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Abstract 

 Green synthesis offers a sustainable alternative for producing metal nanoparticles with controlled structural and 

functional properties. In this study, silver nanoparticles (AgNPs) were successfully synthesized using Syzygium gratum 

branch extract as a natural reducing and stabilizing agent. The formation of AgNPs was confirmed by the emergence of 

a characteristic surface plasmon resonance band at 436 nm. Systematic optimization of reaction parameters, including 

silver nitrate concentration, extract volume, and incubation time, enabled reproducible nanoparticle formation under 

ambient conditions. Comprehensive physicochemical characterization using UV–Vis spectroscopy, FT-IR, XRD, SEM, 

HRTEM, EDX, dynamic light scattering, and zeta-potential analysis revealed the formation of crystalline silver 

nanostructures with a face-centered cubic lattice. XRD analysis indicated an average crystallite size of 11.64 nm, while 

electron microscopy showed predominantly quasi-spherical nanoparticles with sizes ranging from 2 to 50 nm. The 

hydrodynamic particle size was 66.64 nm with a polydispersity index of 0.239, and a negative zeta potential value of −35 

mV demonstrated good colloidal stability. FT-IR spectral shifts associated with hydroxyl, carbonyl/amide, and C–O 

functional groups confirmed the involvement of plant-derived phytochemicals in silver ion reduction and nanoparticle 

surface capping. The biosynthesized AgNPs exhibited pronounced antibacterial activity against both Gram-positive and 

Gram-negative bacterial strains. At a concentration of 10 mM, inhibition zones ranging from 12.67 ± 1.15 to 18.67 ± 0.58 

mm were observed, with statistically significant differences (p < 0.05) for five of the six tested strains. The enhanced 

antibacterial performance is attributed to the small particle size, high surface area, and stable dispersion of the AgNPs. 

Therefore, this work demonstrates that Syzygium gratum branch extract effectively governs nanoparticle nucleation, 

growth, and stabilization. The proposed environmentally benign synthesis route provides a reproducible strategy for 

producing functional silver nanomaterials with potential applications in antimicrobial and biointerface-related fields. 
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Introduction 

 Metal nanoparticles have garnered considerable 

attention due to their distinctive characteristics, 

including large surface area, high physical stability, 

tunable synthesis routes, and ease of surface 

modification [1,2]. These features endow them with 

remarkable electrical, optical, and catalytic properties, 

making them attractive for diverse applications such as 

permeability enhancement and functional fillers. 

Among noble-metal–based nanomaterials, gold (Au)– 

and silver (Ag)–containing nanostructures have 

attracted considerable attention owing to their ability to 

tailor the structural, optical, and functional properties of 

advanced materials, particularly in polymeric and glass-

based systems for radiation-related and optoelectronic 

applications [3,4]. Nevertheless, silver nanoparticles 

(AgNPs) have received greater emphasis in both 

industrial applications and fundamental research due to 

their outstanding performance in catalysis, sensing, gas 

adsorption, antioxidant activity, medical applications, 

and antibacterial effects [5-9]. Various physical and 

chemical techniques have been employed for AgNPs 

synthesis, including solution-phase reduction [10], 

thermal decomposition of silver compounds [11], 

microwave-assisted methods [12], high-energy 

irradiation [13], photocatalytic processes [14], and 

mechanical milling [15]. Among these, chemical 

reduction remains the most widely adopted approach, 

utilizing organic or inorganic reducing agents such as 

hydrazine [16], ascorbic acid [17], sodium borohydride 

[18], and polyethylene glycol [19]. These reducing and 

capping agents play a crucial role in controlling the size 

and morphology of AgNPs by converting Ag(I) ions into 

metallic Ag (0) in aqueous or non-aqueous systems [20]. 

 Despite their effectiveness, conventional physical 

and chemical synthesis routes are often associated with 

high costs due to the requirement for elevated 

temperatures, high pressures, complex instrumentation, 

and substantial energy consumption. In addition, these 

methods frequently generate toxic by-products that pose 

environmental and biological safety concerns [21,22]. 

Consequently, the development of sustainable and 

environmentally benign nanoparticle synthesis 

strategies has become increasingly important, in line 

with the growing emphasis on green chemistry and eco-

friendly technologies [23]. The integration of green 

chemistry principles into nanoparticle production not 

only minimizes environmental impact but also aligns 

with sustainable industrial practices [24,25]. Green 

synthesis approaches exploit natural resources such as 

microorganisms, enzymes, plant extracts, and 

biodegradable materials as reducing and stabilizing 

agents for nanoparticle fabrication [26]. In particular, 

plant-mediated synthesis offers distinct advantages, 

including simplicity, scalability, and the ability to 

produce nanoparticles with controlled size and 

morphology. However, most reported plant-mediated 

AgNP synthesis studies primarily focus on leaf extracts, 

with limited attention given to woody plant tissues and 

their unique phytochemical environments. As a result, 

the influence of tissue-specific phytochemical 

composition—particularly that of lignified and tannin-

rich woody organs—on nanoparticle surface chemistry 

and functional performance remains insufficiently 

explored. 

 Syzygium gratum (Wight) S.N. Mitra var. gratum, 

belonging to the family Myrtaceae, is a plant that grows 

well under a wide range of soil conditions throughout 

Thailand. It is commonly consumed as a fresh or 

blanched vegetable, prepared as herbal tea, or finely 

ground and applied topically to reduce bruising [27]. 

