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 Background: Nanoparticle applications are expanding across biomedical research. Plant 

extract–mediated (green) synthesis offers a sustainable and economically viable route for 

nanoparticle production. Objective: This study focused on the synthesis of gold 

nanoparticles (AuNPs) using Zataria multiflora Boiss extract and evaluated their 

antibacterial efficacy. Methods: AuNPs were synthesized using the aqueous extract of 

the Z. multiflora plant. The nanoparticles were characterized by UV–Vis spectroscopy, 

energy-dispersive X-ray analysis (EDAX), transmission electron microscopy (TEM), 

scanning electron microscopy (SEM), Fourier-transform infrared spectroscopy (FTIR), 

dynamic light scattering (DLS), and zeta-potential measurements. The total phenolic 

content of the Z. multiflora extract was quantified using a gallic acid standard curve. 

Flavonoid content was measured using quercetin as the standard. Antioxidant capacity 

was assessed with ascorbic acid as the reference standard. The antibacterial activity of the 

synthesized AuNPs was evaluated by determining the minimum inhibitory concentration 

(MIC), minimum bactericidal concentration (MBC), and by disk diffusion assays. 

Results: Spectroscopy showed a peak for AuNPs at 530 nm. DLS revealed an average 

hydrodynamic diameter of 123.8 nm with a moderate size distribution. The zeta-potential 

was highly negative (-77.7 mV), indicating colloidal stability. AuNPs exhibited 

significant antibacterial activity against both S. aureus and E. coli in MIC, MBC, and 

disk diffusion assays. Conclusion: Z. multiflora extract effectively mediates the 

biosynthesis of stable AuNPs with notable antibacterial activity, supporting its potential 

for green nanomaterial synthesis in antimicrobial applications. 
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1. Introduction 

Nanoparticles (NPs) have garnered 

significant attention in biomedical research due 

to their versatile properties, which enable 

applications in drug delivery, diagnostics, and 

therapeutic interventions. Among them, gold 

nanoparticles (AuNPs) stand out because of 

their unique optical characteristics, excellent 

biocompatibility, low toxicity, and chemical 

stability. Additionally, AuNPs resist surface 

oxidation and can be readily functionalized, 

further enhancing their potential for diverse 

biomedical applications. [1]. The biological 

activity of NPs is largely determined by their 

size and structure. This activity is further 

affected by environmental conditions and the 

procedure of synthesis [2]. NPs have small size, 

similar to biomolecules such as proteins and 

DNA, which makes them suitable carriers for 

application in bioassays and drug delivery, 

unlike larger carriers such as liposomes, which 

exhibit limited cellular uptake [3]. Different 

physical and chemical methods can be used to 

create nanoparticles [4]. However, these 

methods are often environmentally unfriendly, 

as they require toxic solvents and harmful 

compounds. They are also expensive and can 

generate additional hazardous byproducts. 

Consequently, biosynthetic approaches for 

nanoparticle production have gained 

considerable interest in recent years. Green 

synthesis is environmentally friendly, simple, 

single-step, efficient, and cost-effective [5, 6]. 

This strategy employs biological agents, 

including microorganisms, plants, and enzymes, 

for nanoparticle synthesis. Among these agents, 

plants have been more popular due to their cost-

effectiveness and the lack of need for complex 

maintenance of cell cultures, which makes them 

suitable for large-scale production [5]. Plant 

secondary metabolites influence nanoparticle 

synthesis, acting as natural reducing and 

stabilizing agents. Compounds like proteins, 

polysaccharides, flavonoids, terpenoids, and 

phenolic acids make this method 

environmentally safer by reducing the need for 

toxic chemicals [2, 7]. Zataria multiflora Boiss 

is a popular Iranian medicinal plant and a 

member of the Lamiaceae family. Studies have 

reported that this plant possesses numerous 

biomedical properties, including anticancer, 

anti-inflammatory, antioxidant, and 

antimicrobial characteristics [8]. The key 

bioactive compounds in Z. multiflora are 

phenolic phytochemicals such as carvacrol, 

thymol, and eugenol. In addition, p-cymene is 

reported as the principal non-phenolic 

constituent of this plant [9]. According to 

studies, various phytochemicals in Z. multiflora 

can affect the morphology and dimensions of 

the synthesized nanoparticles. AuNPs 

synthesized using Z. multiflora extract have 

been reported to produce nanoparticles with 

sizes within a range suitable for biomedical 

applications.  Biomolecules of the plant extract 

play a key role in nanoparticle synthesis by 

enabling their formation and ensuring their 

stability. Proteins enhance stability, while 

phenolic compounds bind metals through 

hydroxyl and carboxyl groups [10, 11]. 

