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Abstract 

Silver nanoparticles (AgNPs) were synthesized using a green route with Mentha spicata (M. spicata) extract. The 

extract was prepared through three methods (Soxhlet, maceration, and ultrasonic-assisted extraction) and the yields 

were compared as weight percentages of dry plant material. Soxhlet extraction gave the highest yield of 34.36% while 

ultrasonic-assisted extraction and maceration provided yields of 18.21% and 11.80%, respectively. Although 

ultrasonic-assisted extraction method had lower yield, it was selected as an optimal one due to shorter extraction time, 

less solvent consumption, and high energy efficiency among other methods. The antioxidant capacity of M. spicata 

extract was very high with total polyphenol content at 106.22 mg gallic acid equivalents per gram of dry plant material 

and IC₅₀ at 34.02 μg/mL in the DPPH assay; key synthesis parameters for AgNPs were optimized pH (9), temperature 

(60 °C), and extract concentration (1.0 g/L). Characterization by X-ray diffraction, Fourier-transform infrared 

spectroscopy, and scanning electron microscopy confirmed the crystalline structure, functional groups, and average 

particle size of about 58.41 nm; these synthesized AgNPs showed significant antibacterial activity against 
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Staphylococcus aureus, Proteus mirabilis, and Salmonella typhimurium at a concentration of 5 mg/mL to emphasize 

optimizing extraction and synthesis conditions for better bioactivity of nanoparticles. 

 

Keywords: green synthesis; extraction techniques, Mentha spicata, silver nanoparticles, antibacterial activity, 

antioxidant activity 

 

1. Introduction 

In recent years, metal nanoparticles have attracted the attention of researchers due to their physicochemical, 

antibacterial properties and wide applications [1]. Although traditional nanoparticle synthesis methods are effective, 

they often involve hazardous chemicals and are energy-intensive. These syntheses also produce toxic by-products, 

which raise concerns about environmental safety and human health [2]. 

In order to mitigate these problems, environmentally friendly methods have been developed as practical and nature-

friendly solutions [2,3].  These methods use biological agents such as plant extracts, microorganisms and biomolecules 

to convert metal ions into nanoparticles under mild conditions [4].  Green synthesis of nanoparticles provides several 

advantages compared to traditional chemical methods, such as reduced toxicity, cost savings, simplicity and improved 

biocompatibility of the produced nanoparticles [5]. The synthesis of nanoparticles using  extracts of herbs is beneficial 

due to the abundance of natural bioactive compounds, such as polyphenols, flavonoids and other photochemical 

compounds, which have been reported in edible culinary herbs contributing to antiproliferative, antioxidant and 

antibacterial activities [6]. 

Mentha is a widespread aromatic plant with a rich phytochemical composition. Its four different species have shown 

significant potential for their applications due to their antimicrobial and cytotoxic activities [7]. The high content of 

polyphenols and other bioactive compounds in these materials not only enables efficient formation of nanoparticles 

but also confers significant antioxidant and antimicrobial properties to the produced AgNPs. In previous studies, the 

synthesis of AgNPs using M. spicata extracts has been investigated and has shown promising biological activities [8]. 

However, systematic comparison of extraction methods and optimization of AgNP synthesis parameters is still limited. 

In this study, we have performed an in-depth analysis of the green synthesis of AgNPs using M. spicata extracts. 

Different extraction methods, including ultrasonic extraction, Soxhlet extraction, and maceration, were investigated 

and key synthesis parameters, including pH, temperature, reaction time, and extract concentration, were systematically 

optimised to increase the yield of nanoparticles and their biological activity. The synthesised nanoparticles were 

comprehensively characterised. In contrast to previous studies, this work not only systematically compares multiple 

extraction methods but also optimizes key synthesis parameters to enhance nanoparticle yield, size uniformity, and 

biological activity, providing new insights into the green synthesis of M. spicata-mediated AgNPs.  

This study aimed to conduct a comprehensive analysis of the effect of extraction methods and synthesis conditions on 

the properties and biological activities of AgNPs synthesised with M. spicata extracts, optimising a sustainable green 

sustainable synthesis process of silver nanoparticles. 
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2. Materials and Methods 

Fresh M. spicata leaves were collected from the local area, and various extraction methods, including 

Soxhlet, ultrasonic, and maceration, were used to create the extracts. Unless otherwise noted, Merck (Darmstadt, 

Germany) provided silver nitrate (AgNO₃, ≥99.9 %), ethanol (80 %, v/v), methanol, Folin–Ciocalteu reagent, gallic 

acid, ascorbic acid, sodium carbonate, 2,2-diphenyl-1-picrylhydrazyl (DPPH), sulfuric acid, and calcium 

chloride dihydrate. Additionally, Merck provided the antibiotics gentamicin, ciprofloxacin, and sulfamethoxazole-

trimethoprim. The American Type Culture Collection (ATCC) provided the bacterial strains used in this study, 

which were S.typhimurium (ATCC 14028), Staphylococcus aureus (ATCC 29213), and Proteus mirabilis 

(ATCC 12453). Every chemical and reagent used was analytical grade and did not require any additional purification. 