The plant is widely distributed across the country and 

has long been recognized as an ethnomedicinal species 

for the treatment of cuts and wounds. Traditionally, its 

leaves have been used to alleviate dysentery, 

indigestion, and gastrointestinal disorders [28]. Previous 

phytochemical investigations have demonstrated that 

Syzygium leaf extracts are rich in phenolic compounds, 

including flavonoids and other secondary metabolites 

with pronounced biological activity [29]. In contrast to 

leaf tissues, woody organs such as branches represent a 

distinct phytochemical matrix characterized by higher 

proportions of condensed tannins, polymeric phenolics, 

and lignin-associated compounds. These components 

are expected to alter the reduction–stabilization balance 

during green nanoparticle synthesis and to imprint a 

unique surface-associated chemical identity onto the 

resulting nanoparticles. To the best of our knowledge, 

the utilization of Syzygium gratum branch extract for the 

green synthesis of silver nanoparticles, with an emphasis 

on understanding how a woody-tissue-derived 

phytochemical environment governs nanoparticle 
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surface chemistry and antibacterial performance, has not 

been previously reported. Accordingly, Syzygium 

gratum branch extract was selected in this study not with 

the primary aim of optimizing nanoparticle yield or size, 

but rather to systematically examine how tissue-specific 

phytochemical context influences AgNP formation, 

surface functionalization, and biological activity under 

controlled synthesis conditions. 

 Plant-derived phytoconstituents—including 

proteins, alkaloids, saponins, terpenoids, flavonoids, 

tannins, phenols, and polyphenols—have been 

consistently reported to participate in metal-ion 

reduction and nanoparticle stabilization through surface 

coordination and capping interactions during green 

synthesis [30]. The intrinsic redox activity of these 

metabolites facilitates the formation of metallic 

nanoparticles while contributing to colloidal 

stabilization [31,32]. Accordingly, plant-mediated 

nanoparticle synthesis is widely regarded as an 

environmentally benign and operationally 

straightforward approach for generating functional 

nanomaterials without reliance on harsh chemical 

reagents or complex post-synthetic processing. 

 In the present study, Syzygium gratum branch 

extract was employed as a biogenic reducing and 

stabilizing agent for the conversion of silver nitrate into 

silver nanoparticles. Unlike most previous green 

synthesis studies that predominantly utilize leaf-derived 

extracts, this work specifically exploits woody-tissue-

derived phytochemical matrices to elucidate their role in 

encoding surface-associated chemical identity onto 

AgNPs. The synthesized AgNPs were systematically 

characterized using UV–visible spectroscopy, Fourier 

transform infrared spectroscopy (FTIR), X-ray 

diffraction (XRD), field-emission scanning electron 

microscopy (SEM), energy-dispersive X-ray 

spectroscopy (EDX), high-resolution transmission 

electron microscopy (HRTEM), and zeta potential 

analysis. This integrated characterization approach 

enables direct correlation between phytochemical-

mediated nanoparticle nucleation, growth behavior, 

surface chemistry, and colloidal stability. Furthermore, 

the antibacterial efficacy of the branch-derived, 

phytochemically encoded AgNPs was evaluated against 

six clinically relevant pathogenic bacterial strains, 

namely Pseudomonas aeruginosa (P. aeruginosa), 

Listeria monocytogenes (L. monocytogenes), 

Escherichia coli (E. coli), Staphylococcus aureus (S. 

aureus), Salmonella typhimurium (S. typhimurium), and 

Bacillus cereus (B. cereus). By linking surface chemical 

identity to antibacterial performance, this study provides 

mechanistic insight that extends beyond conventional 

reports of green nanoparticle synthesis. 

 

Materials and methods 

 Materials 

 Silver nitrate (AgNO3, ≥ 99%) was purchased 

from Merck. Fresh branches of Syzygium gratum were 

purchased from a local market in Thailand. The bacterial 

strains E. coli, P. aeruginosa, S. aureus, L. 

monocytogenes, S. typhimurium, and B. cereus were 

sourced from the American Type Culture Collection 

(ATCC, Manassas, VA, USA). All chemicals used in 

this study were of analytical reagent grade and were 

employed without further purification. 

 

 Syzygium gratum branch extract preparation 

 Fresh small branches of Syzygium gratum were 

collected and thoroughly washed with distilled water 

two to three times to remove surface impurities. The 

cleaned branches were shade-dried for 30 min, chopped 

into small pieces using scissors, and subsequently dried 

in a hot-air oven for 1 h. The dried material was then 

ground into a fine powder using a blender. A total of 20 

g of the powdered branches was mixed with 500 mL of 

distilled water and heated at 100 °C for 1 h under 

continuous magnetic stirring. After cooling to room 

temperature, the mixture was filtered through Whatman 

No. 1 filter paper. The resulting filtrate was collected 

and stored at 4 °C for further use. The prepared branch 

extract was employed as a green reducing and capping 

agent for the biosynthesis of silver nanoparticles 

(AgNPs). The extraction conditions were selected to 

preserve thermally sensitive phenolic and polyphenolic 

compounds while ensuring sufficient extraction 

efficiency for reducing and stabilizing agents. 

 

 Optimization of green synthesis of AgNPs 

 In this study, the standard reaction system for the 

green synthesis of silver nanoparticles consisted of              

250 µL of Syzygium gratum branch extract mixed with 

25 mL of an aqueous AgNO3 solution at a concentration 

of 10 mM. The reaction mixture was continuously 
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stirred using a magnetic stirrer at room temperature for 

30 min to ensure homogeneous interaction between the 

plant extract and silver ions. This condition was selected 

as the baseline for subsequent optimization experiments. 

