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In contemporary society, a plethora of human industries are
fundamentally dependent on the antibacterial capabilities of various
nanoparticles, rendering their absence in contemporary applications
nearly unimaginable. Silver nanoparticles (AgNPs) are widely used for
their potent antibacterial properties in various applications, including
medical and industrial settings. Controlling microbial growth is
critical to prevent health and environmental issues. In this study,
AgNPs is biosynthesized using the Celtis caucasica leaf extract,
optimizing synthesis parameters to achieve high purity and uniform
particle size. The ideal synthesis parameters involved combining 1.5
mL of plant leaf extract with 10 mL of a 3 mM AgNO; solution,
maintaining a pH of 7, and heating the mixture at 70 °C for 45
minutes.UV-Vis, FTIR, and TEM analyses verified the synthesis of
nearly spherical AgNPs with a mean size of approximately 20 nm,
displaying a typical SPR absorption peak at 425 nm. FTIR data
revealed key bioactive groups in the extract that enabled Ag~” ion
reduction. The AgNPs showed robust antibacterial effects against
Staphylococcus aureus (MIC 12.5 pg/mL) and Escherichia coli (MIC

25 pg/mL).
DOI: 10.22034/ijche.2025.527740.1563 URL: https://www.ijche.com/article_232818.html

1. Introduction

Green nanotechnology employs nanoscience
principles to create sustainable nanomaterials
with reduced environmental impact [1]. This
chemistry  and

field integrates green

engineering to produce eco-friendly materials
for applications in medicine, industry, and
environmental remediation [2—4]. By using
biological resources and avoiding toxic
reagents, these methods operate at ambient
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conditions, minimizing health risks and waste
generation compared to traditional approaches
[5-7].Silver nanoparticles (AgNPs) have
garnered extensive attention in the field of
materials science owing to their unique
optical, catalytic, and antibacterial
characteristics that vary with particle size [8-
15]. They have applications in biomedical
diagnostics, wound care, catalysis, and
electronics, but conventional synthesis often
involves costly equipment and hazardous
chemicals, limiting scalability and safety for
biological uses [16-18].

Physical and chemical methods for the
synthesis of AgNP, such as chemical
reduction, photochemical, thermal,
electrochemical, and sonochemical processes
(sometimes microwave-assisted), can produce
high vyields, but often generate toxic
byproducts and unstable colloids [19-21]. In
contrast, biosynthesis utilizing plant extracts,
bacteria, fungi, or enzymes has gained
prominence as a greener alternative, yielding
biocompatible AgNPs devoid of toxic
contaminants [22-24]. Plant-based approaches
are especially practical, being cost-effective,
scalable, and reliant on renewable resources
[25-27]. Silver's established antimicrobial
properties further support its use in infection
control, such as in topical treatments for
wounds.

Recent investigations underscore the promise
of green synthesis for plant-derived silver
nanoparticles. For example, in a 2022 study
by Naveed M. et al., maple leaf extract was
employed to fabricate AgNPs, which were
analyzed using UV-Vis, FTIR, and XRD
techniques, revealing potent antibacterial,
antifungal, and anticancer effects, in addition
to computational modeling of their thermal
characteristics [28]. Ying S. et al. reviewed
the  biosynthesis of  various  metal
nanoparticles, noting that the geography of
the plant and its seasonality affect the

composition and yield of the extract [29].
Salehi et al. (2016) reported the synthesis of
AgNPs from Artemisia extract with strong
antibacterial effects for particles under 10 nm
[30], while Mogharnia et al. (2018) found
Tournefortia-based AgNPs more toxic to
bacterial cells than normal ones [31].
Similarly, the olive leaf extract acted as a
bioreductant in the work of Ramazan Ali et
al. [32].

