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Abstract

Silver nanoparticles (AgNPs) were synthesized via a green approach using Mentha spicata (M. spicata) extract. The extract was pre-
pared using three methods, namely Soxhlet extraction, maceration, and ultrasonic assisted extraction, and the yields were expressed
as weight percentages relative to the dry plant materia. Soxhlet extraction yielded the highest extraction efficiency at 34.36%,
whereas ultrasonic assisted extraction and maceration produced yields of 18.21% and 11.80%, respectively. Although ultrasonic-
assisted extraction produced a lower extraction yield, it was selected as the optimal approach due to its shorter extraction time,
reduced solvent consumption, and higher energy efficiency than the other methods. The antioxidant capacity of M. spicata extract
was notably high, with a total polyphenol content of 106.22 mg gallic acid equivalents per gram of dry plant material and an ICso
value of 34.02 ug/mL in the DPPH assay. Key parameters for AgNP synthesis were optimized, including pH 9, temperature of
60 °C, and extract concentration of 1.0 g/L. XRD confirmed the crystalline structure, FTIR identified functional groups, and SEM
revealed an average particle size of approximately 58.41 nm. The synthesized AgNPs exhibited significant antibacterial activity
against Staphylococcus aureus, Proteus mirabilis, and Salmonella typhimurium at the tested concentration of 5 mg/mL, highlighting
the importance of optimizing extraction and synthesis conditions to enhance the bioactivity of nanoparticles.
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lI. Introduction biomolecules, to convert metal ions into nanoparticles
under mild reaction conditions [4]. The green synthe-

In recent years, metal nanoparticles have attracted con-  gig of nanoparticles offers several advantages over con-
siderable attention from researchers due to their physico- ventional chemical methods, including reduced toxicity,
chemical and antibacterial properties, as well as their wide  Jower cost, operational simplicity, and enhanced biocom-
range of applications [1]. Although conventional nanopar- patibility of the synthesized nanoparticles [5]. The synthe-
ticle synthesis methods are effective, they often involve  sis of nanoparticles using herbal extracts is advantageous
hazardous chemicals and are energy-intensive. These due to the presence of abundant bioactive compounds,
methods may also produce toxic by-products, which raise  jncluding polyphenols, flavonoids, and other phytochem-
concerns about environmental and human health safety [2].  jcals. These compounds, which are commonly found in
To address these challenges, environmentally friendly edible culinary herbs, contribute to antiproliferative, an-

methods have been developed as practical and sustain-  tioxidant, and antibacterial activities [6].
able alternatives [2,3]. These methods employ biologi-
cal agents, including plant extracts, microorganisms, and
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Mentha is a widespread aromatic plant with a rich
phytochemical composition. Four different Mentha species
have demonstrated significant potential for various ap-
plications due to their antimicrobial and cytotoxic activi-
ties [7]. The high content of polyphenols and other bioac-
tive compounds in these plant extracts facilitates efficient
nanoparticle formation and imparts significant antioxidant
and antimicrobial properties to the synthesized AgNPs. In
previous studies, the synthesis of AgNPs using M. spicata
extracts has been investigated and has shown promising
biological activities [8]. However, a systematic compari-
son of extraction methods and the optimization of AgNP
synthesis parameters remain limited.

In this study, an in-depth analysis of the green syn-
thesis of AgNPs using M. spicata extracts was performed.
Different extraction methods, including ultrasonic-assisted
extraction, Soxhlet extraction, and maceration, were eval-
uated and compared, and key synthesis parameters, such
as pH, temperature, reaction time, and extract concentra-
tion, were systematically optimized to improve nanoparti-
cle yield and biological activity. The synthesized nanopar-
ticles were then comprehensively characterized. In con-
trast to previous studies, this work systematically com-
pares multiple extraction methods and optimizes key syn-
thesis parameters to enhance nanoparticle yield, size uni-
formity, and biological activity, providing new insights
into the green synthesis of M. spicata-mediated AgNPs.

