factor in controlling nanoparticle morphology during green synthesis.
[image: ]
Figure 4. TEM images of the phytochemical-assisted synthesis of AgNPs at 1% (a), 3% (b), and 6% (c) and TEM histogram (d).

3.7 XRD Analysis
Figure 5 shows the XRD diffraction patterns of AgNPs synthesized using ELE at 1%, 3%, and 6% concentrations compared to a standard reference. Prominent peaks at 2θ values at 38°, 44°, 64°, and 77° correspond to the (111), (200), (220), and (311) planes of face-centred cubic silver (JCPDS 04-0783). The sharp and well-defined peaks confirm high crystallinity. Average crystallite sizes, calculated using the Debye–Scherrer equation, were 5.3, 5.1, and 4.9 nm for 1%, 3%, and 6% extracts, respectively. The reduction in particle size with higher extract concentration suggests stronger stabilization due to abundant phytochemicals. This trend aligns with the marked increase in total phenolic content (TPC, 31–78 mg GAE/mg) and total flavonoid content (TFC, 7–32 mg QAE/mg), which serve as key reducing and stabilizing agents in green synthesis. Phenolics and flavonoids donate electrons to Ag⁺ ions, enabling their rapid reduction to metallic Ag⁰, while simultaneously capping the particles to prevent uncontrolled growth. This dual role promotes the formation of smaller, uniformly distributed nanoparticles, as confirmed by decreasing crystallite sizes with higher extract concentrations. FTIR peaks at ~3300, ~1650, and ~1600 cm⁻¹ confirm polyphenolic functional groups actively participating in this bioreduction process.
Comparable findings have been reported in recent green synthesis studies: Azadirachta indica leaf extract produced crystalline AgNPs with face-centred cubic structure confirmed by XRD [47], and Camellia sinensis extract yielded ~4 nm uniform, crystalline AgNPs [48]. Likewise, Moringa oleifera-mediated AgNPs showed smaller sizes at higher phytochemical loadings (Kumar et al., 2022). These parallels affirm that Eucalyptus extract behaves consistently with other phytochemical-rich plants, yielding stable, nanosized, crystalline AgNPs.
[image: C:\Users\Suter\AppData\Local\Packages\Microsoft.Windows.Photos_8wekyb3d8bbwe\TempState\ShareServiceTempFolder\xrd_graph_lines_colored.jpeg]
Figure 5. XRD diffraction patterns of AgNPs reference spectrum (a), and phytochemical-assisted synthesis AgNPs at 1% (a), 3% (b), and 6%(c) ELE.

3.8. Antibacterial Activity of the phytochemical-assisted green-synthesized AgNPs
Table 3 presents the antibacterial activity of silver nanoparticles synthesized with different concentrations of ELE against S. aureus and K. pneumoniae. The MIC decreased progressively with increasing extract concentration, reflecting enhanced antibacterial efficiency. For S. aureus, the MIC reduced from 0.200 mg/mL at 1% AgNPs to 0.100 mg/mL at 6% AgNPs. In the case of K. pneumoniae, the MIC dropped from 0.300 mg/mL at 1% to 0.075 mg/mL at 6% AgNPs. These values were consistently lower compared to the positive control, neomycin (1.500 mg/mL for S. aureus and 0.750 mg/mL for K. pneumoniae), confirming the superior antibacterial effectiveness of biosynthesized AgNPs. 
Table 3. Antibacterial activity of phytochemical-assisted green-synthesized AgNPs using different concentrations of ELE and the control.
	 
Bacterial  species
	Concentrations (mg/mL)

	
	1% AgNPs
	3% AgNPs
	6% AgNPs
	Neomycin

	S. aureus
	0.200
	0.150
	0.100
	1.500

	K. pneumoniae
	0.300
	0.150
	0.075
	0.750



The enhanced antibacterial performance observed at higher extract concentrations may be linked to the formation of smaller AgNPs with larger surface-to-volume ratios. This structural feature increases the nanoparticles’ ability to anchor onto microbial membranes, causing protein denaturation, induction of oxidative stress, and ultimately cell death. Similar concentration-dependent antibacterial effects of phytochemical-mediated AgNPs have been documented in the literature. For instance, Chinnasamy et al. [49] reported that Azadirachta indica leaf extract-synthesized AgNPs exhibited strong bactericidal activity against E. coli and S. aureus, demonstrating a trend consistent with the present findings. 
Conclusion
This study demonstrated that phytochemical-assisted green synthesis of silver nanoparticles (AgNPs) using Eucalyptus globulus leaf extract is an effective, sustainable, and biocompatible approach for nanoparticle production. Structural characterization confirmed that phytochemicals, particularly phenolics and flavonoids, play a dual role as reducing and capping agents, thereby governing nanoparticle nucleation, growth, morphology, and stabilization. UV–Vis spectroscopy verified the formation of AgNPs through distinct surface plasmon resonance peaks, while FTIR, TEM, and XRD analyses revealed the presence of functional groups, spherical morphology, and crystalline face-centered cubic structures with size reduction at higher extract concentrations. Importantly, the concentration-dependent phytochemical availability led to enhanced nanoparticle dispersion, decreased crystallite size, and controlled morphology. Antimicrobial assays established that the biosynthesized AgNPs exhibit potent inhibitory activity against S. aureus and K. pneumoniae, surpassing standard antibiotics. These findings highlight the potential of Eucalyptus-mediated AgNPs for biomedical and pharmaceutical applications, emphasizing the importance of green nanotechnology in sustainable antimicrobial development.
[bookmark: _GoBack]Data availability 
This article includes all the data generated or analyzed during this study.
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