Many studies have demonstrated that, AuNPs 

play important roles in biology and 

environmental applications as antibacterial and 

antifungal agents [12, 13]. Given that  

Z. multiflora has potent antibacterial and 

antioxidant properties, it was chosen to prepare 

antibacterial gold nanoparticles in the present 

project. In this study, AuNPs were synthesized 

by the green synthesis method using  

Z. multiflora aqueous extract and subsequently 

characterized. Antibacterial effects of 

synthesized AuNPs were evaluated by minimum 
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inhibitory concentration (MIC), minimum 

bactericidal concentration (MBC), and disk 

diffusion assays. 

 

2. Materials and methods 

This study was approved by the Ethics 

Committee of Alzahra University, Tehran, Iran 

(Approval ID: IR.ALZAHRA.REC.1402.015; 

Date: 2023-05-17). 

 

2.1. Preparation of Zataria multiflora aqueous 

extract 

The aerial parts of Zataria multiflora Boiss 

were purchased from the Medicinal Plants 

Garden of Firouzeh, Tehran, Iran. The plant 

identity was confirmed by comparison with 

authenticated herbarium specimens at the 

Herbarium of the Faculty of Biological 

Sciences, Alzahra University, Tehran, Iran 

(Herbarium code: ALUH). Five grams of dried 

plant leaves were mixed with 100 ml of sterile 

distilled water, boiled for 3 min, and stirred for 

10 min at 60 °C. After filtration with Whatman 

No. 1 filter paper, the extract was stored at 4 °C 

until further application [14].  

 

2.2. Total phenolic content 

The Folin–Ciocalteu colorimetric method 

was employed to determine the total phenolic 

content (TPC), as outlined previously by 

Meamari et al. (2022) with minor modifications. 

Gallic acid was employed to generate the 

standard calibration curve (Merck, Germany) 

(10, 20, 30, 40, and 50 μg/ml). For each 

measurement, 200 μl of Z. multiflora extract or 

standard was mixed with 200 μl of 10 % Folin–

Ciocalteu reagent (Merck, Germany) (diluted 

with distilled water) and kept at room 

temperature (RT). After 5 min, 100 μl of 7 % 

sodium carbonate (Na2CO3, DYC, Iran) solution 

and 1.8 ml of distilled water were added. The 

tubes were incubated in a dark place at RT for 

90 min. Absorbance was measured at 765 nm 

using an ultraviolet (UV)-visible 

spectrophotometer (Potonix Ar 2017, UK). The 

phenolic content was calculated by plotting a 

calibration curve and applying the resulting 

linear equation (y = 0.1919x − 0.2082; R² = 

0.9822). Results were reported in milligrams of 

gallic acid equivalent per gram of dry weight 

(mg GAE/g DW) (mean ± SD). All experiments 

were conducted in triplicate [15]. 

 

2.3. Total flavonoid content 

Total flavonoid content (TFC) was 

determined through a colorimetric assay based 

on aluminum chloride (AlCl₃·6H₂O). A standard 

calibration curve was prepared using quercetin 

(Sigma, USA) (10, 20, 30, 40, and 50 μg/ml). 

For each measurement, 200 μl of Z. multiflora 

extract or standard was mixed with 100 μl of 10 

% aluminum chloride (AlCl3·6H₂O, Merck, 

Germany) and 100 μl of 1 M potassium acetate 

(Chemex, Iran) solutions. DW was added to get 

a final volume of 3 ml. The tubes were 

incubated in the dark for 30 min at RT. Using a 

UV–visible spectrophotometer, absorbance at 

415 nm was measured, and a calibration curve 

was constructed to calculate flavonoid content 

via the linear equation (y = 0.0993x − 0.0946; 

R² = 0.9955). Results were expressed as mg 

quercetin equivalent per gram of dry weight 

(QE/g DW) of the extract (mean ± SD). All 

measurements were performed in triplicate [16]. 