To evaluate the effect of silver precursor concentration, 

the AgNO3 concentration was systematically varied in 

the range of 0.25 - 50 mM while maintaining a constant 

extract volume. The branch extract alone and a 10 mM 

AgNO3 solution without extract were used as control 

samples to distinguish bioreduction-induced 

nanoparticle formation from background effects. The 

influence of extract concentration was examined by 

varying the volume of branch extract from 50 to 500 µL, 

with the total reaction volume adjusted accordingly to 

maintain the AgNO3 concentration at 10 mM. In 

addition, the effect of reaction time on nanoparticle 

formation was investigated by incubating the optimized 

reaction mixture for periods ranging from 30 min to 240 

h. These parameters were selected based on preliminary 

trials and literature-reported green synthesis conditions 

to balance nucleation rate, particle growth, and colloidal 

stability. The progress of AgNPs formation under all 

experimental conditions was monitored by recording the 

UV–Vis absorption spectra of the reaction solutions, 

with particular attention to the evolution of the surface 

plasmon resonance band characteristic of silver 

nanoparticles. The stepwise synthesis process and the 

underlying reduction and stabilization mechanisms 

involved in AgNPs formation are schematically 

illustrated in Scheme 1, which presents the proposed 

mechanism for the green synthesis of silver 

nanoparticles (AgNPs) mediated by Syzygium gratum 

branch extract. 

 

 Characterization of synthesized silver 

nanoparticles 

 The optical properties of the synthesized silver 

nanoparticles (AgNPs) were analyzed using a UV–

visible spectrophotometer (GENESYS 50 UV–Vis) 

over a suitable wavelength range, with a spectral 

resolution of 0.5 nm. The morphology, size, and 

elemental composition of the AgNPs were examined 

using scanning electron microscopy (SEM) and energy-

dispersive X-ray spectroscopy (EDX). For SEM and 

EDX analyses, the reaction mixture was dried and 

analyzed using a JEOL JEM-3100F instrument operated 

at an accelerating voltage of 300 kV. The detailed 

morphology and crystalline features of the nanoparticles 

were further investigated by high-resolution 

transmission electron microscopy (HRTEM). For 

HRTEM analysis, a drop of the aqueous AgNP 

suspension was deposited onto a carbon-coated copper 

grid and allowed to dry at ambient conditions. TEM 

micrographs and selected-area electron diffraction 

(SAED) patterns were recorded using a Hitachi HT7700 

transmission electron microscope operated at 200 kV. 

The average particle size and size distribution of the 

AgNPs were determined using a particle size analyzer 

(Zetasizer Nano ZS, Malvern Instruments). The 

crystalline structure of the AgNPs was characterized by 

X-ray diffraction (XRD) using Cu Kα radiation (λ = 

1.5406 Å). The XRD measurements were performed at 

an operating voltage of 40 kV and a current of 40 mA, 

with continuous scanning over a 2θ range of 4° - 90°. 

Functional groups associated with the biomolecules 

involved in nanoparticle synthesis were identified using 

Fourier transform infrared (FTIR) spectroscopy (Nicolet 

iN10, USA) employing the KBr pellet technique. FTIR 

spectra were recorded in transmission mode over 50 

scans at a resolution of 4 cm–1. In addition, the 

hydrodynamic particle size distribution and surface 

charge (zeta potential) of the AgNPs were measured 

using a Zetasizer Nano ZS (Malvern Instruments) at 25 

°C with a detection angle of 90°. 

 

 Antibacterial activity of synthesized silver 

nanoparticles 

 The antibacterial activity of the synthesized silver 

nanoparticles (AgNPs) was evaluated in triplicate 

against representative Gram-positive and Gram-

negative bacterial strains, including E. coli, P. 

aeruginosa, S. aureus, L. monocytogenes, S. 

typhimurium, and B. cereus. The selected bacterial 

strains represent both Gram-positive and Gram-negative 

pathogens commonly associated with clinical and 

environmental infections, enabling a broad evaluation of 

antibacterial efficacy. The antibacterial efficacy of the 

AgNPs was assessed using the disk diffusion method. 

Briefly, bacterial suspensions were adjusted to 0.5 

McFarland standard and uniformly spread onto the 

surface of Mueller–Hinton agar plates. Sterile disks 

impregnated with 50 µL of the AgNP sample were 

placed onto the inoculated agar surfaces, followed by 

incubation at 35 °C for 24 h. After incubation, the plates 
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were examined for the presence of inhibition zones, 

indicated by clear areas surrounding the disks. The 

diameters of the zones of inhibition were measured in 

millimeters, and the mean values for each bacterial 

strain were calculated from three independent replicates.

 

 

Scheme 1 Proposed mechanism for the green synthesis of silver nanoparticles (AgNPs) mediated by Syzygium gratum 

branch extract. 

 

Results and discussion 

 UV–Vis spectroscopy analysis 

 The biosynthesis of silver nanoparticles (AgNPs) 

using Syzygium gratum branch extract was 

systematically investigated using UV–visible 

spectroscopy. Noble metal nanoparticles such as silver 

exhibit distinctive optical properties arising from 

surface plasmon resonance (SPR), which originates 

from the collective oscillation of conduction-band 

electrons upon interaction with incident light [33]. 

During the reduction process, a visible color change 

from pale yellow to reddish brown was observed, 

providing a preliminary indication of AgNP formation. 

The observed color variation was consistent with the 

surface plasmon resonance (SPR) absorption band, a 

distinctive optical feature of metallic silver 

nanoparticles. This finding is in good agreement with 

previously reported studies by Sun et al. [34] and 

Pugazhenthiran et al. [35], which similarly attributed 

such color changes to the SPR behavior of silver 

nanoparticles.  

 The absorption spectra revealed a narrow and 

well-defined SPR peak centered at 436 nm, confirming 

the formation of stable and monodispersed AgNPs 

(Figure 1(a)). This SPR band, arising from collective 

electron oscillations on the nanoparticle surface, is 

commonly employed as a reliable indicator for 

monitoring AgNP synthesis and stability [36,37]. 