This study aimed to comprehensively analyze the ef-
fects of extraction methods and synthesis conditions on
the properties and biological activities of AgNPs synthe-
sized using M. spicata extracts, with the objective of opti-
mizing a sustainable green synthesis process for AgNPs.

2. Materials and Methods

Fresh M. spicata leaves were collected from the local area,

and extracts were prepared using different methods, in-
cluding Soxhlet extraction, ultrasonic-assisted extraction,

and maceration. Unless otherwise stated, silver nitrate

was obtained from Merck (Darmstadt, Germany) (AgNOs,

>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 cal-
cium chloride dihydrate. Gentamicin, ciprofloxacin, and

sulfamethoxazole-trimethoprim were also obtained from

Merck. The bacterial strains used in this study were ob-
tained from the American Type Culture Collection (ATCC),
namely Salmonella typhimurium (ATCC 14028), Staphy-
lococcus aureus (ATCC 29213), and Proteus mirabilis

(ATCC 12453). All chemicals and reagents used were of
analytical grade and were used without further purifica-
tion.

2.1. Preparation of the M. spicata
Extract

M. spicata leaves were gathered from the outskirts of
Rostam-Kola, Mazandaran Province, Iran. After being
thoroughly washed, the fresh leaves were separated from
stems and other plant parts with distilled water to remove
dust and other impurities. To remove moisture, the leaves
were air-dried for approximately one month at room tem-
perature in a well-ventilated, shaded area. After complete
drying, the leaves were ground into a fine powder using a
mechanical grinder and stored in airtight containers under
dry conditions until further use [9].

2.2. Extraction Methods
2.2.1. Soxhlet Extraction

A closed-end filter paper containing 15 g of dried pow-
dered M. spicata leaves was placed in a Soxhlet apparatus.
Extraction was performed using 300 mL of 80% ethanol
under reflux conditions for 24 h [10]. The resulting extract
was then filtered and stored at 4 °C until further use.

2.2.2. Maceration

A total of 1.5 g of dried powdered plant material was
mixed with 30 mL of 80% ethanol, sealed tightly, and
stirred continuously at 10 rpm for 24 h at room tempera-
ture, with manual shaking every 4 h [11]. After filtration,
the extract was collected and stored for further use.

2.2.3. Ultrasonication

A 0.5 g sample of dried powdered plant material was
mixed 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 min [9].
Thereafter, the extracts were filtered and stored in airtight
containers until further use.

2.3. Biosynthesis of Silver Nanoparticles
(AgNPs)

For the biological synthesis of silver nanoparticles, 1.5 g
of dried M. spicata leaf powder was subjected to ultra-
sonic assisted 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 h. 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 nanoparti-
cle formation, size, and stability [12]. A 1 mM AgNOs
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solution was added dropwise to the aqueous extract under
continuous stirring at 60 °C, and the reaction progress was
monitored at multiple time points by measuring UV-Vis
absorbance at 420 nm. After the reaction reached com-
pletion, as indicated by maximum absorbance and a vis-
ible color change, the mixture was centrifuged at 10,000
rpm for 15 min. The resulting pellet was washed three
times with deionized water to remove residual ions and
solvents, and subsequently oven-dried at 70 °C for 24 h.
The effects of extract concentration, pH, temperature, and
reaction time on AgNP synthesis were systematically eval-
uated 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].
For each concentration, 20 mL of the extract solution was
mixed with 50 mL of 1 mM AgNOs under constant stir-
ring at 65 °C. AgNO:s solution was added gradually un-
der constant stirring to ensure uniform reaction conditions.
Absorbance at 420 nm was measured using a spectropho-
tometer at 15, 30, 60, and 1440 min [13].

2.5. Effect of Temperature

The effect of temperature on AgNP synthesis was investi-
gated at room temperature and at 50, 60, and 70 °C using
an aqueous solution of the dried extract (1 g/L) at the op-
timized pH of 9. Absorbance was measured at 420 nm.
Temperature plays a crucial role in controlling nucleation
and growth rates; higher temperatures accelerate the re-
duction of silver ions but may also increase particle size
due to aggregation. Therefore, precise temperature con-
trol is essential to achieve the desired nanoparticle proper-
ties [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 AgNO:s solution was then added to
the aqueous extract, and the reaction was carried out at 60
°C under magnetic stirring. The absorbance of the sam-
ples was measured at 420 nm. The sample showing the
highest absorbance value was selected for subsequent ex-
periments [14].