 

2.4. Antioxidant capacity 

The antioxidant capacity of Z. multiflora 

extract was assessed with two methods, including 

DPPH (2,2-diphenyl-1-picrylhydrazyl) radical 

scavenging assay based on a standard curve of 

ascorbic acid (Sigma, USA), and percentage 

inhibition of DPPH radicals. 
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For the ascorbic acid standard curve, a stock 

solution of 1 mM concentration was made using 

distilled water, and working standards were 

made accordingly (5-30 μg/ml). Fresh 0.1 mM 

DPPH (Sigma, USA) solution in methanol 

(Merck, Germany) was used. Each standard (1 

ml) was mixed with 2 ml DPPH, vortexed, and 

incubated in the dark at room temperature for 30 

minutes, and absorbance was recorded at 517 

nm. A blank with DPPH in methanol served as a 

negative control. A calibration curve was 

plotted (y = 0.1023x − 0.147, R² = 0.9818), and 

the antioxidant capacity was reported as µmol 

ascorbic acid equivalent per gram of dried 

weight (AAE/g DW) [17]. 

The percentage of DPPH radical scavenging 

was used to further assess the antioxidant capacity 

[18]. One millilitre of the extract was added to 2 

ml of DPPH, vortexed, and incubated in the dark 

for 30 min at RT. Ascorbic acid and DPPH 

without extract served as positive and negative 

controls, respectively. Absorbance was measured 

at 517 nm. The percentage of inhibition was 

determined as % DPPH radical inhibition = [(Abs 

Control−Abs sample)/Abs Control] × 100, where Abs 

Control was the absorbance of DPPH without 

extract, and Abs Sample was the absorbance with 

extract. Measurements were done in triplicate, and 

results were expressed as mean ± SD.  

 

2.5. Biosynthesis and characterization of AuNPs  

To synthesize Zataria-AuNPs, 10 ml of 1 

mM HAuCl4 (Sigma, USA) was added to 

different volumes of Z. multiflora leaf extract 

(0.1, 0.5, and 1.0 ml), resulting in final HAuCl4 

concentrations of approximately 0.990, 0.952, 

and 0.909 mM, respectively. The reaction 

mixture was stirred at 300 rpm at 80 °C for 20 

min at pH 7. The color change to ruby red 

confirmed the formation of AuNPs, with the 

extract acting as a reducing agent, converting 

Au³⁺ to Au⁰ [14]. Positive controls (HAuCl4 

without extract) and negative controls (extract 

without HAuCl4) were included to confirm the 

role of the extract in nanoparticle formation. 

The Zataria-AuNPs suspension was centrifuged 

for 30 minutes at 9,000 rpm (Hettich, 

Germany). The Zataria-AuNPs was washed 

three times with distilled water after the 

supernatant was disposed of. Next, a small 

quantity of deionised water was used to dissolve 

Zataria-AuNPs. The concentrated Zataria-AuNP 

combination was vortexed for three minutes and 

sonicated for thirty minutes to create a 

homogenised mixture [16]. 

The synthesis of AuNPs was verified using 

UV-visible spectroscopy after mixing HAuCl4 

with three volumes of extract (0.1, 0.5, and 1.0 

ml). Dynamic light scattering (DLS, Malvern 

Instruments, UK) was used to assess the particle 

size distribution and Zeta-potential at 25 °C. 

Energy-dispersive X-ray spectroscopy (EDAX) 

(EDS SAMX, France) determined elemental 

composition and the presence of capping 

elements. The morphology, shape, and size of 

the AuNPs were examined by transmission 

electron microscopy (TEM, LEO 906E, 

Germany) and scanning electron microscopy 

(SEM, MIRA3 TESCAN, Czech Republic). All 

measurements were performed in triplicate to 

ensure the accuracy and reproducibility of the 

results. To identify the functional groups on the 

nanoparticle surface, Fourier-transform infrared 

(FTIR, Bruker, Germany) spectroscopy was 

conducted using the KBr pellet method (sample: 

KBr ratio of 1:100), with spectra recorded in the 

range of 500 – 4000 cm⁻¹. 

 

2.6. Antibacterial activity of Zataria-AuNPs 

In order to investigate the antimicrobial 

activity of Zataria-AuNPs against common 

gram-positive (Staphylococcus aureus, ATCC 
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29213) and gram-negative (Escherichia coli, 

ATCC 25922) bacteria, Kirby-Bauer disk 

diffusion assay, MIC, and MBC methods were 

employed. 