Continuous spectral monitoring at regular time intervals 

confirmed the efficient and sustained formation of 

AgNPs, as evidenced by the progressive evolution of the 

characteristic surface plasmon resonance band. These 

observations are in close agreement with earlier studies 

by Bazrgaran et al. [38] and Priyadarshini et al. [39], 

who reported similar time-dependent spectral behavior 

during plant-mediated synthesis of silver nanoparticles, 

attributing it to the gradual reduction of Ag⁺ ions and 

stabilization of the resulting nanoparticles by 

phytochemical constituents. The phytochemicals 
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present in the Syzygium gratum branch extract acted 

simultaneously as reducing, capping, and stabilizing 

agents. Phytochemical screening confirmed the 

presence of alkaloids, saponins, tannins, phenols, 

anthraquinones, flavonoids, glycosides, and 

polyphenols, which are known to facilitate the reduction 

of Ag+ ions to Ag0 and stabilize the resulting 

nanoparticles. A proposed mechanism illustrating Ag+ 

reduction and nanoparticle stabilization is presented in 

Scheme 1. 

 The effect of the branch extract-to-silver nitrate 

ratio on AgNP formation is illustrated in Figure 1(b). 

Reaction mixtures containing 50 - 500 µL of Syzygium 

gratum branch extract were examined while maintaining 

a constant AgNO3 concentration. A gradual color 

transition from pale yellow to reddish brown was 

observed across this range, indicating nanoparticle 

formation. Among the tested conditions, 250 µL of 

branch extract produced the most intense and narrow 

SPR peak, suggesting the formation of smaller and more 

stable AgNPs [40]. In contrast, extract volumes 

exceeding 250 µL resulted in broader SPR bands with 

reduced intensity, implying decreased nanoparticle 

stability and possible aggregation. Similar effects have 

been reported for nanoparticle synthesis mediated by 

plant bark and leaf extracts [41,42]. At higher extract 

concentrations, the excess biomolecules may hinder 

effective silver ion reduction, leading to reduced 

nanoparticle formation [43,44]. Consequently, 250 µL 

of branch extract was selected as the optimal volume for 

subsequent experiments. 

 

 

Figure 1 UV–Vis absorption spectra of silver nanoparticles (AgNPs) synthesized using Syzygium gratum branch extract 

under controlled reaction conditions. (a) Visual color evolution of the reaction mixture during AgNP formation (inset). 

(b) Effect of extract volume (50 - 500 µL) on the UV–Vis spectra at a fixed AgNO3 concentration of 10 mM. (c) Effect 

of AgNO3 concentration (0.25 - 50 mM) at a fixed extract volume of 250 µL. (d) Time-dependent evolution of AgNPs 

formation monitored by UV–Vis spectroscopy at 10 mM AgNO3 and an extract volume of 250 µL. 
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 The influence of AgNO3 concentration on AgNP 

synthesis is shown in Figure 1(c). Silver nitrate 

concentrations ranging from 0.25 to 50 mM were 

investigated. The concentration of the silver precursor 

played a crucial role in determining nanoparticle size, 

stability, and dispersion. At lower concentrations, broad 

and less intense SPR peaks were observed, suggesting 

particle agglomeration and the formation of larger 

nanoparticles. As the AgNO3 concentration increased, 

the SPR peak became sharper and more intense, 

indicating improved reduction efficiency and the 

formation of smaller, more stable nanoparticles. A 

pronounced SPR peak was observed at 10 mM AgNO3, 

accompanied by a blue shift from 461 nm to 436 nm, 

which is indicative of a reduction in nanoparticle size. 

However, at higher AgNO3 concentrations (> 0.01 M), 

although monodispersed AgNPs were initially formed, 

particle aggregation was observed within 5 days, leading 

to sedimentation. These findings are consistent with 

previous studies demonstrating that silver precursor 

concentration critically influences nanoparticle yield, 

size distribution, and long-term stability. Therefore, 10 

mM AgNO3 was selected as the optimal concentration, 

as it provided well-dispersed and stable AgNPs suitable 

for antibacterial applications. 

 The effect of incubation time on AgNPs formation 

is presented in Figure 1(d). Reaction progress was 

monitored over incubation periods ranging from 30 min 

to 240 h. An increase in SPR band intensity with time 

indicated continuous reduction of Ag+ ions and 

enhanced nanoparticle formation [45,46]. Within the 

first 30 min, initial reduction was observed, while a 

distinct SPR peak at 436 nm appeared after 1 h, 

confirming the formation of stable AgNPs [47]. The 

absorbance intensity and color depth continued to 

increase with prolonged incubation, reaching maximum 

silver ion reduction after 72 h. This trend can be 

attributed to an increase in nanoparticle concentration 

over time [48]. Compared with microbial synthesis 

routes, which typically require 24 - 124 h [49], the 

relatively rapid formation of AgNPs in this study 

highlights the strong reducing capability of Syzygium 

gratum phytochemicals and their effective polymeric 

stabilization. The reproducibility of the AgNP synthesis 

was evaluated under identical experimental conditions 

and performed in triplicate. The resulting SPR 

absorbance intensity (2.317 ± 0.03) and peak position 

(436 ± 1 nm) demonstrated excellent reproducibility. 

This consistency may be attributed to controlled 

nucleation and growth processes, governed by 

interactions among high surface-energy nanoparticles 

and stabilizing biomolecules present in the extract. 

 

 Particle size distribution and zeta potential 

analysis 

 Dynamic light scattering (DLS) was employed to 

evaluate the hydrodynamic size distribution of AgNPs 

synthesized using Syzygium gratum brance extract. It 

should be noted that DLS reports the hydrodynamic 

diameter, which includes the metallic silver core 

together with the surrounding organic capping layer and 

solvation shell; consequently, the measured size is 

typically larger than that obtained from electron 

microscopy techniques [50]. The DLS results revealed a 

single dominant peak with a Z-average hydrodynamic 

diameter of 52.88 nm (Figure 2(a)), indicating a 

relatively narrow size distribution for a biologically 

synthesized nanoparticle system. The polydispersity 

index (PDI) was 0.225, which, while not representative 

of an ideally monodisperse system, lies within the range 

commonly reported for stable plant-mediated AgNPs 

[50]. The moderate breadth of the size distribution is 

attributed to heterogeneous phytochemical capping 

inherent to biosynthetic routes, reflecting variations in 

surface-bound biomolecules rather than uncontrolled 

aggregation. 