Asimuddin et al. (2020) optimized the
synthesis of AgNP with Azadirachta indica
(neem) extract, achieving an SPR peak at 410
nm and antibacterial MICs of 0.5-1 mg/mL
against Escherichia coli and Staphylococcus
aureus [33]. Vasil Veska et al. (2023)
biosynthesized AgNPs from common fruits
and vegetables (e.g., apple, garlic),
confirming activity against S. aureus, E. coli,
and others via UV-Vis, XRD, and TEM [34].
In comparison, studies like those by
Mohammad et al. and Asimuddin et al. often
yielded larger particles (30-50 nm) with
higher MIC wvalues (0.5-1 mg/mL),
highlighting opportunities for improvement
using novel plants.

Despite these efforts, many rely on common
extracts, leaving regional species
underexplored. Celtis caucasica, abundant in
temperate areas like Iran, is promising for use
as a reducing and stabilizing agent due to its
phytochemical contents, including flavonoids,
phenols, and alkaloids (evidenced by FTIR
peaks for OH, NH, and C=0 groups later in
this study). These biomolecules play a dual
role in reducing Ag* ions and stabilizing the

resulting nanoparticles through surface
capping. Here, we optimize synthesis
parameters (pH, extract volume,

concentration of AgNO3, temperature, time)
to produce uniform ~20 nm AgNPs,
achieving an MIC of 12.5 pg/mL against
Staphylococcusaureus—Ilower than the same
in prior reports—and providing a sustainable
option for antimicrobial applications in local
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contexts.

Celtis caucasica (Ulmaceae family) is a
deciduous tree native to temperate regions,
growing 20-25 m tall with serrated leaves
(10-15 cm) and small drupes. In Iran, it's
known locally as “Daghdaghan,” or “Tain”
(Fig. 1), which is an accessible resource for
the green synthesis.

Figure 1. Representative image of the Celtis
caucasica (Daghdaghan) leaves, highlighting their
serrated edges, triveined structure, and slightly

pubescent underside.

2. Materials and Methods

2.1. Materials

Silver nitrate (AgNOs), sodium hydroxide
(NaOH), and hydrochloric acid (HCI) were
sourced from Merck, based in Germany.and
utilized without additional purification. The
apparatus  employed  throughout  the
experimental procedures comprised:
Analytical balance (model SBP221, Sartorius,
Germany) with a precision of 0.0001 g,
Digital pH meter (model 780, Metrohm,
Switzerland), UV-Vis double-beam
spectrophotometer (model Varian 300 Bio,
Australia), Centrifuge  (model CW12,
Centurion Scientific, UK) Transmission
electron microscope (TEM, model EM10C,
Zeiss, Germany) and Fourier-transform
infrared (FT-IR) spectrometer (Vertex 70,
Bruker, Germany).Standard laboratory
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glassware and apparatus, including funnels,
filter papers, Erlenmeyers flasks, volumetric
flasks, beakers, spatulas, and magnetic
stirrers, were also employed. Furthermore, the
following stock solutions were formulated:
the  Silver nitrate solutions at the
concentrations of 0.5, 1, 1.5, 2, 3, 4, 5 mM
hydrochloric acid solution (0.1 M) and
sodium hydroxide solution (0.1 M).

2.2. Methods
2.2.1. Plant Collection and Drying

Celtis caucasica leaves were harvested from
the Bankul highlands in Iran’s Ilam province.
Following three rinses with double-distilled
water, the leaves underwent shade-drying for
seven days. Once dried, they were pulverized
with a mortar and pestle and kept in a dark,
dry place until extract preparation.For extract
preparation, 1 g of dried leaf powder was
combined with 100 mL of distilled water and
stirred magnetically at 55 °C for 50 minutes.
Upon cooling to ambient temperature, the
suspension was passed through Whatman No.
42 filter paper, followed by centrifugation at
10,000 rpm for 10 minutes. The clear
supernatant was then refrigerated at 4 °C for
subsequent experiments.