 

2.7. Disc diffusion assay 

Bacterial inoculum was grown in Mueller-

Hinton broth (Quelab, Canada). The suspension 

was standardized to 0.5 McFarland and 

inoculated onto Mueller-Hinton agar (Quelab, 

Canada) plates. Different concentrations of 

Zataria-AuNPs (50, 100, 200, and 300 μg/ml) 

were prepared by dissolving the lyophilized NPs 

in sterile Milli-Q water (DAcell, Iran). Sterile 

discs containing Zataria-AuNPs (50–300 μg/ml) 

were placed on the inoculated plates. 

Tobramycin discs (for E. coli) and tazobactam 

discs (for S. aureus) (Padtan Teb, Iran) were 

used as positive controls, while blank discs 

served as negative controls. The plates were 

incubated at 37 °C, and inhibition zones were 

measured after 20 h. Medium quality was 

visually inspected before use.  

 

2.8. MIC and MBC 

To determine the MIC of Zataria-AuNPs, the 

micro-broth dilution assay was conducted 

following CLSI guideline #M07-A8, and a 

serial dilution of NPs was prepared at final 

concentrations of 600, 300, 150, 75, 37.5, 18.7, 

9.3, 6.6, 2.3, and 1.1 μg/ml, In a 96-well plate. 

A bacterial suspension adjusted to the 0.5 

McFarland standard was dispensed into each 

well, and serial dilutions of the NPs were added 

accordingly. After 18 h of incubation at 37 °C, 

the lowest concentration of NPs that showed no 

visible turbidity was recorded as the MIC. A 

microplate reader (BIOHIT BP800, Finland) 

was used to measure the optical density (OD) at 

600 nm in order to confirm the visual 

assessment of bacterial growth suppression. To 

determine the MBC, 10 µl of the content of the 

wells that showed no visible growth in the MIC 

assay was subcultured onto Mueller-Hinton agar 

plates and incubated at 37  °C for 18 h. The 

lowest concentration of Zataria-AuNPs that 

resulted in no colony formation on the agar 

surface was considered the MBC. 

 

2.9. Statistical analysis 

All experiments were performed in triplicate, 

and results are presented as mean ± SD. 

Statistical significance was evaluated using t-

test and one-way ANOVA, with P < 0.05 

considered significant. Analyses were carried 

out using GraphPad Prism 9.0 (GraphPad 

Software, USA). 

 

3. Results 

3.1. Total phenolic and flavonoid content of the 

Z. multiflora aqueous extract, and its 

antioxidant activity 

The mean ± SD of the total phenolic content 

of Z. multiflora aqueous extract based on gallic 

acid equivalents per gram of dried extract was 

5.46 ± 0.40 mg GAE/g DW. Similarly, its total 

flavonoid content based on quercetin 

equivalents per gram of the dried extract was 

61.27 ± 1.40 mg QE/g DW. 

Based on ascorbic acid equivalence 

measurement, the total antioxidant capacity was 

16.01 ± 1.06 µmol AAE/g DW, and based on 

measurement of the inhibition of DPPH 

radicals, it was 17.33 ± 1.15 %, indicating its 

moderate antioxidant potential. 

 

3.2. Synthesis and characterization of the 

Zataria-AuNPs  

Three different volumes of the extract were 

used to synthesize AuNPs. Given that the purple 

color shift is one of the key indicators verifying 

the synthesis of AuNPs, through the process 
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[19], the most visible purple color was observed 

with the addition 0.1 ml of the extract, while 

higher extract volumes produced darker shades. 

This color change suggests that 0.1 ml of this 

extract is an ideal concentration for synthesis of 

the desired NPs.  

 

3.3. UV-Visible spectroscopy 

UV–visible spectroscopy verified the 

synthesis of AuNPs. The spectra indicated that 

extract volume significantly influenced gold ion 

reduction (Fig. 1a-c). With 0.1 ml extract, a 

typical SPR peak appeared at 530 nm, consistent 

with the purple color of AuNPs. In contrast, 

higher volumes (0.5 and 1 ml) produced 

absorption peaks at 450 and 430 nm, 

respectively—outside the typical SPR range 

(515 – 550 nm)—and a dark green color, 

suggesting incomplete nanoparticle formation 

under those conditions. 