 

2.1 Preparation of the M. spicata Extract  

M. spicata leaves were gathered from the outskirts of Rostam-Kola in the Iranian province of Mazandaran. The fresh 

leaves were separated from the stems and other plant parts after being cleaned of dust and impurities using distilled 

water. To eliminate all moisture, the leaves were air-dried for approximately a month at room temperature in a well-

ventilated, shaded area. Following complete drying, the leaves were ground into a fine powder using a mechanical 

grinder and kept dry in airtight containers until needed [9]. 

 

2.2. Extraction Methods 

2.2.1. Soxhlet Extraction 

A closed-end filter paper containing fifteen grams of dried powdered M. spicata leaves was put inside the Soxhlet 

apparatus. Extraction was performed using 300 mL of 80% ethanol for 24 hours under reflux conditions [10]. The 

extract was subsequently filtered and kept at 4°C until it was needed for further use. 

2.2.2. Maceration 

A total of 1.5 grams of dried powdered plant material was combined with 30 mL of 80% ethanol, sealed tightly, and 

continuously stirred at 10 rpm for 24 hours at room temperature, with manual shaking every 4 hours [11].  After 

filtration, the extract was collected from the mixture. 

2.2.3. Ultrasonication 

A 0.5 gram amount of dried powdered plant material was combined with 10 mL of ethanol (at concentrations of 

60%, 80%, or 96%) and sonicated using a 7 mm ultrasonic probe at 70% power for durations of 4, 5, or 6 minutes 

[9]. After that, the extracts were filtered and stored in airtight containers for later use. 

 

2.3. Biosynthesis of Silver Nanoparticles (AgNPs) 

For the biological synthesis of silver nanoparticles, 1.5 g of dried M. spicata leaf powder underwent ultrasonic 

extraction using 80% ethanol. The extract was filtered through Whatman filter paper to remove solid residues and then 

oven-dried at 35 °C for 24 hours. The dried ethanolic extract was subsequently redissolved in distilled water to a final 

concentration of 1 g/L, and the pH of this aqueous solution was adjusted to 9 using a calibrated pH meter, as these 

conditions critically influence nanoparticle formation, size, and stability [12]. A 1 mM AgNO₃ solution was added 

dropwise to the aqueous extract under continuous stirring at 60 °C, and the reaction progress was monitored by 

https://doi.org/10.x/journal.x.x.x
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measuring UV–Vis absorbance at 420 nm at multiple time points. After the reaction reached completion, indicated by 

maximum absorbance and color change, the mixture was centrifuged at 10,000 rpm for 15 minutes, washed three times 

with deionized water to remove residual ions and solvents, and oven-dried at 70 °C for 24 hours. The effects of extract 

concentration, pH, temperature, and reaction time on nanoparticle synthesis were systematically evaluated to optimize 

the formation and stability of AgNPs. 

 

2.4. Effect of Extract Concentration on Nanoparticle Synthesis 

The effect of extract concentration on AgNP synthesis was investigated using aqueous solutions of the dried ethanolic 

extract at concentrations of 0.1, 0.25, 0.5, and 1 g/L [13]. 20 mL of the extract and 50 mL of a 1 mM silver nitrate 

solution were mixed for each concentration. For each concentration, 20 mL of the extract solution was mixed with 50 

mL of 1 mM AgNO₃ under constant stirring at 65 °C. No additional AgNO₃ was added; the dropwise addition 

mentioned previously refers to gradual mixing to ensure uniform reaction. Using a spectrophotometer, absorbance at 

420 nm was measured at 15, 30, 60, and 1440 minutes [13]. 

 

2.5. Effect of Temperature 

The effect of temperature on AgNP synthesis was investigated at room temperature, 50, 60, and 70 °C using the 

aqueous solution of the dried extract (1 g/L) at the optimized pH 9.  At 420 nm, absorbance was measured. Temperature 

has a major impact on nucleation and growth rates; higher temperatures speed up the reduction of silver ions but may 

also result in larger particle sizes due to aggregation. Therefore, accurate temperature control is essential for the desired 

properties of nanoparticles [9]. 