2.2.2. Synthesis of Silver Nanoparticles

To synthesize silver nanoparticles (AgNPs), 1
mL of the leaf extract was introduced into 10
mL of 1 mM AgNO; aqueous solution within
an Erlenmeyer flask, followed by incubation
in a 60 °C water bath. Within about 12
minutes, the mixture transitioned from light
yellow to deep brown (Fig. 2), signaling
AgNP formation through the bioreduction of
Ag* to Ag°® by electron donation from plant-
derived compounds.To obtain nanoparticles
with optimal size and morphology, the effects
of various parameters, including the pH,
extract volume, concentration of silver nitrate,
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reaction temperature, and reaction time, were
systematically investigated and optimized. In
the initial synthesis, default values were used
for all parameters. Subsequently, one
parameter was varied at a time, while keeping
others constant, to evaluate its influence.

To determine the optimal pH, seven reaction
mixtures—each consisting of 1 mL plant
extract and 10 mL of 1 mM AgNOs—were
adjusted to pH levels of 3, 5, 6, 7, 8, 9, and 10
using 0.1 M NaOH or 0.1 M HCI. UV-Vis
absorption spectra were acquired for all
samples to identify the pH vyielding the
strongest nanoparticle formation.To optimize
the plant extract-to-AgNOs volume ratio,
various extract volumes (0.5-5 mL) were
combined with 10 mL of 1 mM AgNOs
solution at the pre-established optimal pH.
UV-Vis spectra were acquired to determine
the extract volume producing the most intense
nanoparticle formation.To assess the impact
of AgNOs concentration, the optimized
extract volume was mixed with 10 mL of
silver nitrate solutions ranging from 0.5 to 5
mM, maintaining the previously established
optimal pH. UV-Vis spectroscopy was

employed to identify the concentration
yielding the highest nanoparticle synthesis
efficiency.To investigate temperature effects,
reactions were conducted across a range of
35-80 °C using the previously optimized
parameters. UV-Vis spectra were collected
post-reaction to  select the optimal
temperature.

Finally, reaction duration was optimized by
performing synthesis under all established
optimal conditions with incubation periods
from 20 to 75 minutes. UV-Vis spectra were
acquired at each interval to pinpoint the ideal
timeframe.

FTIR and TEM analyses further validated the
purity and particle size of AgNPs produced
under these fully optimized conditions. All
optimization experiments were conducted in
triplicate, with three independent samples
being prepared and analyzed for each
parameter condition, and the reported UV-Vis
absorbance values represented the mean of
these measurements to ensure reproducibility.

(b)

Figure 2. Visual representation of (a) the Celtis caucasica leaf extract and (b) the reaction mixture of
the extract with the silver nitrate solution.

2.2.3. Assessment of Antibacterial
Performance in Synthesized Silver
Nanoparticles

Silver nanoparticles (AgNPs) demonstrate
potent antibacterial effects, primarily due to
their exceptionally high surface-to-volume
ratio, which markedly boosts their reactivity
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and ability to engage with microbial cell
surfaces.. For instance, even 1 gram of
AgNPs can provide a sufficient surface area
to effectively interact with and inhibit the
growth of M2100 bacterial strains.

The small size and specific shapes of AgNPs
enable them to compromise bacterial cell
membranes, delivering strong antimicrobial
action.

Antibacterial performance of the produced
silver nanoparticles was evaluated by

measuring Minimum Inhibitory
Concentration  (MIC) and  Minimum
Bactericidal Concentration (MBC) for

Staphylococcus aureus (Gram-positive) and
Escherichia coli (Gram-negative) using the
standard broth microdilution protocol.Serial
dilutions of the AgNPs were prepared in
sterile 96-well microplates, with 100 pL of
nanoparticle  suspension  at  varying
concentrations added to each well. Then, 90
pL of Mueller-Hinton broth and 10 pL of
bacterial inoculum (standardized to 0.5
McFarland  turbidity) were introduced,
resulting in a total volume of 200 pL per well.
Control wells were included to distinguish
between turbidity caused by nanoparticles and
the bacterial growth: one set contained only
the nanoparticle dilutions and broth (without
bacterial inoculation), and another well
contained the bacterial suspension and broth
without nanoparticles.