2.7. Influence of Reaction Duration

An extract concentration of 1 g/L and a 1 mM silver ni-
trate solution were prepared to investigate the effect of re-
action time [13,15], with the pH adjusted to 9 using dis-
tilled water. The formation of silver nanoparticles was ob-
served while the mixture was maintained at 60 °C under
constant stirring. Absorbance measurements at 420 nm
were recorded at 15, 30, 60, and 1440 min to monitor the
progression of nanoparticle synthesis.

2.8. Collection and Purification of
AgNPs

The reaction mixture exhibiting the highest absorbance
under optimized conditions of extract concentration, pH,
and temperature was collected for nanoparticle purifica-
tion. The AgNPs were centrifuged at 10,000 rpm for 15
min, and the resulting precipitate was washed three times
with deionized water to remove residual ethanol and un-
reacted silver ions. The purified nanoparticles were then
oven-dried at 70 °C for 24 h and stored for subsequent
characterization using SEM, XRD, and FTIR. This proce-
dure was performed to remove residual solvents and reac-
tants, thereby yielding reproducible samples suitable for
physicochemical and biological analyses.

2.9. Characterization of Silver
Nanoparticles

2.9.1. UV-Visible Spectroscopy

UV-Vis spectroscopy was conducted using a Shimadzu
spectrophotometer over a wavelength range of 220-620
nm to evaluate the optical properties 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 lIdentification

Functional groups present in the M. spicata extract that
contribute to the reduction and stabilization of silver ions
were identified using Fourier-transform Infrared (FTIR)
spectroscopy analysis [18].

2.9.3. X-ray Diffraction (XRD)

The crystalline structure and phase purity of the synthesized
AgNPs were examined using X-ray diffraction (XRD) anal-
ysis with Cu K« radiation, confirming a face-centered cubic
crystalline phase characteristic of silver nanoparticles [19].
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2.9.4. Morphological Analysis

The size and morphology of the synthesized AgNPs were
examined using scanning electron microscopy (SEM) anal-
ysis [20].

2.9.5. Antioxidant Activity

The Folin—Ciocalteu colorimetric method was used to de-
termine 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 fil-
trate was oven dried at 35 °C for 24 h using filter paper.
A 1000 ppm stock solution of gallic acid was prepared in
70% methanol, and standard solutions of 12.5, 25, 50, and
100 ppm were prepared for the construction of a calibra-
tion curve. A 0.5 mL aliquot of the solution was mixed
with 2.5 mL of 0.5 M Folin—Ciocalteu reagent for both
standards and samples. After 5 min, 2 mL of 7.5% sodium
carbonate was added. After incubation in the dark at room
temperature for 30 min, the absorbance of the mixture was
measured at 720 nm. A gallic acid calibration curve was
used to calculate total phenolic content (TPC), which was
expressed as mg GAE/g dry extract [21].

2.10. Antibacterial Activity of
Synthesized Nanoparticles

2.10.1. Disc Diffusion Method

Following the Kirby—Bauer procedure (2009) [22], the
antibacterial efficacy of M. spicata extracts and biosyn-
thesized AgNPs was evaluated using the disc diffusion
method, with the pH adjusted to 7.2-7.4. Three com-
mon bacterial strains were tested: S. typhimurium (ATCC
14028), Proteus mirabilis (ATCC 12453), and Staphylo-
coccus aureus (ATCC 29213). Bacterial suspensions pre-
pared from 24-h cultures on blood agar were adjusted to
the 0.5 McFarland standard using sterile saline. Using
sterile forceps, sterile discs containing 20 uL of either
AgNPs (0.1-5 mg/mL) or plant extract (2.5-25 mg/mL)
were placed on the agar surface. Antibiotic discs con-
taining gentamicin, ciprofloxacin, and sulfamethoxazole-
trimethoprim were placed on the plates as positive con-
trols. The plates were incubated at 37 °C for 24 h. After
incubation, the zones of inhibition were measured to eval-
uate antimicrobial activity.