 Zeta-potential measurements further elucidated 

the colloidal stability of the AgNP suspension (Figure 

2(b)). The particles exhibited a mean zeta potential of 

approximately −27.8 mV, accompanied by additional 

negatively charged subpopulations. Zeta-potential 

values at or below −27.8 mV are generally considered 

sufficient to provide electrostatic stabilization through 

interparticle repulsion in aqueous colloidal systems 

[51]. The observed surface-charge behavior is consistent 

with effective adsorption of brance-derived 

phytochemicals, contributing to colloidal stabilization. 

Taken together, the combination of moderate 

hydrodynamic size, acceptable PDI, and sufficiently 

negative zeta potential supports the conclusion that 

AgNPs synthesized using Syzygium gratum brance 

extract form a stable colloidal system without the need 
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for external stabilizers. This stability can be attributed to 

surface-associated phytochemicals, whose chemical 

nature and functional features are further discussed in 

the FT-IR analysis. The results underscore the 

advantage of woody tissue-derived extracts in providing 

persistent surface capping and enhanced colloidal 

stability compared with less stable leaf-derived systems. 

 

 

Figure 2 (a) Dynamic light scattering (DLS) particle size distribution and (b) zeta potential profile of silver nanoparticles 

(AgNPs) synthesized using Syzygium gratum branch extract. 

 

 FT-IR analysis 

 FT-IR spectroscopy was employed to identify the 

functional groups involved in the reduction and 

stabilization of AgNPs by Syzygium gratum branch 

extract. The FT-IR spectrum of AgNO3 exhibited 

characteristic absorption bands at 2,729.20, 2,395.20, 

1,763.25, and 825.13 cm–1 (Figure 3(a)), corresponding 

to nitrate-related vibrational modes. The FT-IR 

spectrum of the Syzygium gratum branch extract (Figure 

3(b)) showed several prominent peaks, indicating the 

presence of various bioactive compounds. The band 

observed at 616.28 cm–1 is attributed to alkyl halide 

vibrations, particularly C–Cl stretching. A distinct peak 

at 767.29 cm⁻¹ corresponds to out-of-plane C–H 

bending vibrations of alkenes or alkynes. The absorption 

band at 1,071.22 cm–1 is assigned to C–OH stretching 

vibrations, commonly associated with proteins and 

polysaccharides. Peaks at 1,238.24 and 1,384.22 cm–1 

can be attributed to the stretching vibrations of alcohols, 

ethers, esters, carboxylic acids, and amino groups. The 

band around 1,381.22 cm–1 is related to aromatic C=C 

stretching vibrations. A prominent peak at 

approximately 1,612.19 cm–1 corresponds to C=O 

stretching vibrations of carbonyl groups, which may 

also overlap with amide I or amide II bands of proteins. 

The absorption bands at 2,930.24 and 3,401.18 cm–1 are 

associated with the stretching vibrations of N–H 

(secondary amines) and O–H functional groups, 

respectively. The broad and intense O–H stretching 

band indicates the presence of hydroxyl groups, 

suggesting their significant role in the reduction of Ag+ 

ions and their strong binding affinity toward AgNPs. 

These hydroxyl groups are most likely attributed to 

phenolic, alcoholic, and polyphenolic constituents 

present in the Syzygium gratum branch extract, which 

play a crucial role in the reduction and stabilization of 

silver ions. This interpretation is in good agreement with 

previous studies reported by Prakash et al. [53] and 

Wang and Bunkers [54], who similarly identified 

hydroxyl-rich phytochemicals as key functional groups 

involved in plant-mediated nanoparticle synthesis.  

 The FT-IR spectrum of the synthesized AgNPs 

(Figure 3(c)) displayed characteristic peaks at 1,043.05, 

1,228.24, 1,612.25, and 2,930.24 cm⁻¹, along with 

several weaker bands. The band at 1,043.05 cm⁻¹ is 

attributed to C–N stretching vibrations of aliphatic 

amine groups or contributions from phenolic and 

alcoholic compounds. The peaks at 1,238.24 and 

1,612.25 cm–1 correspond to amide III and amide II 

bands of proteins, respectively, while the band at 

2,930.24 cm–1 is associated with carbonyl groups and 

secondary amines. The observed shifts and intensity 
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changes in these functional groups after AgNPs 

formation indicate that biomolecules present in the 

branch extract, particularly proteins and polyphenolic 

compounds, play a crucial role in the reduction and 

stabilization of AgNPs. The coordination between silver 

ions and amide nitrogen atoms suggests that proteins act 

as capping agents, forming a protective layer around the 

nanoparticles, thereby preventing agglomeration and 

enhancing colloidal stability. Overall, the FT-IR results 

confirm that the green synthesis of AgNPs is mediated 

by plant-derived metabolites, such as terpenoids, 

proteins, and polyphenols, containing functional groups 

including amines, alcohols, aldehydes, ketones, and 

carboxylic acids [55,56]. 

 

 

Figure 3 FTIR spectra of (a) AgNO₃, (b) Syzygium gratum branch extract, and (c) synthesized silver nanoparticles 

(AgNPs). 