3.4. Morphological characteristics  

The TEM and SEM micrographs exhibited 

that the synthesized AuNPs have spherical 

shape. The NPs size based on TEM studies 

ranged between 10 to 20 nm. The average 

particle size was 14.70 ± 3.46 nm, while SEM 

images showed a size range of 30 to 100 nm. 

The average particle size was 46.58 ± 25.36 nm 

(Fig. 2a-f), possibly due to particle aggregation 

during sample preparation. 

 

3.5. DLS and Zeta-potential studies 

The average hydrodynamic diameter of Zataria-

AuNPs were 123.8 ± 32.1 nm (Fig. 3a) with a 

Polydispersity Index (PDI) value of 0.262, 

indicating a moderate size distribution. Zeta-

potential of the Zataria-AuNPs were -77.7 mV 

(Fig. 3b). This high negative surface charge 

potential indicates that the synthesized AuNPs are 

electrostatically stabilized, suggesting a uniform 

dispersion in the colloidal suspension [16]. 

 

Fig. 1. UV–visible spectra of AuNPs prepared with varying volumes of Zataria multiflora extract: (a) 1.0 ml, (b) 0.5 

ml, and (c) 0.1 ml.
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Fig. 2. (a–c) SEM images of Zataria-AuNPs; (d, e) TEM images showing uniform spherical morphology; and (f) 

histogram of particle size distribution based on TEM analysis. 

 

 

Fig. 3. (a) DLS and (b) Zeta-potential analysis of Zataria-AuNPs. The nanoparticles exhibit an average hydrodynamic 

diameter of 123.8 nm and a surface charge of -77.7 mV. 
 

3.6. FTIR analysis  

FTIR spectroscopy indicated the existence of 

functional groups on the surface of Zataria-

AuNPs (Fig. 4a). Weak bands observed between 

4000 – 2500 cm⁻¹ indicated O–H and C–H 

stretching. Peaks in the 2000–1500 cm⁻¹ region 

likely correspond to C = O and C = C bending, 

while those in the 1500 – 1000 cm⁻¹ range 

suggest the presence of C–O and P–O groups. 

Signals in the fingerprint region (1000 – 600 

cm⁻¹) may reflect C–C, C–N, and O–P. The 

findings suggest that hydroxyl-containing 

 [
 D

ow
nl

oa
de

d 
fr

om
 jm

p.
ir

 o
n 

20
26

-0
2-

09
 ]

 

                             7 / 15

https://jmp.ir/article-1-3985-en.html


Green synthesis and characterization …  F. Mahmoudi, et al 
 

 

Journal of Medicinal Plants 29 December 2025, Vol. 24, No. 96: 22-36 

phytochemicals are present, functioning as both 

reducing and stabilizing agents [14, 20].  

 

3.7. EDAX Analysis 

The presence of elemental gold was 

confirmed by EDAX, demonstrating the 

complete reduction of gold ions during 

nanoparticle formation. The EDAX spectrum of 

Au NPs exhibited a peak at 2.2 keV. Moreover, 

other signals, such as Cl and Ca, are seen in the 

analysis, which might relate to biomolecules 

involved in the synthesis (Fig. 4b). 

 

Fig. 4. (a) The FTIR spectrum of Zataria- AuNPs showing the functional groups involved in nanoparticle stabilization. 

(b) EDAX profile of Zataria-AuNPs. The EDAX spectrum confirm the presence of elemental gold, indicating 

successful reduction of gold ions. 
 

3.8. Antibacterial activity of Zataria-AuNPs 

3.8.1. Disc diffusion assay 

The disk diffusion assay exhibited significant 

antibacterial activity of Zataria-AuNPs, which 

inhibited the growth of the tested bacteria, 

including S. aureus (Fig. 5a) and E. coli (Fig. 

5b), compared to the negative control. The 

inhibition zones at concentrations of 100 μg/ml 

and above were significantly larger than the 

negative control (P < 0.05), while the positive 

control (antibiotic discs) exhibited the largest 

inhibition zones. A dose-dependent increase in 

inhibition zone diameter was observed for both 

bacteria. Detailed inhibition zone diameters for 

all tested concentrations are presented in Table 

S1 (Supplementary file). 