 

2.6. Effect of pH 

The optimized concentration of dried ethanolic extract (1 g/L) was dissolved in distilled water, and the pH of the 

solution was adjusted to 6, 7, 8, and 9 using a calibrated pH meter. A 1 mM AgNO₃ solution was then added to the 

aqueous extract solution, and the reaction was carried out at 60 °C under magnetic stirring. The absorbance of the 

samples was measured at a wavelength of 420 nm. To move on to the following phases of the experiments, the one 

with the highest absorbance value was chosen [14]. 

 

2.7. Influence of Reaction Duration 

A 1 g/L optimized extract concentration and a 1 mM silver nitrate solution were made in order to examine the reaction 

time [13, 15], with the pH of the distilled water set to 9. Silver nanoparticle formation was noted while the mixture 

was kept at 60 °C with constant stirring. At intervals of 15, 30, 60, and 1440 minutes, absorbance measurements at 

420 nm were obtained to evaluate the progress of nanoparticle synthesis. 

 

2.8. Collection and Purification of AgNPs 

https://doi.org/10.x/journal.x.x.x
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The reaction mixture showing the highest absorbance under the optimized conditions (extract concentration, pH, and 

temperature) was collected for nanoparticle purification. The AgNPs were centrifuged at 10,000 rpm for 15 minutes, 

and the resulting precipitate was washed three times with deionized water to remove any residual ethanol or unreacted 

silver ions. The purified nanoparticles were then oven-dried at 70 °C for 24 hours and stored for subsequent 

characterization using SEM, XRD, and FTIR. This procedure ensured complete removal of solvents and reactants, 

providing reproducible samples for physicochemical and biological analyses. 

 

2.9. Characterization of Silver Nanoparticles 

2.9.1. UV-Visible Spectroscopy 

UV–Vis spectroscopy was performed using a Shimadzu spectrophotometer over the wavelength range of 220–620 nm 

to examine the optical behavior of the synthesized AgNPs. The formation of nanoparticles was confirmed by the 

presence of a characteristic surface plasmon resonance (SPR) peak. Absorbance values were recorded directly without 

normalization [16, 17]. 

 

2.9.2. Functional Group Identification 

The functional groups in the M. spicata extract that aid in the reduction and stabilization of silver ions were identified 

through Fourier Transform Infrared (FTIR) spectroscopy analysis [18]. 

 

2.9.3. X-Ray Diffraction (XRD) 

The crystalline structure and phase purity of the produced AgNPs were examined using X-Ray Diffraction (XRD) 

analysis using Cu Kα radiation, confirming their face-centered cubic crystal phase characteristic [19]. 

 

2.9.4. Morphological Analysis 

The size and form of the produced AgNPs were examined using scanning electron microscopy (SEM) analysis. This 

technique uses electron beams to create intricate three-dimensional images [20]. 

 

2.9.5. Anti‑oxidant activity 

The Folin–Ciocalteu colorimetric method was used to determine the total phenolic content (TPC) of M. spicata leaves 

21. Whatman No. was used to filter the mixture. Before being used in further biochemical analyses, the filtrate was 

oven-dried at 35°C for 24 hours using one filter paper. A 1000 ppm stock solution of gallic acid was made in 70% 

methanol, and standard solutions of 12.5, 25, 50, and 100 ppm were acquired in order to create a calibration curve. 

0.5 mL of the solution and 2.5 mL of 0.5 M Folin-Ciocalteu reagent were mixed for both standards and samples. Two 

milliliters of 7.5 percent sodium carbonate were added after five minutes. After 30 minutes of dark room temperature 

incubation, the mixture's absorbance at 720 nm was measured. A gallic acid calibration curve was used to calculate 

total phenolic content (TPC), which was then expressed as mg GAE per gram of dry extract [21]. 

https://doi.org/10.x/journal.x.x.x


Sustainable Processes Connect 

2026, Vol. 2, Cite as: doi:10.x/journal.x.x.x    

6 
 

 

2.10. Antibacterial Activity of Synthesized Nanoparticles 

2.10.1. Disc Diffusion Method 

Following the procedure described by Kirby-Bauer in 2009 [22], the antibacterial efficacy of M. spicata extracts and 

biosynthesized AgNPs was evaluated using the disc diffusion technique, with pH adjusted to 7.2–7.4. pH 7.2–7.4 was 

adjusted. Three common bacterial strains were tested: S. typhimurium (ATCC 14028), Proteus mirabilis (ATCC 

12453), and Staphylococcus aureus (ATCC 29213). Sterile saline was used to adjust bacterial suspensions made from 

24-hour cultures on blood agar to the 0.5 McFarland standard. Using sterile forceps, sterile discs containing 20 µL of 

either AgNPs (0.1–5 mg/mL) or plant extract (2.5–25 mg/mL) were carefully placed on the agar surface. Antibiotic 

discs containing gentamicin, ciprofloxacin, and sulfamethoxazole-trimethoprim were placed on the plates as positive 

controls. For a full day, the plates were incubated at 37 °C. The inhibition zones were measured to evaluate after 

incubation.  