2.10.2. Tube Dilution Screening (Qualitative)

A preliminary tube dilution assay was performed to deter-
mine the effective concentration range of the biosynthe-

sized AgNPs for subsequent disc diffusion testing. Serial
twofold dilutions of AgNP suspensions (0.1-5 mg/mL)
were prepared in nutrient broth and incubated with test
microorganisms. This assay was used only as a qualita-
tive screening to select concentrations for disc diffusion
assays; formal minimum inhibitory concentration (MIC)
and minimum bactericidal concentration (MBC) determi-
nations were not conducted in the present study.

3. Results and Discussion

3.1. The Extraction Efficiency of M.
spicata Plants

Three methods were employed to evaluate the extraction
efficiency of M. spicata leaves, namely Soxhlet extraction,
maceration, and ultrasonic-assisted extraction. Soxhlet
extraction was the most effective of the traditional tech-
niques, producing 0.3436 g of extract per gram of dry
plant material after 24 h. In contrast, under the same cir-
cumstances, maceration showed a much lower extraction
efficiency of 0.1180 g extract/g dry plant material. Dif-
ferent combinations of extraction times (4, 5, and 6 min)
and ethanol concentrations (60%, 80%, and 96%) were
tested to optimize the ultrasonic extraction process. Ta-
ble 1 presents a comparative overview of the extraction
methods employed in this study. The extraction efficiency
of M. spicata using the ultrasonic method is shown in
Table 2. The highest extraction yield was obtained us-
ing 80% ethanol with a sonication time of 6 min. This
was identified as the optimal condition for further studies.
Although ultrasonic-assisted extraction yielded a slightly
lower extract yield compared with Soxhlet extraction, it
was selected as the preferred method due to its signifi-
cantly lower energy consumption, reduced solvent usage,
shorter extraction time, and overall sustainability benefits.

3.2. The Green Synthesis of Silver
Nanoparticles

3.2.1. Effect of Extract Concentration

The concentration of M. spicata extract significantly in-
fluenced the formation of AgNPs [23]. A rapid and pro-
nounced color change from light brown to deep brown
within 1 h indicated that higher extract concentrations ac-
celerated the reaction [23,24]. This visible color change is
typically attributed to the surface plasmon resonance phe-
nomenon and is commonly used as an indicator of AgNP
formation [17].
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As shown in Figure 1, enhanced nanoparticle forma-
tion was confirmed by an increase in absorbance at 420 nm
at higher extract concentrations. Across all time points
(15, 30, 60, and 1440 min), the 1 g/L concentration ex-
hibited the highest absorbance values, indicating the most
rapid and efficient synthesis of AgNPs [25]. In contrast,
lower concentrations (0.1, 0.25, and 0.5 g/L), displayed
slower reaction rates, lower yields, less noticeable color
changes, and lower absorbance values [26].

Increased extract concentrations enhanced nanopar-
ticle synthesis, which can be attributed to the greater

availability of phytochemicals such as polyphenols and
flavonoids. Vanlalveni et al. [ 12] reported that these bioac-
tive constituents act as natural reducing and stabilizing
agents during the synthesis process [12]. These results
are consistent with the findings of Ghosh et al. [27], who
reported that increasing plant extract concentration ac-
celerates the reduction of silver ions, thereby enhancing
nanoparticle production and improving control over parti-
cle size. Accordingly, an extract concentration of 1 g/L
was selected as the optimal condition for subsequent ex-
perimental procedures.

Table I: Comparative summary of the extraction methods and their effects on AgNP synthesis.