 

3.8.2. MIC and MBC 

The antibacterial effect of Zataria-AuNPs was 

assessed by determining the optical density 

(OD₆₀₀) of bacterial suspensions after 18 h of 

incubation with different nanoparticle 

concentrations (Fig. 6 a,b). A significant dose-

dependent decrease in bacterial growth was 

observed (****P <0.0001). Based on OD and 

visual inspection, no bacterial growth was 

observed at 75 – 600 μg/ml for S. aureus and at 

150 – 600 μg/ml for E. coli. The MIC values 

were determined as 75 μg/ml for S. aureus and 

150 μg/ml for E. coli, corresponding to the 

lowest concentrations without visible turbidity. 

For MBC determination, samples from MIC 

wells without visible growth were transferred to 

fresh agar plates for subculture. No colony 

formation was observed at 300 and 600 μg/ml 

for S. aureus, whereas E. coli showed complete 

inhibition only at 600 μg/ml. Thus, the MBC 

values of Zataria-AuNPs were 300 μg/ml for  

S. aureus and 600 μg/ml for E. coli. These 

results indicate that S. aureus is more 

susceptible to Zataria-AuNPs than E. coli. 
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Fig. 5. Disc diffusion assay for (a, b) S. aureus and (c-e) E. coli. Discs with Zataria-AuNPs (50–300 μg/ml) were 

applied. A blank disc was used as the negative control; Positive controls included Tazobactam for S. aureus and 

Tobramycin for E. coli. (NP: Nano particle). 

 

Fig. 6. Optical density (OD₆₀₀) of (a) S. aureus and (b) E. coli treated with different concentrations of Zataria-AuNPs 

after 18 h incubation. Controls: (1) untreated bacteria and (2) medium containing nanoparticles only. The MIC values 

were determined as the lowest concentrations showing no visible turbidity, corresponding to 75 μg/ml for S. aureus and 

150 μg/ml for E. coli. Significant growth reduction was observed in treated groups (****P < 0.0001).  
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4. Discussion 

In green synthesis of nanoparticles, plant-

derived phenolics and flavonoids serve as 

natural reducers and stabilizers, improving 

nanoparticle generation and stability through 

antioxidant action  [21, 22]. The phenolic and 

flavonoid contents of the aqueous extract are 

consistent with previous reports on  

Z. multiflora, supporting their role as reducing 

and stabilizing agents in synthesis of the NPs 

[23, 24]. Similar trends have been reported for 

other plants such as Azadirachta indica and 

Ocimum sanctum, where high phenolic and 

flavonoid levels facilitated efficient gold 

nanoparticle synthesis and improved stability 

[25, 26]. Although the TPC measured in this 

study was lower than some solvent fractions of 

Z. multiflora, it still falls within a reasonable 

range across Iranian Z. multiflora populations. 

The TFC of the aqueous extract in our study 

was comparable to values reported for 

hydroalcoholic extracts [27]. Studies on Iranian 

Z. multiflora populations showed TFC ranges 

from low to high values, while lower values 

have also been reported [15, 28]. Such variation 

may reflect differences in plant chemotypes or 

extraction conditions. The relatively higher TFC 

in our aqueous extract, compared to some 

earlier reports, may reflect differences in plant 

chemotypes or extraction conditions. 

Differences in extraction methods, plant origin, 

solvent polarity, and environmental conditions 

commonly explain discrepancies in TPC and 

TFC values.  

The substantial flavonoid and phenolic 

contents of the extract support its antioxidant 

potential, given the well-established association 

between these compounds and free-radical 

scavenging activity. Results from both total 

antioxidant capacity and DPPH assays revealed 

that the extract possesses moderate antioxidant 

activity, supporting the presence of functional 

antioxidant compounds. These findings align 

with earlier studies on the antioxidant activity of 

Z. multiflora [24, 27]. 

During the synthesis reaction, a purple 

colouration was observed at the optimal 

concentration, while higher concentrations 

caused color shifts likely due to changes in 

nanoparticle size, shape, and aggregation [2]. 

The observed SPR peak and color indicate 

conditions suitable for synthesizing uniform, 

spherical AuNPs, consistent with previous 

studies using Z. multiflora extract [19,29]. 

Comparable SPR peaks have been reported for 

AuNPs synthesized using Aloe vera extract in a 

previous study [30], indicating that the optical 

properties of Z. multiflora–derived AuNPs fall 

within the typical range for plant-mediated 

synthesis. TEM images further confirm that the 

AuNPs are mainly spherical in morphology. 