 

2.10.2. Tube dilution screening (qualitative) 

A preliminary tube-dilution screening was performed to identify the effective concentration range of biosynthesized 

AgNPs for subsequent disc diffusion testing. Serial two-fold dilutions of AgNP suspensions (0.1–5 mg/mL) were 

prepared in nutrient broth and incubated with test organisms. This assay was used only as a qualitative screening to 

select concentrations for disc diffusion assays; formal MIC and MBC determinations were not conducted in the present 

study. 

 

3. Results and discussion 

3.1. The extraction efficiency of M. spicata plants 

Three methods were used to assess M. spicata leaf extraction efficiency. Soxhlet extraction, maceration, and 

ultrasonic-assisted extraction were some of these methods. Soxhlet extraction was the most effective of the traditional 

techniques, producing 0.3436 g of extract per gram of dry plant material after 24 hours. On the other hand, under the 

same circumstances, maceration demonstrated a much lower extraction efficiency of 0.1180. Different combinations 

of extraction times (4, 5, and 6 minutes) and ethanol concentrations (60%, 80%, and 96%) were tested in order to 

optimize the ultrasonic extraction process. Table 1 provides a comparative overview of the different extraction 

methods employed in this study.  the extraction efficiency of M. spicata plants by ultrasonic method is presented in 

Table 2. Eighty percent ethanol and six minutes of sonication produced the highest extraction yield. This was 

determined to be the ideal setting for further research. Although ultrasonic-assisted extraction provided slightly lower 

yield compared to Soxhlet extraction, it was selected as the optimal method due to its significantly lower energy 

consumption, reduced solvent use, shorter extraction time, and overall sustainability advantages.  
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Table 1. A comparative summary of the extraction methods and their effects on AgNP synthesis 

 

Extraction method Extraction time Solvent 

consumption 

Relative 

extract yield 

AgNP formation 

efficiency 

Soxhlet extraction Long High High Moderate 

Maceration Very long Moderate Moderate Low-moderate 

Ultrasonic-assisted 

extraction 
Short Low High High 

 

 

 
Table 2: Extraction efficiency of M. spicata plants by ultrasonic method 

 

Method Dry weight of the plant (g) Time (min) Ethanol  )%( Weight efficiency (%, w/w, 

based on dry plant mass) 

   60 2.1673 ± 0.2 h 

 0.5 4 80 4.7766 ± 0.3 g 

   90 0.9759 ± 0.06 i 

   60 16.9298 ± 0.3 c 

Ultrasonic method 0.5 5 80 17.2846 ± 0.2 b 

   96 9.5371 ± 0.4 f 

   60 12.0775 ± 0.3 d 

 0.5 6 80 18.2090 ± 0.5 a 

   96 10.8270 ± 0.4 e 

Results are expressed as mean ± standard deviation (SD) (n = 3). Statistical analysis was performed using one-way analysis of 

variance (ANOVA) followed by Tukey’s post hoc test in SPSS software. Differences were considered statistically significant at p 

< 0.05. Mean values in the same column with different superscript letters (a–i) indicate significant differences. 

 

3.2. The green synthesis of silver nanoparticles 

3.2.1 The effect of the concentration 

The concentration of M. spicata extract had a significant impact on the generation of AgNPs [23]. A quick and striking 

change in color, from light brown to a deep brown shade in just one hour, demonstrated that increasing the extract 

amount accelerated the reaction [23, 24]. Due to the surface plasmon resonance phenomenon, this obvious color 

change usually indicates the formation of AgNPs [17]. 

As shown in Fig. 1. Greater production of nanoparticles was confirmed by increased absorbance at 420 nm at higher 

extract concentrations. At all-time points (15, 30, 60, and 1440 min), the 1 g/L concentration displayed the highest 

absorbance values, suggesting the quickest and most effective synthesis [25]. Lower concentrations (0.1, 0.25, and 0.5 

g/L), on the other hand, displayed slower reaction rates, lower yields, less noticeable color changes, and lower 

absorbance values [26]. 