Microplates were incubated at 37 °C for 24
hours. Bacterial growth was assessed visually:
cloudy wells signified proliferation, whereas
clear wells indicated inhibition. The MIC was
defined as the lowest AgNP concentration
preventing observable growth.

For MBC determination, samples from the
MIC well and wells with higher
concentrations were spread onto Mueller-
Hinton agar plates and incubated at 37 °C for
24 hours. The MBC was recorded as the
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minimum concentration achieving >99.9%
bacterial Kkilling, confirmed by no colony
formation on the plates.

3. Results and Discussion

We fine-tuned the conditions for making
silver nanoparticles (AgNPs) with Celtis
caucasica leaf extract, wusing UV-Vis
spectroscopy to guide each adjustment.

Key operational parameters, including the
reaction medium pH, extract volume,
concentration of silver nitrate, reaction
temperature, and duration, were evaluated to
determine their influence on the development
of nanoparticles. The resulting nanoparticles
were then examined for their structure and
shape using FTIR and TEM. Finally, the well-
characterized AgNPs were subjected to the
antibacterial  analysis.  All  optimization
experiments (pH, extract volume,
concentration of silver nitrate, temperature,
and time) were performed in triplicate, with
three samples for each property, and standard
deviations of absorbance peaks at 425 nm less
than 5%, indicated high reproducibility and
reliability of the results.

3.1. Optimization of the Reaction Medium
pH

To explore how pH affects nanoparticle
synthesis, we prepared a series of reaction
mixtures by combining 1 mL of Celtis
caucasica leaf extract with 10 mL of 1 mM
AgNO3 solution, adjusting the pH to values of
3,5,6,7,8,9, and 10 using 0.1 M NaOH or
HCI. UV-Vis analysis showed that the
mixture at pH 7 displayed the strongest
absorption band around 425 nm [35],
corresponding to the surface plasmon
resonance  (SPR)  typical of  silver
nanoparticles (Fig. 3).

The significant variation in absorbance
intensities across different pH levels
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highlights the strong dependency of the
nanoparticle size on the reaction pH. Since
the SPR peak wavelength is directly
correlated with the nanoparticle size, this
trend indicates that the pH of the reaction
medium plays a crucial role in determining

Absorbance

the size of the nanoparticles. It was observed
that increasing the alkalinity of the reaction
medium led to a blue shift in the absorption
peak, indicating that smaller nanoparticles
formed under alkaline conditions [36].

500
Wavelength (nm)

600 700

Figure 3. UV-Vis absorption spectra of silver nanoparticles synthesized using the Celtis caucasica
leaf extract, showing the variation in absorbance at different pH levels.

3.2. Optimization of the Extract-to-
Silver Nitrate Ratio

To assess the impact of varying
concentrations of Celtis caucasica leaf
extract on the creation of silver

nanoparticles, different volumes of the
extract (from 0.5 to 5 mL) were infused
into 10 mL of 1 mM silver nitrate solution
at a neutral pH of 7, while all other
experimental parameters remained
unchanged (Fig. 4). As the extract acted
as both reducer and stabilizer, an increase
in its volume from 0.5 to 1.5 mL brought
about a notable rise in absorbance at the
distinct plasmon resonance wavelength of
425 nm. Nevertheless, further increments
from 1.5 to 5 mL led to a gradual increase

in absorbance along with broader peak
width.This intriguing behavior may be
linked to the interaction of metal ions with
the bioactive compounds present within
the extract, which diminishes the pool of
free ions available for reduction or
indicates the emergence of larger,
aggregated nanoparticles. This implies
that the overabundance of phytochemicals
might excessively  stabilize the
nanoparticles or induce aggregation,
obstructing the formation of uniform
nanoparticles [37]. Consequently, the
concentration of 1.5% v/v of the extract
was pinpointed as the sweet spot for the
efficient synthesis nanoparticles.
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Figure 4. UV-Vis spectra of silver nanoparticles produced with Celtis caucasica leaf extract, showing
how absorbance changes with varying extract volumes.