Extraction Method Extraction Time Solvent. Relative .Extractlon AgNP F(?rmatlon
Consumption Yield Efficiency
Soxhlet extraction Long High High Moderate
Maceration Very long Moderate Moderate Low-moderate
Ultrasomc—'flsmsted Short Low High High
extraction

Normalized Unit

0-0 T T T

600

T T T T
800 1000 1200 1400

Time

Figure |: Effect of extract concentration on AgNP synthesis at different time points. Data are shown as mean 4+ 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).
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Table 2: Extraction efficiency of M. spicata plants by the ultrasonic method.
. Extraction Yield (%,
Method Dry g;fth (t (;f the Time (min) Ethanol (%) w/w, Based on Dry
g Plant Mass)
60 21673+ 02"
0.5 80 47766 + 0.3 g‘
96 0.9759 + 0.06 '
60 16.9298 £0.3°
Ultrasonic method 0.5 80 17.2846 £ 0.2°
96 9.5371 £ 0.4 1
60 12.0775 + 0.3 ¢
0.5 80 18.2090 £0.5°
96 10.8270 0.4 °

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 within the same
column with different superscript letters(a—i) indicate significant differences.

3.2.2. Effect of pH

The synthesis of AgNPs was significantly influenced by
the pH of the reaction mixture. Alkaline conditions pro-
mote the reduction of silver ions, as evidenced by an in-
creased rate of AgNP formation with rising pH levels [28].
Elevated pH levels accelerate nanoparticle formation by
increasing the ionization of phytochemicals in the extract,
particularly phenolic compounds, thereby enhancing their

reducing potential [29]. The fastest and most efficient syn-
thesis occurred at pH 9 with an extract concentration of
1 g/L and a reaction temperature of 60 °C. Because pH
9 was identified as optimal for nanoparticle formation, it
was selected for further experiments. Figure 2 illustrates
the visual color changes of the reaction mixture and the
corresponding UV—Vis absorbance spectra at different pH
levels, confirming enhanced nanoparticle formation under
alkaline conditions.

4.0- [ 15 min
I 30 min
3.5 :l 60 min
: ] 1440 min
3.0 |
’g ‘o
ww
E 25+ [
=
N
=T)]
= 2.0 1
=
]
>
g 1.5 1
1.0 ==
0.5 - l——‘ sk
1

%
%

£
b

Figure 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).
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3.2.3. Effect of Temperature

The rate and efficiency of AgNP synthesis were signifi-
cantly influenced by temperature [30]. Increasing the tem-
perature reduced the time required for nanoparticle forma-
tion by accelerating 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 for-

mation 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-
ure 3, at 25 °C, the reaction took approximately 10 h; at
50 °C and 60 °C, the reaction times decreased to 5 h and
30 min, respectively. Although the reaction rate increased
slightly at 70 °C, extended exposure resulted in nanoparti-
cle agglomeration. Thus, 60 °C was determined to be the
optimal temperature for producing consistent and stable
nanoparticles.

4.0- [ 15 min
-30 min
35- [ 160 min
: [ 1440 min

E
= 3.0
N’
=
Bn2.5 * %
5 1
2 sk
» 2.0 1
z

1.5

1.0 H

E s
33 ]
057 |—|

*%

%

**I_‘

%

%

S

25

50

60 70

Temperature (°C)

Figure 3: Effect of temperature on the synthesis of AgNPs. The graph shows the variation in nanoparticle formation at different
temperatures. ** indicate statistically significant differences between groups (p < 0.05).

Silver nanoparticle nucleation and growth were ob-
served within 30 min, with initial changes evident as early
as 10 min. These results indicate that higher temperatures
accelerate nanoparticle formation while maintaining sta-
bility under optimal conditions [33].

3.3. Characterization of the Synthesized
Silver Nanoparticles

3.3.1. UV-Vis Spectral Analysis

UV-Vis spectra recorded over the wavelength range of
220-620 nm revealed a distinct surface plasmon reso-

nance (SPR) band, confirming the successful synthesis of
AgNPs [34]. This characteristic absorption peak arises
from the collective oscillation of conduction electrons on
the nanoparticle surface upon excitation by incident light,
a phenomenon known as localized surface plasmon reso-
nance (LSPR) [35]. The prominent and distinct SPR peak
at Amax = 420 nm, shown in Figure 4, verifies the success-
ful synthesis of AgNPs with a relatively uniform particle
size distribution [36]. Furthermore, this peak serves as a
reliable indicator of nanoparticle formation and stability,
as its position, intensity, and shape are influenced by fac-
tors such as particle size, morphology, concentration, and
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the surrounding medium, in agreement with previously re-
ported studies on AgNPs [37].