 

 XRD analysis 

 The X-ray diffraction (XRD) pattern of the 

synthesized AgNPs is shown in Figure 4. The presence 

of sharp and well-defined diffraction peaks confirms the 

crystalline nature of the nanoparticles. The prominent 

diffraction peaks observed at 2θ values of 38.15°, 

44.32°, 64.47°, and 77.40° correspond to the (111), 

(200), (220), and (311) crystallographic planes of face-

centered cubic (fcc) silver, respectively. These 

reflections are in good agreement with the standard 

diffraction data for metallic silver (JCPDS No.                     

04–0783) [57]. In addition to the characteristic Bragg 

peaks of silver nanocrystals, minor diffraction peaks at 

2θ = 27.19° and 32.24° were also detected. These 

diffraction peaks can be ascribed to the presence of 

organic constituents originating from the Syzygium 

gratum branch extract, which actively participate in the 

reduction of Ag⁺ ions and subsequently contribute to the 

stabilization of the synthesized nanoparticles. This 

observation is consistent with the findings of Konduri et 

al. [58], who reported that phytochemical components 

from Hibiscus tiliaceus leaf extract served as effective 

reducing and capping agents during the green synthesis 

of AgNPs. The coexistence of organic-related peaks 

further substantiates the role of plant-derived 

biomolecules as natural capping agents in the green 

synthesis process. Moreover, the sharpness and high 

intensity of the diffraction peaks reflect a high degree of 

crystallinity of the AgNPs, in good agreement with 

earlier reports by Vidhu et al. [59], who similarly 

observed well-defined crystalline structures in 

biosynthesized silver nanoparticles prepared using 

plant-based extracts. The average crystallite size of the 

AgNPs was estimated using the Debye–Scherrer 

equation, D = k/cos, where D represents the average 

crystallite size (Å), 𝑘is the shape factor (0.9),  is the             

X-ray wavelength (1.5406 Å),  denotes the full width 

at half maximum (FWHM) of the diffraction peak, and 

 is the Bragg angle. Based on the (111) diffraction 

plane, the calculated average crystallite size was 11.65 

nm (Table 1), which is in close agreement with the 

average particle size of approximately 11.65 nm. It is 
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noteworthy that the crystallite size derived from XRD 

analysis is smaller than the particle size observed in 

SEM and TEM images. This difference can be attributed 

to the aggregation of several crystalline domains into 

larger particles, resulting in an apparent increase in 

particle size when evaluated by microscopic techniques. 

 

 

Figure 4 X-ray diffraction (XRD) pattern of AgNPs synthesized using Syzygium gratum branch extract. 

 

Table 1 Estimated average crystallite size of the synthesized silver nanoparticles calculated using the Debye–Scherrer 

equation.  

Standard (2θ) 

JCPDS No:04-8730 
2θ θ sinθ cosθ 

d-spacing [Å] 

(d = nλ/2sinθ) 

Β 

(degree) 

FWHM β 

(radian) 
2sinθ 

d 

(dpacing) 
β cosθ hkl 

D  

(nm) 

38.117 38.154 19.077 0.764 0.945 2.357 0.561 0.010 0.653 0.236 0.0090 (111) 15.645 

44.279 44.328 22.191 0.376 0.926 2.042 1.461 0.025 0.7529 0.205 0.0240 (200) 6.1310 

64.428 64.471 32.235 0.532 0.845 1.444 0.718 0.012 1.0675 0.144 0.0106 (220) 13.667 

77.475 77.415 38.707 0.625 0.780 1.232 0.955 0.017 1.0251 0.123 0.0130 (311) 11.136 

 

 SEM and EDX analysis 

 The surface morphology of the synthesized 

AgNPs was examined by scanning electron microscopy 

(SEM), as shown in Figures 5(a) - 5(b). Discrete 

nanoscale features with predominantly irregular to 

quasi-spherical appearances were observed, distributed 

across the substrate. A certain degree of particle 

clustering was evident, which is commonly attributed to 

solvent evaporation and sample dehydration during 

SEM preparation rather than intrinsic colloidal 

instability [60]. As SEM provides localized surface 

information, the apparent particle dimensions observed 

in the micrographs should be interpreted qualitatively 

and in conjunction with size information obtained from 

TEM and DLS analyses. 

 The elemental composition of the synthesized 

material was further examined by SEM–EDS (Figure 

5(c)). The EDS spectrum displayed a prominent signal 

corresponding to elemental silver, confirming Ag as the 

dominant inorganic constituent of the synthesized 

nanoparticles. This characteristic silver peak is in good 

agreement with previously reported EDS profiles of 

biosynthesized AgNPs [61]. In addition, detectable 

carbon and oxygen signals were observed, which can be 

attributed to organic moieties derived from the Syzygium 

gratum branch extract. Similar elemental contributions 

from plant-based biomolecules acting as reducing and 

capping agents have been reported by Jyoti et al. [60] in 

their study on Urtica dioica–mediated silver 

nanoparticle synthesis, further supporting the 

involvement of phytochemical constituents in the 

stabilization of the AgNPs. In addition, carbon and 

oxygen signals were detected, which are associated with 

organic species originating from the Syzygium gratum 
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branch extract. These surface-associated organic 

components are consistent with phytochemical capping 

inferred from FT-IR and zeta-potential analyses and 

support their role in stabilizing the AgNPs within an 

organic matrix. The SEM–EDS results therefore provide 

complementary evidence for the formation of silver 

nanoparticles embedded in a phytochemically derived 

surface environment, in agreement with the 

physicochemical characteristics discussed in the 

preceding sections. 
 

 

 

Figure 5 (a) - (b) SEM images, and (c) EDX spectrum of AgNPs synthesized using Syzygium gratum branch extract. 

 

 

Figure 6 (a) - (d) HRTEM micrographs, (e) lattice fringes at higher magnification, and (f) SAED pattern of AgNPs 

synthesized using Syzygium gratum branch extract. 