Increased extract concentrations result in improved synthesis, which is attributed to the increased availability of 

phytochemicals such as polyphenols and flavonoids. According to Vanlalveni et al., these bioactive constituents act as 

natural agents responsible for both stabilization and reduction during the synthesis process [12]. The results align with 

https://doi.org/10.x/journal.x.x.x
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Ghosh et al study [27], which demonstrated that increasing plant extract concentration accelerates silver ion reduction, 

leading to enhanced nanoparticle production and better control over particle size. Thus, the ideal extract concentration 

for further experimental procedures was chosen to be 1 g/L. 

 

 
Fig. 1 Effect of extract concentration on AgNPs synthesis at different time points. Data are shown as mean ± SD (n = 3). 

Different superscript letters (a–d) indicate statistically significant differences at each time point, determined by one-way 

ANOVA followed by Tukey’s test using SPSS (p < 0.05). 

 

3.2.2. The effect of pH 

The production of AgNPs was significantly impacted by the pH of the reaction mixture. Alkaline environments 

promote the reduction of silver ions, as evidenced by the rate of AgNP formation increasing as pH levels rose [28]. 

By increasing the ionization of the phytochemicals in the extract, particularly phenolic compounds, which increases 

their reducing potential, elevated pH levels speed up the creation of nanoparticles [29].  The fastest and most efficient 

synthesis occurred at pH 9 with an extract concentration of 1 g/L and a reaction temperature of 60 °C. Since this pH 

was determined to be the optimal value for the formation of nanoparticles, it was selected for further research. A Fig. 
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2 shows the reaction mixture's visual color changes and corresponding UV-Vis absorbance spectra at various pH levels 

to confirm increased nanoparticle formation at alkaline pH. 

 
Fig. 2 Effect of pH on the synthesis of AgNPs. The graph shows the variation in nanoparticle formation at different pH 

values. indicates statistically significant differences between groups (P < 0.05). 

 

3.2.3. The effect of temperature 

The rate and effectiveness of the synthesis of AgNPs were significantly impacted by temperature [30]. Incr Raising the 

temperature shortened the time it took for nanoparticle formation by speeding up the reduction of silver ions [31,32]. 

The increased molecular kinetics and reactivity at higher temperatures are consistent with this inverse relationship 

between temperature and synthesis time [32]. AgNP formation was observed at 25 °C, 50 °C, 60 °C, and 70 °C at a 

fixed extract concentration of 1 g/L. As shown in Fig. 3. At 25°C, the reaction 

took roughly 10 hours; at 50°C and 60°C, the times dropped to 5 hours and 30 minutes, respectively. Nanoparticle 

agglomeration resulted from extended exposure, despite a slight increase in reaction rate at 70°C. 

Thus, the ideal temperature for creating consistent and stable nanoparticles was found to be 60°C. 
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Within 30 minutes, silver nanoparticle nucleation and growth were seen, with the first changes becoming apparent as 

early as 10 minutes. According to these results, higher temperatures speed up the formation of nanoparticles while 

preserving stability in ideal circumstances [33]. 

 

 
Fig. 3 Effect of temperature on the synthesis of AgNPs. The graph shows the variation in nanoparticle formation at 

different temperatures. Indicates statistically significant differences between groups (P < 0.05). 

 

3.3. Characterization Techniques for the Synthesized Silver Nanoparticles 

3.3.1. UV-Vis spectral analysis 

UV–Vis spectroscopy recorded over the wavelength range of 220–620 nm, which showed a clear surface plasmon 

resonance (SPR) band, confirmed the synthesis of AgNPs [34]. This noticeable absorption peak is caused by the 

collective oscillations of conduction electrons on the surface of the nanoparticle when they are excited by incoming 

light; this phenomenon is known as localized surface plasmon resonance (LSPR) [35]. The prominent and distinct 

SPR peak at λmax ≈ 420 nm, shown in Fig. 4, verifies the successful synthesis of AgNPs with a reasonably consistent 

25 50 60 70 

0.0 

0.5 

1.0 

1.5 

2.0 

2.5 

3.0 

3.5 

4.0  15 min 
 30 min 
 60 min 
 1440 min 

W
a
v

el
en

g
th

 (
n

m
) 

Temperature (⁰C)  

** 

** 

** 
** 

** 

** 

** 

** 
  

** 

  ** 

https://doi.org/10.x/journal.x.x.x


Sustainable Processes Connect 

2026, Vol. 2, Cite as: doi:10.x/journal.x.x.x    

11 
 

particle size distribution [36]. Furthermore, this peak is a reliable indicator of nanoparticle formation and stability 

because its position, intensity, and shape are influenced by variables such as particle size, morphology, concentration, 

and the surrounding environment, consistent with previously reported AgNP studies [37]. 