Previous studies on Z. multiflora have reported 

similar ranges for the size of NPs [14]. SEM 

results showed a broader size distribution, likely 

due to partial aggregation during sample 

preparation. DLS measures the effective particle 

diameter in suspension, including the core, the 

surrounding solvation layer, and any biomolecules 

adsorbed from the plant extract. Consequently, 

differences in hydrodynamic diameter compared 

to microscopic methods are expected. In green 

synthesis studies, where surface coatings and 

interactions in solution affect apparent particle 

size, such distinctions between microscopic and 

dynamic light scattering techniques are commonly 

observed [31]. 

Typically, nanoparticles with Zeta-potential 

above +30 mV or below –30 mV experience 

pronounced electrostatic repulsion and good 

colloidal stability, which confirms good 

dispersion of the nanoparticles, as the strong 

repulsion between similarly charged particles 
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prevents aggregation [32]. According to reports, 

highly negatively charged NPs can form 

uniformly distributed, stable colloids in water 

for long periods without showing aggregation 

[33]. Compared to positively charged NPs, 

which often have a longer blood half-life, 

negatively charged NPs are generally less 

cytotoxic [16]. 

Hydroxyl, carbonyl, alkene, and other 

functional groups detected by FTIR on Zataria-

AuNPs suggest the existence of phytochemicals 

that participate in reducing gold ions and 

stabilizing nanoparticles [14, 20]. Peaks often 

correspond to flavonoids, phenolics, and other 

plant-derived biomolecules [34]. The modest 

intensity of some signals may result from low 

surface concentrations or overlapping bands, 

limiting precise identification. Nonetheless, the 

FTIR profile confirms the role of bioactives in 

nanoparticle functionalization and capping.  

Dose-dependent antibacterial effects of 

Zataria-AuNPs against S. aureus and E. coli 

were observed, indicated by the growth of 

inhibition zones with higher doses. 

These findings are consistent with previous 

reports on plant-based metallic NPs, which 

typically show measurable inhibition in disc 

diffusion assays at comparable concentrations 

[35,36]. Gold nanoparticles synthesized using 

Azadirachta indica (Neem) have also been 

reported to show antibacterial or bioactive 

properties in previous works [25]. Zataria-

AuNPs showed slightly stronger inhibition of S. 

aureus than E. coli, consistent with reports that 

gram-positive bacteria are more susceptible [13, 

37]. However, studies showing greater effects 

on E. coli suggest that plant extract composition 

and synthesis conditions affecting nanoparticle 

size and surface may influence activity [19]. 

The nanoparticles probably disrupt the bacterial 

membranes by adhering to their cell walls, a 

mechanism seen in both gold and silver NPs [4]. 

The smaller inhibition zone for E. coli may be 

due to its lipopolysaccharide (LPS) layer, which 

provides added resistance to gram-negative 

bacteria. The antibacterial activity of AuNPs 

likely involves oxidative stress and membrane 

disruption. Phytochemical coatings on NPs may 

enhance interactions with the bacterial 

envelope, increasing permeability and leading to 

cell death [38]. Several studies on 

biosynthesized AuNPs have reported similar 

selectivity, with S. aureus being more 

susceptible than E. coli, which generally 

requires higher concentrations for inhibition [35, 

37, 39]. S. aureus may be more susceptible 

because of increased nanoparticle accumulation 

at its peptidoglycan-rich cell wall, which can 

cause intracellular damage and membrane 

disruption. Gram-negative bacteria limit 

nanoparticle penetration and reduce 

antibacterial efficacy. Furthermore, through 

oxidative stress and synergistic effects, 

phytochemical coatings on plant-based AuNPs, 

such as flavonoids and phenolics, may improve 

antibacterial activity [38].  

 

5. Conclusion 

The successful synthesis of Zataria-AuNPs 

using only Z. multiflora aqueous extract 

demonstrates the key role of plant 

phytochemicals in reduction and stabilization. 

The extract concentration directly influenced 

nanoparticle formation. MIC results confirmed 

notable antibacterial activity, particularly 

against gram-positive strains. These findings 

emphasize the antimicrobial potential of 

Zataria-AuNPs and support their further 

development in biologically based antibacterial 

applications. 
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