 

 HRTEM and SAED analysis 

 HRTEM analysis was employed to further 

elucidate the surface morphology, shape, and particle 

size distribution of the synthesized AgNPs. 

Representative HRTEM micrographs are shown in 

Figures 6(a) - 6(e). The AgNPs exhibited diverse 

morphologies, including spherical, triangular, 

hexagonal, and rod-like structures, with smooth surface 

features. Statistical analysis based on TEM images of 

more than 100 individual nanoparticles revealed particle 

diameters ranging from approximately 2 to 50 nm, with 

an average particle size of 92.88 ± 11.17 nm. The 

corresponding particle size distribution histogram 

(Figure 6(g)) indicates a moderately narrow size 

distribution, confirming the effective size control 

achieved through the phytochemical-mediated 
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reduction and stabilization process. The nanoparticles 

were well dispersed with minimal aggregation at the 

nanoscale, suggesting efficient surface capping by 

biomolecules present in the Syzygium gratum branch 

extract. The selected area electron diffraction (SAED) 

pattern shown in Figure 6(f) displayed distinct 

concentric rings, confirming the polycrystalline nature 

of the AgNPs. These diffraction rings were indexed to 

the (111), (200), (220), and (311) crystallographic 

planes, which are characteristic reflections of the face-

centered cubic (FCC) structure of metallic silver. The 

SAED results further corroborate the high crystallinity 

of the biosynthesized AgNPs. 

 

 Antibacterial activity 

 The antibacterial activity of the synthesized 

AgNPs was evaluated against six representative 

bacterial strains, namely E. coli, P. aeruginosa, S. 

aureus, L. monocytogenes, S. typhimurium, and B. 

cereus using the disk diffusion method. The 

biosynthesized AgNPs exhibited pronounced 

antibacterial activity against all tested bacterial strains. 

The measured zones of inhibition (ZOIs) are 

summarized in Table 2 and illustrated in Figure 7. 

Statistical analysis revealed that the antibacterial effects 

of the AgNPs were significant (p < 0.05) for five of the 

six tested bacterial species, indicating a strong 

likelihood that the observed inhibition was attributable 

to the nanoparticles. Although L. monocytogenes 

showed a relatively large inhibition zone, the difference 

was not statistically significant (p = 0.061). Such 

variations in antibacterial susceptibility can be attributed 

to differences in bacterial species, cell wall architecture, 

nanoparticle concentration, and experimental 

conditions. In particular, Li et al. [61] demonstrated that 

the antibacterial efficacy of AgNPs against multidrug-

resistant Pseudomonas aeruginosa is strongly 

influenced by bacterial membrane structure and 

nanoparticle–cell interactions, which govern membrane 

disruption and intracellular damage. The magnitude of 

antibacterial activity, expressed as effect size, serves as 

a quantitative indicator of efficacy, with larger values 

reflecting stronger bactericidal performance. Consistent 

with this, previous studies have reported that AgNPs 

exhibit large effect sizes (Cohen’s d = 1.08 - 4.29), 

primarily due to their nanoscale dimensions and high 

surface-area-to-volume ratio, which enhance direct 

contact with bacterial membranes and promote Ag⁺ ion 

release. This interpretation is in good agreement with 

the findings of Ershov and Ershov [62], who reported a 

strong size-dependent relationship between silver 

nanoparticles and antibacterial activity, highlighting the 

superior bactericidal performance of smaller AgNPs. 

 The antibacterial activity of the green-synthesized 

AgNPs exhibited a clear concentration-dependent 

enhancement, in good agreement with previously 

reported studies [63]. Notably, at an AgNPs 

concentration corresponding to 10 mM AgNO₃, the 

largest zones of inhibition (ZOIs) were observed, 

measuring 18.67 ± 0.58 mm for P. aeruginosa, 14.33 ± 

1.53 mm for L. monocytogenes, 12.67 ± 1.15 mm for E. 

coli, 15.33 ± 1.15 mm for S. aureus, 13.33 ± 0.58 mm 

for S. typhimurium, and 15.00 ± 1.00 mm for B. cereus. 

This pronounced antibacterial performance can be 

attributed to the increased availability of AgNPs at 

higher concentrations, which enhances nanoparticle–

bacteria interactions and Ag⁺ ion release. Similar 

concentration-dependent antibacterial and antibiofilm 

effects of AgNPs against both Gram-positive and Gram-

negative bacteria were reported by Gurunathan et al. 

[63], who highlighted membrane disruption and 

intracellular oxidative stress as key mechanisms 

underlying AgNP-induced bacterial inhibition. In 

contrast, the Syzygium gratum branch extract alone 

exhibited comparatively weaker antibacterial activity, 

yielding ZOIs of 9.67 ± 0.58 mm against P. aeruginosa 

and 7.67 ± 0.58 mm against B. cereus, suggesting a 

limited intrinsic antimicrobial effect of the 

phytochemicals in the absence of nanoparticle 

formation. The AgNO₃ solution produced moderate 

inhibition zones ranging from 9.33 to 13.67 mm across 

all tested strains, indicating that the enhanced 

antibacterial efficacy observed for the AgNPs arises 

from the synergistic effects of nanoscale silver and 

plant-derived capping agents rather than from ionic 

silver alone. 