3.3.2. FTIR Analysis

The FTIR spectra of M. spicata extract combined with
AgNO; were recorded over the 400-4000 cm™! range,
as shown in Figure 5. The spectra indicate the pres-
ence of various functional groups and phytochemical con-

stituents that may participate in the biosynthesis of silver
nanoparticles. Phytochemical analysis of the extract in
the presence of AgNOs suggests the presence of bioac-
tive compounds, including phenolic and flavonoid-related
functional groups, which are commonly reported to con-
tribute to nanoparticle formation [38,39]. The spectrum,
therefore, reflects the interaction between Ag+ ions and
plant-derived biomolecules rather than confirming spe-
cific molecular identities [40].

1/6

1/4 —

1/2

1/0 —

Absorbance

0/8

0/6

0/4

0/2 T T
300 400

500 600

Wavelength (nm)

Figure 4: UV-Vis spectrum of AgNPs synthesized using M. spicata extract over the wavelength range 220-620 nm; showing a

prominent SPR peak at Amax &~ 420 nm.

The FTIR spectra presented in Figure 5 compare the
synthesized AgNPs with the ethanolic extract of M. spi-
cata leaves. A broad absorption band around 3423 cm ™!
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~! to
2898 cm~! was noted, corresponding to C—H stretching

vibrations typical of aliphatic compounds [42]. The peak
at 1647 cm™ is attributed to carbonyl (C=0) stretching vi-
brations, whereas the band at 1047 cm™ corresponds to
C-O functional groups [18]. Furthermore, the signal near
1452 cm™! may be attributed to C—N stretching vibrations
in aliphatic amines [18,38,41].

Mousavi et al.

Sustainable Processes Connect


https://scifiniti.com/
https://scifiniti.com/journals/sustainable-processes-connect

SCIFINITI

PUBLISHING

®

2026, Vol. 2, Article ID. 2026.0025
https://doi.org/10.69709/SusProc.2026.105210

Transmittance

3 &8 3 E
I I I ™ I
I I I 11 |
I I 1~ YA I I
| J
| I | I
| | | | |
I I 1 I |
1 1 | |
I I 1
I I I
1 1 | 1
1 | 1
| 1 I |
1 i I 1
| I | 1
| | | |
| 1 I |
Synthesized AgNPs
Ethanolic Extract
T T T T T T T T
500 1000 1500 2000 2500 3000 3500 4000

Wavenumber (cm )

Figure 5: FTIR spectra of (a, red) the ethanolic extract of M. spicata and (b, blue) the synthesized AgNPs.

In the spectrum of the synthesized AgNPs, the -OH
absorption shifted slightly to 3427 cm~!, and C—H stretch-
ing bands moved from 2856 cm™' to 2925 cm™' [24].
Peaks observed in the 1173-1262 cm™ region are typi-
cally attributed to C-O stretching vibrations, which are
commonly associated with polyphenolic and flavonoid-
containing compounds. In addition, carbonyl-related ab-
sorption bands were observed in the range of 1606—1724
cm' [43]. The band detected at approximately 1458
cm ™! 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 func-
tional groups during nanoparticle formation [44]. The
shift in the —OH stretching frequency from 3423 to 3427
cm ' suggests the involvement of hydroxyl-containing
compounds, such as phenolics and alcohols, in the reduc-
tion and stabilization of the nanoparticles [24].

Overall, the FTIR results suggest that polypheno-
lic compounds, including flavonoids present in M. spi-
cata, may contribute to the reduction and capping of sil-
ver nanoparticles. However, FTIR analysis alone does not

enable definitive identification of the specific phytochemi-
cals involved, and the proposed roles are inferred based on
functional group interactions commonly reported in plant-
mediated nanoparticle synthesis [24].