3.3. Optimizing AgNO3 Concentration

To examine the effect of silver nitrate
(AgNOs3) concentration on the synthesis of
nanoparticles, a blend of 1.5 mL of the plant
extract was combined with 10 mL of AgNO3
solutions at diverse concentrations (ranging
from 0.5 to 5 mM) while maintaining a pH of
7. The UV-Vis spectra of the resultant
colloidal solutions were captured at 425 nm
(Fig. 5). As the silver nitrate concentration
increased from 0.5 to 3 mM, a remarkable
surge in absorbance at 425 nm was noted,
signifying the enhanced formation of
nanoparticles. Beyond the threshold of 3 mM,
the absorbance reached a plateau, indicating
saturation. Thus, 3 mM emerged as the prime
concentration for producing silver
nanoparticles under the given conditions.

This pattern underscores the crucial influence
of the concentration of AgNO:s in steering the
yield and the development of silver
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nanoparticles.  Elevating the precursor
concentration amplifies the surface plasmon
resonance (SPR) intensity, mirroring the
burgeoning population of nanoparticles.
Nonetheless, at less-than-optimal
concentrations, the processes of reduction and
stabilization fall short, resulting in fewer and
larger particles. On the other hand, the
overabundance of precursor concentrations
may cause the excessive accumulation of
capping agents around the nanoparticles,
hindering  effective  stabilization  and
prompting particle aggregation alongside a
growth in size. As the stability of
nanoparticles wanes, the count of well-
dispersed nanoparticles diminishes,
culminating in a reduction in absorbance.

Previous studies have shown that larger
nanoparticle sizes usually cause a drop in
absorbance intensity, while a broader size
distribution leads to wider spectral peaks.
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Figure 5. UV-Vis spectrophotometric profiles of silver nanoparticles prepared with Celtis caucasica
(Doughdaghan) leaf extract, demonstrating shifts in absorbance patterns across varying silver nitrate
concentrations.

Optimization of the Reaction homogeneously distributed.
Temperature Empirical data indicated that the absorbance
increasing the reaction temperature augments at 425 nm markedly increased with the
both the likelihood and velocity of elevation of temperature, signifying the

interactions between the reducing and
stabilizing agents and the metal ions,
consequently expediting the reduction and
stabilization processes instantaneously upon
interaction. This expedited mechanism
mitigates the potential for  particle
agglomeration, leading to the production of
nanoparticles that are smaller and more

superior formation of nanoparticles. This
improvement persisted up to 70 °C, after
which the absorbance values exhibited
minimal variation, stabilizing at a nearly
constant level. In light of these findings, 70
°C was determined to be the optimal reaction
temperature (Fig. 6).
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Ahsorbance
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Figure 6. UV-Vis spectrophotometric analysis of silver nanoparticles synthesized using Celtis

caucasica (Doughdaghan) leaf extract, showing the variation in their absorbance profiles at different
synthesis temperatures.

3.5. Optimization of the Reaction Time

The influence of the reaction duration was
examined while ensuring that all other
synthesis parameters, which included pH,
concentration of the extract, concentration of
silver nitrate, and thermal conditions,
remained at their optimal configurations. In
this study, 10 mL of a 3 mM silver nitrate
solution was combined with 1.5 mL of the
Celtis caucasica leaf extract at a pH of 7 and a
temperature of 70 °C. Ultraviolet-Visible
(UV-Vis) spectrophotometric analysis
demonstrated that the absorbance at 425 nm,
which is associated with SPR of silver
nanoparticles, exhibited a progressive
increase in relation to the reaction duration

(Fig. 7).