 

Fig. 4 UV–Vis spectrum of AgNPs synthesised using M. spicata extract over the wavelength range 220–620 nm.; the 

prominent and distinct SPR peak at λmax ≈ 420 nm 

 

3.3.2. FTIR analysis  

The FTIR spectra of M. spicata extract combined with AgNO₃ were recorded over the 400–4000 cm⁻¹ range, as shown 

in Fig. 5-a. The spectra indicate the presence of several functional groups and phytochemical constituents that may 

participate in the biosynthesis of silver nanoparticles. Phytochemical examination of the extract in the presence of 

AgNO₃ suggested the coexistence of bioactive compounds, including phenolic and flavonoid-related functional 

groups, which are commonly reported to be involved in nanoparticle formation [38, 39]. The spectrum therefore 
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reflects the interaction between Ag⁺ ions and plant-derived biomolecules, rather than confirming specific molecular 

identities [40]. 

The FTIR spectra presented in Fig. 5-b compare the synthesized AgNPs with the ethanolic extract of M. spicata leaves. 

A broad absorption band around 3423 cm⁻¹ observed in the leaf extract is attributed to the stretching vibrations of 

hydroxyl (-OH) groups, commonly found in alcohols and phenols [41]. A shift from 2977 cm⁻¹ to 2898 cm⁻¹ was 

noted, corresponding to C–H stretching vibrations typical of aliphatic compounds [42]. The peak at 1647 cm⁻¹ is 

associated with carbonyl (C=O) stretching vibrations, whereas the band at 1047 cm⁻¹ relates to C–O functional groups 

[18]. Furthermore, the signal near 1452 cm⁻¹ may be attributed to C–N stretching vibrations in aliphatic amines[18,38, 

41]. 

In the spectrum of the synthesized AgNPs, the -OH absorption shifted slightly to 3427 cm⁻¹, and C–H stretching bands 

moved from 2856 cm⁻¹ to 2925 cm⁻¹ [24]. Peaks observed in the 1173–1262 cm⁻¹ region are commonly assigned to 

C–O stretching vibrations, which are frequently reported in polyphenolic and flavonoid-containing compounds, while 

the carbonyl-related absorption appeared in the range of 1606–1724 cm⁻¹ [43]. The band detected at approximately 

1458 cm⁻¹ can be associated with C–N stretching vibrations of aliphatic amine groups [18, 41]. 

Comparison of the two spectra reveals noticeable shifts in several absorption bands, indicating possible interactions 

between silver ions and plant-derived functional groups during nanoparticle formation [44]. The shift in –OH 

stretching frequency from 3423 to 3427 cm⁻¹ suggests the involvement of hydroxyl-containing compounds, such as 

phenolics and alcohols, in the reduction and stabilization processes [24]. 

Overall, the FTIR results suggest that polyphenolic compounds, including flavonoids present in M. spicata, may 

contribute to the reduction and capping of silver nanoparticles. However, FTIR analysis alone does not allow definitive 

identification of the specific phytochemicals involved, and the proposed roles are based on functional group 

interactions commonly reported in plant-mediated nanoparticle synthesis [24]. 
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Fig. 5 (a-Red) FTIR spectra of an ethanolic extract of the M. spicata; (b-Blue) FTIR image of synthesized AgNPs  

3.3.3. XRD analysis  

X-ray diffraction (XRD) analysis was used to examine the crystal structure of AgNPs made with M. spicata extract 

[24]. The diffraction pattern displayed in Fig. 6 shows prominent peaks at 2θ = 37.95°, 44.45°, 64.45°, and 77.35°, 

corresponding to the (111), (200), (220), and (311) planes of face-centered cubic (fcc) metallic silver [24]. The 

appearance of these characteristic peaks confirms that crystalline AgNPs were successfully synthesized, as the 

diffraction angles match those listed in the standard JCPDS file (card no. 04-0783). 

The average crystallite size (D) of the AgNPs was calculated using the Scherrer equation applied to the (111) peak, 

resulting in D ≈ 13 nm. This value represents the size of the crystalline core of the nanoparticles. 