 Overall, the biosynthesized AgNPs demonstrated 

markedly higher antibacterial activity, yielding 

inhibition zones of approximately 13 - 19 mm, 

compared with AgNO3 (9 - 14 mm) and the crude plant 

extract (7 - 10 mm). This enhanced bactericidal 

performance can be attributed to the extremely large 

surface area of AgNPs, which promotes close contact 

with microbial cells and acts as a reservoir for sustained 
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Ag+ ion release. Slight variations in antibacterial 

efficacy among bacterial species are likely related to 

differences in cell wall architecture, surface charge, 

nanoparticle size, intracellular targets, resistance 

mechanisms, and potential synergistic interactions with 

phytochemicals present on the nanoparticle surface. The 

antibacterial mechanism of AgNPs involves multiple 

pathways. Initially, AgNPs interact with bacterial cell 

membranes, disrupting membrane integrity, 

permeability, and respiratory functions. Subsequently, 

AgNPs can penetrate the cell envelope and enter the 

cytoplasm, where they interact with sulfur-containing 

proteins and phosphorus-rich biomolecules such as 

DNA and RNA, ultimately leading to cell death. Silver 

nanoparticles exhibit a strong affinity for sulfur and 

phosphorus, elements abundant in both Gram-positive 

and Gram-negative bacterial membranes. Binding of 

AgNPs to thiol-containing proteins significantly reduces 

bacterial viability. In addition, internalized AgNPs can 

interfere with intracellular signaling pathways, 

metabolic processes, DNA replication, cellular 

respiration, and cell division, culminating in extensive 

bacterial damage and loss of viability [64-66]. 

 

 

Figure 7 Antibacterial activity of biosynthesized AgNPs against six bacterial strains as determined by the disk diffusion 

method: (a) S. typhimurium, (b) P. aeruginosa, (c) B. cereus, (d) E. coli, (e) L. monocytogenes, and (f) S. aureus. 

 

Table 2 Antibacterial performance of silver nanoparticles synthesized via a green route using Syzygium gratum branch 

extract against selected bacterial strains. 

Microorganisms 
Diameter of inhibition zone (mm) Estimated 

branch extract AgNO3 AgNPs p-value Cohen’s d Interpretation 

Escherichia coli NS 9.33  1.53a 12.67  1.15a 0.032 2.31c 
Large effect, significant 

(p < 0.05) 

Pseudomonas 

aeruginosa 
9.67 ± 0.58a 12.00  2.00a 18.67  0.58a 0.008 4.29c 

Large effect, significant 

(p < 0.05) 

Staphylococcus 

aureus 
NSb 13.67  1.53a 15.33  1.15a 0.049 1.23c 

Large effect, significant 

(p < 0.05) 

Listeria 

monocytogenes 
NSb 12.00  1.00a 14.33  1.53a 0.061 1.08c 

Large effect, not significant 

(p < 0.05) 

Salmonella 

typhimurium 
NSb 10.67  0.58a 13.33  0.58a 0.039 1.35c 

Large effect, significant 

(p < 0.05) 

Bacillus cereus 7.67 ± 0.58a 11.33  1.15a 15.00  1.00a 0.021 2.01c 
Significant difference 

(p < 0.05) 

Noted: a Each value is an average of three replicates ± standard deviation (SD). 
b NS = non-sensitive 
c Cohen's d is a measure of effect size that quantifies the difference between two means in terms of standard deviations. 

 

(a) (b) (c) 

(d) (f) (g) 



Trends Sci. 2026; 23(10): 13199   14 of 18 

 

Conclusions 

 A green A green and reproducible approach for the 

synthesis of silver nanoparticles was successfully 

developed using Syzygium gratum branch extract as a 

dual-function reducing and stabilizing agent. Systematic 

optimization of the reaction parameters, including 

AgNO₃ concentration, extract volume, and incubation 

time, enabled controlled nanoparticle formation. 

Comprehensive physicochemical characterization using 

UV–Vis spectroscopy, FTIR, XRD, SEM, HRTEM, 

EDX, and zeta-potential analyses confirmed the 

successful synthesis of well-defined AgNPs. The 

biosynthesized AgNPs exhibited a characteristic surface 

plasmon resonance band centered at 436 nm and a face-

centered cubic crystalline structure, with an average 

crystallite size of 11.65 nm, confirming effective 

reduction and crystallization under mild, plant-mediated 

conditions. The pronounced negative zeta potential 

indicated good colloidal stability, while electron 

microscopy analyses revealed nanoscale particles with 

well-dispersed morphology and size heterogeneity 

associated with the phytochemical environment of 

woody tissue extracts. FT-IR analysis suggested that 

phytochemical functional groups, particularly hydroxyl- 

and amide-containing compounds, played a key role in 

the reduction of Ag⁺ ions and in nanoparticle surface 

capping, thereby contributing to structural stability and 

dispersion. Importantly, the AgNPs synthesized using 

branch-derived extract demonstrated notable 

antibacterial activity against both Gram-positive and 

Gram-negative bacterial strains, highlighting the strong 

bio–nano interfacial interactions induced by surface-

bound phytochemicals.  

 Overall, this study provides new insight into how 

woody-tissue-derived phytochemical matrices influence 

nanoparticle nucleation, growth behavior, surface 

chemistry, and antibacterial performance, rather than 

focusing solely on synthesis optimization. Future work 

will focus on correlating specific surface-bound 

phytochemicals with antibacterial mechanisms, 

evaluating cytotoxicity and biocompatibility for 

biomedical relevance, and exploring the integration of 

these AgNPs into functional coatings, filtration media, 

or antimicrobial composites. Despite the advantages of 

the proposed green synthesis approach, certain 

limitations should be acknowledged for large-scale 

implementation. Variability in phytochemical 

composition arising from plant age, seasonal factors, 

and extraction conditions may influence nanoparticle 

reproducibility and batch-to-batch consistency. In 

addition, precise control over particle size distribution 

and morphology during scale-up remains a challenge 

that requires further process optimization. Future studies 

should therefore address scalable reactor design, 

standardization of extract preparation, and continuous-

flow synthesis strategies to ensure reproducibility and 

cost-effectiveness for industrial applications. The 

environmentally benign synthesis strategy presented 

here offers a scalable and sustainable route for 

producing functional silver nanomaterials, with 

potential relevance for antimicrobial and biointerface-

related applications. 
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