42

This enhancement in absorbance persisted
from the 20-minute mark to the 45-minute
mark, signifying the continuous synthesis of
nanoparticles. Nonetheless, subsequent to the
45-minute interval, a gradual reduction in
absorbance was noted, which may be ascribed
to the degradation or depletion of the active
phytochemicals that facilitate the reduction
and stabilization mechanisms. Consequently,
a reaction duration of 45 min was deemed
optimal for the synthesis of stable and well-
dispersed  silver  nanoparticles.  The
absorbance increased up to 45 min, followed
by a gradual decline due to the depletion of
active phytochemicals [38].
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Figure 7. UV-Vis spectrophotometric analysis of silver nanoparticles synthesized using Celtis
caucasica (Doughdaghan) leaf extract, illustrating the variation in their absorbance profiles over
different reaction times.

3.6. FT-IR Analysis

FT-IR spectroscopy was utilized to ascertain
the functional groups, architecture, and
composition of the resultant nanoparticles
(Fig. 8). The FTIR spectrum of the Celtis
caucasica leaf extract and the mixture of the
Celtis caucasica leaf extract and silver nitrate
solution revealed key bands indicative of
specific phytochemicals driving the reduction
and stabilization processes. The peak at
3200-3400 cm™ corresponds to O-H and N-H
stretching vibrations, primarily from phenolic
compounds (e.g., flavonoids like quercetin
derivatives) and alkaloids, which act as
reducing agents by donating electrons to Ag*
ions, facilitating their conversion to Ag°. The
C=0 stretch at 1635 cm™ suggests carbonyl
groups from flavonoids and tannins, known
for their capping ability to prevent
nanoparticle aggregation. Additionally, the
peaks at 2920 cm™ (C-H aliphatic) and 1045
cm™ (C-O-C ether linkages) point to

polysaccharides and  saponins,  which
contribute to stabilization through steric
hindrance. Upon the introduction of silver
nitrate, a significant shift in the band related
to NH from 1603 to 1636 cm™ was detected,
which was concomitant with a diminution in
the peak intensity. This shift indicates
coordination between the silver ions and the
NH functional group present in the extract.
Additional peaks comprised a broad band
exceeding 3000 cm™ ascribed to N-H
stretching vibrations, a peak at 2926 cm™
corresponding to CHj; stretching, and a band
at 1602 cm™ associated with OH or NH
bending vibrations. The absorption at 1052
cm™ was designated to C-O stretching,
whereas the peak at 1407 cm™ denoted the
presence of C=C stretching. These findings
corroborate the participation of
phytochemicals in the reduction and
stabilization of silver nanoparticles via
interactions involving functional groups.
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Figure 8. FT-IR analysis of (a) the Celtis caucasica (Doughdaghan) leaf extract and (b) the mixture of
the Celtis caucasica leaf extract and silver nitrate solution under fully optimized operational
conditions.

3.7. TEM Analysis

TEM Analysis was employed to investigate
the dimensions, morphology, and distribution
of the silver nanoparticles synthesized under
optimized experimental conditions (Fig. 9).
The TEM imagery reveals that the
nanoparticles  predominantly  exhibit a
uniform spherical morphology with an
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approximate average diameter of 20 nm.
Significantly, the sample displays exceptional
structural homogeneity, devoid of any
indications of amorphous regions,
agglomeration, or porosity. These findings
corroborate the effective synthesis of well-
dispersed, homogeneous silver nanoparticles.
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The FTIR analysis, combined with UV-Vis
and TEM, was selected to confirm the
involvement of phytochemicals in the
synthesis and stabilization of AgNP, as these
methods effectively address the study’s focus

on the formation of nanoparticles and
functionality, though future studies could
employ XRD or zeta potential to explore
crystallinity and colloidal stability further.