Furthermore, the sharpness and intensity of the diffraction peaks reflect the high crystallinity of the synthesized 

AgNPs, supporting their uniform formation and structural stability [45]. 
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Fig. 6 XRD pattern of AgNPs 

 

 

3.3.4. SEM analysis 

Using scanning electron microscopy, the biosynthesized silver nanoparticles' morphology and 

dimensional properties were investigated [24]. This method uses a concentrated electron beam to create high-

resolution, detailed images of the sample surface that enable precise observation of the size distribution and shape of 

the particles [46]. SEM micrographs of AgNPs synthesized under optimized conditions are shown in Fig. 7. Analysis 

of the images indicates that the majority of nanoparticles exhibit a roughly spherical shape with an average diameter 

of approximately 58.41 nm [41]. This measured size is larger than the crystallite size obtained from XRD (~13 nm), 

which represents only the crystalline core of the nanoparticles. The difference reflects the presence of a stabilizing 

layer and any aggregation of particles, while the consistency in size and shape observed across the sample confirms 

that the green synthesis method produces nanoparticles with uniform morphology. 
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Overall, the combination of XRD and SEM results provides complementary information: XRD confirms the 

crystalline nature and core size, while SEM demonstrates the overall particle size, shape, and uniformity, addressing 

concerns regarding nanoparticle characterization and reproducibility [47]. 

 

 

 

Fig. 7 Scanning Electron Microscopy of biosynthesized silver nanoparticles' morphology and dimensional properties, 

showing a rough spherical shape with an average diameter of approximately 58.41 nm (diameters D -D1=57.87, 

D2=61.36, D3= 56.01, shown in yellow font over particles in micrograph)  

3.3.5. Antioxidant activity of the M. spicata plant 

Antioxidant activity of the M. spicata plant The Folin–Ciocalteu method was used to measure the total phenolic 

content of the M. spicata ethanolic extract used in the synthesis of silver nanoparticles. The result was 106.22 mg 

gallic acid equivalents (GAE) per gram of dried plant material [48]. The DPPH assay 51 was used to measure the 

extract's antioxidant capacity by looking at how well it neutralized free radicals [49]. In comparison to the standard 

antioxidant, vitamin C, which demonstrated an IC50 value of 8.86 μg/mL, the concentration needed to achieve 50% 

radical inhibition (IC50) for the M. spicata extract was found to be 34.0217 μg/mL, indicating a moderate antioxidant 

potential [50]. The inhibition curve showing the extract's antioxidant activity is shown in Fig. 8 [49]. These results 

demonstrate that M. spicata exhibits significant free radical scavenging capacity, with a lower IC50 value 

corresponding to stronger antioxidant activity [48]. 
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Fig. 8 Inhibition of free radicals by M. spicata extract 

 

3.4. Antibacterial Activity of Synthesised Nanoparticles 

3.4.1. Disc Diffusion Method 

AgNPs synthesised using M. spicata leaf extract exhibited significant antibacterial activity, particularly at higher 

concentrations [24. 51]. The inhibitory effect of AgNPs on bacterial growth was concentration-dependent [51, 52]. As 

the concentration of the AgNPs solution decreased, the bacterial resistance to inhibition increased correspondingly 

[53]. Fig. 9 illustrates the antibacterial effect, comparing the inhibition zones produced by the synthesised AgNPs 

(panel A) with those produced by standard antibiotic controls (panel B) against the tested bacterial strains. The 

presence of clear zones surrounding the discs demonstrates the strong antibacterial activity exhibited by the AgNPs 

biosynthesised from M. spicata [17, 54]. 
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Fig. 9 The diameter of inhibition zone of bacterial growth caused by synthesised AgNPs(A) and control antibiotics (B) on 

the tested bacteria 

3.4.2. Tube Dilution Method  

To evaluate microbial growth inhibition, the optimal extract obtained via ultrasonication was tested. Table 3, presents 

the inhibitory effects of AgNPs at concentrations of 5, 1, 0.5, 0.25, and 0.1 mg/mL, as well as demonstrating a clear 

dose-dependent response comparable to standard antibiotics. The AgNPs showed their highest antibacterial potency 

against S. aureus, while their effectiveness was least pronounced against S. typhimurium [54]. The data indicate that 

while the M. spicata plant extract alone showed no significant antibacterial activity against the tested bacterial strains, 

the AgNPs synthesized from the extract effectively inhibited bacterial growth [51, 55, 56]. The preliminary screening 

using the tube dilution method was performed to identify the effective concentration range of the synthesized AgNPs. 

Based on these observations, a concentration gradient of 0.1 to 5 mg/mL was selected for the detailed Disc Diffusion 

assay. The results of the tube dilution were consistent with the inhibition zones reported in Table 2, confirming the 

dose-dependent antibacterial activity. 