3.3.3. XRD Analysis

X-ray diffraction (XRD) analysis was employed to ex-
amine the crystalline structure of AgNPs synthesized us-
ing M. spicata extract [24]. The diffraction pattern dis-
played in Figure 6 shows prominent peaks at 20 = 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 characteris-
tic peaks confirms that crystalline AgNPs were success-
fully synthesized, as the diffraction angles match those
listed in the standard JCPDS card no. 04-0783.

The average crystallite size (D) of the AgNPs was
calculated using the Scherrer equation applied to the (111)
diffraction peak, yielding an approximate value of 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
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synthesized AgNPs, supporting their crystalline formation
and structural stability [45].

3.3.4. SEM Analysis

The morphology and size characteristics of the biosynthe-
sized silver nanoparticles were investigated using scan-
ning electron microscopy (SEM) [24]. This technique em-
ploys a focused electron beam to generate high-resolution
images of the sample surface, enabling detailed visualiza-
tion of particle shape and size distribution [46]. SEM mi-
crographs of AgNPs synthesized under optimized condi-
tions are shown in Figure 7. Image analysis indicated that
the majority of nanoparticles exhibited a nearly spherical
morphology with an average diameter of approximately
58.41 nm [41]. This measured size is larger than the crys-
tallite size obtained from XRD (~13 nm), which repre-
sents only the crystalline core of the nanoparticles. The
observed difference is attributed to the presence of a sta-
bilizing layer and possible particle aggregation, while the
consistent size and shape across the sample confirm that
the green synthesis method produced nanoparticles with
relatively uniform morphology.

Overall, the combined XRD and SEM analyses pro-
vide complementary insights, with XRD confirming the
crystalline nature and core size of the nanoparticles, while
SEM elucidates their overall size, morphology, and uni-
formity. Together, these results support the reliability of
nanoparticle characterization and the reproducibility of
the synthesis process [47].

3.3.5. Antioxidant Activity of the M. spicata Plant

The antioxidant activity of M. spicata was evaluated by
determining the total phenolic content of the ethanolic
extract used for silver nanoparticle synthesis. This was
determined using the Folin—Ciocalteu method. The to-
tal phenolic content was 106.22 mg gallic acid equiva-
lents (GAE) per gram of dried plant material [48]. The
DPPH assay was used to evaluate the antioxidant capac-
ity of the extract by measuring its free radical-scavenging
activity [49]. The concentration required to achieve 50%
inhibition (ICso) for the M. spicata extract was determined
to be 34.0217 pg/mL, indicating moderate antioxidant ac-
tivity, in comparison with vitamin C, which exhibited an
ICso value of 8.86 pg/mL [50]. The inhibition curve il-

lustrating the extract’s antioxidant activity is shown in
Figure 8 [49]. These results demonstrate that M. spi-
cata exhibits appreciable free-radical-scavenging capac-
ity, where a lower ICso value corresponds to stronger an-
tioxidant activity [48].

3.4. Antibacterial Activity of Synthesized
Nanoparticles

3.4.1. Disc Diffusion Method

AgNPs synthesized using M. spicata leaf extract exhib-
ited 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 AgNP solution decreased, the
inhibitory effect decreased correspondingly [53]. Fig-
ure 9 illustrates the antibacterial activity by comparing
the zones of inhibition produced by the synthesized Ag-
NPs (panel A) with those produced by standard antibi-
otic controls (panel B) against the tested bacterial strains.
The presence of clear zones surrounding the discs demon-
strates the strong antibacterial activity exhibited by the Ag-
NPs biosynthesized from M. spicata [17,54].