Figure 9. TEM image of silver nanoparticles synthesized using the Celtis caucasica (Doughdaghan)
leaf extract under optimized conditions.

3.8. Antibacterial Activity of the
Synthesized Silver Nanoparticles

The antibacterial effectiveness of silver
nanoparticles synthesized from the optimized
leaf  extract of  Celtis caucasica
(Doughdaghan) was assessed against Gram-
positive Staphylococcus aureus and Gram-
negative Escherichia coli utilizing Minimum
Inhibitory ~ Concentration  (MIC) and
Minimum Bactericidal Concentration (MBC)
assays. The findings are encapsulated in
Table 1. As indicated, the MIC and MBC
values recorded for S. aureus were 12.5 and
50 pg/mL  respectively, whereas the
corresponding values for E. coli were 25 and
100 pg/mL respectively.

The enhanced antibacterial activity noted
against S. aureus is ascribed to the structural
variances inherent in the bacterial cell walls.
Gram-negative bacteria are characterized by a
more intricate outer membrane, consisting of
lipids, proteins, and lipopolysaccharides,

which confers an additional layer of
protection against antimicrobial agents.
Conversely, Gram-positive bacteria do not
possess this external lipopolysaccharide layer,
rendering them more vulnerable to the
biocidal effects of silver nanoparticles.

Table 1.
MIC and MBC values of the synthesized silver
nanoparticles against bacterial strains.

Type of bacteria MIC MBC
(g /ml)  (ug/ml)
Staphylococcus 195 -
aureus
Escherichia coli 25 100

4. Conclusions

In the current investigation, silver
nanoparticles were synthesized employing a
green, environmentally sustainable
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biosynthetic method utilizing the aqueous leaf
extract of Celtis caucasica (Doughdaghan),
without the incorporation of hazardous
chemicals. This biogenic pathway capitalizes
on the intrinsic phytochemical properties of
the plant, facilitating the generation of
nanoparticles that exhibit enhanced stability
and properties in comparison to those
synthesized through traditional chemical
methodologies.  Biologically  synthesized
nanoparticles, particularly those derived from
medicinal flora, present significant potential
for diverse applications, including precision
drug delivery systems. The merits of this
green synthesis methodology encompass
simplicity, economic viability, and the
capacity to yield nanoparticles with uniform

dimensions and precisely defined
morphologies. In relation to synthesis
techniques, the  biological  approach
demonstrates  superior  efficiency  and

diminished limitations.

This investigation elucidates the successful
green synthesis of silver nanoparticles
utilizing the aqueous leaf extract from Celtis
caucasica. A principal constraint in the
synthesis of nanoparticles is the typically
broad size distribution observed.
Nevertheless, this challenge was effectively
mitigated through the optimization of critical
synthesis parameters, which include the pH,
extract volume, precursor concentration,
reaction temperature, duration, and volume
ratio of the plant extract to the silver nitrate
solution. The optimized parameters for the
synthesis of nanoparticles were established as
follows: pH 7, 1.5 mL of the plant extract in
10 mL of 3 mM silver nitrate solution, at a
temperature of 70 °C for a duration of 45
minutes. Under these specified conditions, the
biosynthesized AgNPs exhibited significant
antibacterial activity, particularly against
Gram-positive bacteria. Characterization via
FTIR and TEM substantiated the presence of
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functional phytochemicals on the surface of
the nanoparticles and revealed a spherical
morphology with an average diameter of
approximately 20 nm.

- Limitations and Future Directions

The optimization parameters were evaluated
based on mean absorbance values from
triplicate experiments with low standard
deviations (<0.05). This represents a
limitation of the study, as ANOVA could
provide stronger evidence of differences
between conditions (e.g., optimal pH 8 vs.
suboptimal levels). Future works should
incorporate such statistical tools, potentially
using software like GraphPad Prism or SPSS,
to enhance the rigor of process optimization
in the green synthesis of AgNP.
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