 

Table 3. Diameter of inhibition zones (mm) caused by different concentrations of AgNPs synthesised from M. spicata extract 

and by control antibiotics against tested Gram-positive and Gram-negative bacteria 

 

Bacterial Strains Zone of Inhibition (mm) 

Concentration (mg/mL) Standard Control Antibiotics 

 5 1 0.5 0.25 1 Ciprofloxaci

n 

Gentamici

n 

Sulfamethoxazole 

trimethoprim 

S. aureus ATCC29212 14 ± 0.2 a 11 ± 0.1 a 9 ± 0.1 b 8 ± 0.1 a 6 ± 0.1 a 15 ± 0.3 b 15 ± 0.4 a 12 ± 0.2 a 

Proteus mirabilis 13 ± 0.1 b 11 ± 0.2 a 9.3 ± 0.1 a 7.5 ± 0.2 b 3 ± 0.1 b 16 ± 0.4 a 9 ± 0.3 b 6 ± 0.1 b 

S. typhimurium 

ATCC14028 

12 ± 0.2 c 9 ± 0.2 b 7 ± 0.1 c 0 c 0 c 8 ± 0.1 c 7 ± 0.1 c 5 ± 0.1 c 
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Results are expressed as mean ± standard deviation (SD) (n = 3). Statistical analysis was performed using one-way analysis of 

variance (ANOVA) followed by Tukey’s post hoc test in SPSS software. Differences were considered statistically significant at p 

< 0.05. Mean values in the same column with different superscript letters (a–c) indicate significant differences. 

 

4. Conclusion 

Our studies have shown that M. spicata, a native plant of Mazandaran province, is a rich source of polyphenols. Its 

phenolic compounds have shown to have antioxidant qualities and biological activities of medicinal advantages. This 

study was useful in comparing a number of methods of extraction, including Soxhlet, maceration, and 

ultrasonic extraction. At a solid-to-solvent ratio of 1:20 (g/ml), ultrasonic extraction showed the best efficiency. 

The IC50 value of the ultrasonic extraction extract was 34.0217 μg/mL. Additionally, there were 106.22 mg of gallic 

acid per gram in the dried plant material. A color shift from colorless to brown signified the synthesis of AgNPs. The 

ideal conditions for synthesis were established at pH 9.0, 60 °C, and 1 g/L extract concentration after a number of 

variables, including temperature, pH level, extract concentration, and reaction time, were optimised. XRD confirmed 

the structural properties of AgNPs. The phenolic compounds  in M. spicata extract were crucial in lowering silver ions 

and stabilizing the nanoparticles, according to FTIR analysis. as confirmed in SEM analysis, the particles of 58.41 nm 

size can be successfully prepared. As our results have proved that AgNPs can be used to reduce the growth of Gram 

positive and negative bacterial strains. 

 

5. Future work 

Antibacterial and antioxidant qualities make nanoparticles, synthesised from plant resources, extremely promising 

for a range of applications. For future work, we plan to prepare nanoparticles using natural, common edible material 

[57-60] and medicinal plant roots, including Rubia cordifolia [61], Withania somnifera [62], which have been 

identified in research studies as being rich in antibiotic and antioxidant activities [57-63]. Nanoparticles prepared from 

such renewable resources can be used as antimicrobial agents in pharmaceutical formulations, wound dressings 

to promote healing and prevent infections, as well as prepared from edible resources, these can be used for innovative 

packaging materials for short shelf-life expensive food products [64, 65]. Furthermore, their biocompatibility and 

environmentally friendly synthesis process point to potential applications in targeted drug delivery 

systems, biomedical devices, and cosmetics. Additionally, the nanoparticles may be investigated for use as catalysts 

in chemical reactions and in environmental applications like water purification. Such applications would be 

contributing to the economy in achieving Sustainable Development Goals. 

List of Abbreviations 

TPC                             Total phenolic content 

M. spicata                     Mentha spicata 

IC₅₀ (IC50)         Half-maximal inhibitory concentration 

FTIR                  Fourier-transform infrared spectroscopy 
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GAE                              Gallic acid equivalents 

DPPH                            2,2-Diphenyl-1-picrylhydrazyl 

ATCC                            American Type Culture Collection 

DMSO                           Dimethyl sulfoxide 

SD                                 Standard deviation 

SEM                             Scanning electron microscopy 

AgNPs                   Silver Nanoparticles 

XRD                           X-ray diffraction 

P. mirabilis                  Proteus mirabilis 

S. typhimurium           Salmonella typhimurium 

S. aureus                       Staphylococcus aureus 
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