3.4.2. Tube Dilution Method

To evaluate microbial growth inhibition, AgNPs synthe-
sized using the optimized ultrasonic extract were tested.
Table 3 presents the inhibitory effects of AgNPs at con-
centrations of 5, 1, 0.5, 0.25, and 0.1 mg/mL, demonstrat-
ing a clear dose-dependent response comparable to that of
standard antibiotics. The AgNPs exhibited the highest an-
tibacterial activity against Staphylococcus aureus, while
the lowest activity was observed against Salmonella ty-
phimurium [54]. The data indicate that while the M. spi-
cata plant extract alone showed no significant antibacte-
rial 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 effec-
tive concentration range of the synthesized AgNPs. Based
on these observations, a concentration range of 0.1 to 5
mg/mL was selected for detailed evaluation using the disc
diffusion assay. The results of the tube dilution assay were
consistent with the inhibition zones reported in Table 3,
confirming the dose-dependent antibacterial activity.
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Figure 9: Diameter of the bacterial growth inhibition zones produced by synthesized AgNPs (A) and control antibiotics (B) against

the tested bacteria.
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Table 3: Diameter of inhibition zones (mm) caused by different concentrations of AgNPs synthesized from M. spicata extract and by
control antibiotics against tested Gram-positive and Gram-negative bacteria.

Bacterial Zone of Inhibition (mm)
Strains Concentration (mg/mL) Standard Control Antibiotics
5 1 0.5 0.25 1 Ciprofloxacin Gentamicin Sulffimethoxa.zole
Trimethoprim

S. aureus 14 + 11+ 9+0.1 8+ 0.1 6+0.1 b a a
ATCC 29213 02% 0.1? b a a 15+03 15+04 12+0.2

Proteus 13+ 11 + 9.3 + 7.5+ 3+0.1 a b b

mirabilis 0.1° 02° 0.1° 02° b 16:£04 9£03 6:£0.1

S.

typhimurium 1)22% ? ibO.Z 7 iCO,l 0° 0° 8+0.1° 74+0.1° 54+0.1°
ATCC14028 ’

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. Conclusions

This study showed that M. spicata, a native plant of
Mazandaran province, is a rich source of polyphenols. Its
phenolic compounds were associated with antioxidant and
other biological activities, with potential medicinal ben-
efits. This study compared several extraction methods,
including Soxhlet extraction, maceration, and ultrasonic-
assisted extraction. At a solid-to-solvent ratio of 1:20
(g/mL), ultrasonic extraction showed the best efficiency.
The IC50 value of the ultrasonic extract was 34.0217
pg/mL. Additionally, there were 106.22 mg GAE/g dry
plant material. A color change from colorless to brown
indicated the formation of AgNPs. The optimal synthe-
sis conditions were established at pH 9.0, 60 °C, and
an extract concentration of 1 g/L following the optimiza-
tion of several parameters, including temperature, pH, ex-
tract concentration, and reaction time. XRD confirmed
the structural properties of AgNPs. Phenolic compounds
present in the M. spicata extract played a crucial role in the
reduction of silver ions and stabilization of the nanopar-
ticles, as indicated by FTIR analysis. SEM analysis fur-
ther confirmed the successful synthesis of nanoparticles
with an average particle size of 58.41 nm. Overall, the re-
sults demonstrate that the synthesized AgNPs exhibit ef-
fective antibacterial activity against both Gram-positive
and Gram-negative bacterial strains.

5. Future Work

Nanoparticles synthesized using plant-based resources ex-
hibit significant antibacterial and antioxidant properties,
making them highly promising for a wide range of applica-
tions. Future work should focus on synthesizing nanopar-
ticles using natural, commonly available edible materi-
als [57-60] and medicinal plant roots, including Rubia

cordifolia [61] and Withania somnifera [62], which have
been reported in the literature to contain compounds with
antimicrobial and antioxidant activities [57—63]. Nanopar-
ticles prepared from such renewable resources can be ap-
plied as antimicrobial agents in pharmaceutical formula-
tions and in wound dressings to promote healing and pre-
vent infections. In addition, when derived from edible
resources, they can be utilized in the development of in-
novative packaging materials for high-value food prod-
ucts with short shelf lives [64,65]. Furthermore, their
biocompatibility and environmentally friendly synthesis
process suggest potential applications in targeted drug de-
livery systems, biomedical devices, and cosmetics. Ad-
ditionally, these nanoparticles may be explored as cata-
lysts in chemical reactions and for environmental appli-
cations such as water purification. Such applications may
contribute to economic development while supporting the
achievement of the Sustainable Development Goals.
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