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Abstract: The synthesis of silver nanoparticles using plant-
based materials has seen a surge in recent years. This study
used the Syzygium aromaticum (clove) buds extract as a
reducing agent for synthesizing silver nanoparticles (Sa-
AgNPs). The presence of Sa-AgNPs (440 nm) was confirmed
by UV-Vis spectroscopy. The optimization of nanoparticle
production with pH, metal ions, and substrate concentra-
tion (clove extract) was studied. The transmission electron
microscopy analysis revealed that Sa-AgNPs had a size dis-
tribution predominantly below the range of 10–100 nm.
The investigation of Sa-AgNPs using EDX revealed the presence
of an optical absorption silver peak at 3 keV. The involvement
of phenolic chemicals and carboxylic acids in stretching O–H,
N–O, and C]O bonds, forming Sa-AgNPs has been identified
by Fourier transform infrared spectroscopy.Klebsiella pneumo-
niae and Trichophyton rubrum exhibited a higher inhibition
zone of 26 ± 0.48mm and 21 ± 0.48mm in antibacterial and

antifungal activity, respectively. In the 2,2-diphenyl-1-
picrylhydrazyl experiment, at a maximum concentration
of 500 μg·mL−1, Sa-AgNPs exhibited a scavenging effi-
ciency of 79.98%. Cytotoxicity was observed in the treated
cells due to the presence of biologically synthesized Sa-
AgNPs. An IC50 value of 48 μg·mL−1 was determined by
treating L929 human fibroblast cells.

Keywords: S. aromaticum, Sa-AgNPs, TEM, FT-IR, MTT
assay

1 Introduction

Nanoparticles reveal atom-like characteristics due to their
increased energy distribution on the surface, which arises
from their substantial and expansive specific surface area,
a significant proportion of surface atoms, and the substan-
tial disparity between the valence and conduction band
when reduced to sizes approaching atomic dimensions
[1,2]. The earlier-mentioned characteristic has attracted
significant interest among researchers seeking to develop
innovative production approaches. Compared to the early
half of the century, recent decades have seen a lightning-fast
acceleration in nanoparticle synthesis. Physicochemical
techniques were previously employed to synthesize nano-
particles [3]. Chemical and physical nanoparticle synthesis
methods require hazardous substances, necessitate signifi-
cant energy consumption, and generate plenty of waste. In
response to these challenges, “green synthesis” techniques
are a promising technology in nanoparticle synthesis. Green
synthesis uses plant extracts, microbes, and proteins to
reduce and stabilize metal ions for nanoparticle production.
The benefits of green nanoparticle synthesis include energy
efficiency, biocompatibility, and personalized functions [4,5].
This is because plant extract-mediated nanoparticle production
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is inexpensive. The high ratio of surface area to volume
exhibited by nanoparticles is a prominent characteristic
that facilitates strong molecular interactions due to their
smaller size, distribution, and morphology [6]. The utiliza-
tion of green synthesis methods for the production of nano-
particles offers numerous advantages, including environmental
sustainability, reduced time requirements, cost-effectiveness,
operational stability, and, most notably, the absence of hazar-
dous chemical involvement [7,8].

The significance of noble AgNPs in various scientific
and technological domains, including medicine, cannot be
ignored due to their origin. Therefore, it is imperative to
prioritize the exploration of an alternative synthetic route
that is not only cost-effective but also environmentally
friendly. Considering the aesthetic conditions, the use of
green syntheses is emerging as a prominent procedure,
showcasing its significant potential [9]. Physical, chemical,
and biological methods are used to synthesize nanoparticles.
Physical procedures like laser ablation and ball milling and
chemical approaches like chemical reduction and sol–gel
technologies have dominated this field. These methods have
made great strides, but they use a lot of energy, chemicals,
and waste. Nanoparticle size and form are difficult to regu-
late. The more sustainable option is biological synthesis,
often known as green synthesis. These approaches use plant
extracts, microbes, and biomolecules to reduce and cap.
Natural resources decrease the need for harsh chemicals
and extreme conditions and improve biocompatibility and
environmental impact. Biological synthesis allows for the
creation of nanoparticles with well-defined properties for
specific purposes. This method follows green chemistry
and offers a sustainable nanoparticle production option [10].

This study aims to investigate the broad potential of
plants as feasible sources for the synthesis of AgNPs, uti-
lizing a biological green technique as a counterpart to stan-
dard methods. The extract of S. aromaticum, commonly
referred to as clove, which belongs to the Myrtaceae
family, was employed for the biosynthesis of silver ions
into nanoparticles. Based on the chemical composition
analysis, it can be inferred that the clove essential oil exhi-
bits promising characteristics as a silver-reducing agent in
the synthesis of nanoparticles. The reduction process can
be attributed to the proton donation from the eugenol
structure. This proton donation results in the reduction
of Ag+ to Ag0, thereby promoting the formation of nano-
particles. The hypothesis behind this study reveals that
using the S. aromaticum (clove) aqueous extract to synthe-
size AgNPs with well-defined size, shape, and surface
characteristics is sustainable and eco-friendly. Bioactive
components in the extract, particularly phenolic compounds,
and terpenoids, may reduce silver ions and stabilize

nanoparticles as reducing and capping agents. This green
synthesis method is projected to produce AgNPs with
improved biocompatibility, stability, and antibacterial
and antioxidant capabilities, promising biomedical and
environmental applications.

Furthermore, it has been observed that the phyto-
chemicals found in the essential oil exhibit the ability to
interact with the surface of nanoparticles. This interaction
significantly enhances the stability and maintenance of the
nanoparticles [11,12]. AgNPs can be synthesized at a reduced
concentration of the clove extract, preventing the need for
supplementary chemical or physical techniques that may
pose potential harm. The effect of the amount of clove
extract and metal ions on the production of AgNPs in order
to improve the process was also studied. The study’s meth-
odology stands out for its simplicity, cost-effectiveness, ease
of implementation, and long-term sustainability.

2 Materials and methods

2.1 Materials

S. aromaticum buds were procured from the local market
in Chennai, India. The chemicals and solvents utilized in this
study were of analytical grade: silver nitrate (AgNO3) (99.9%)
and 2,2-diphenyl-1-picrylhydrazyl (DPPH) (95%) were obtained
from SRL, India. 3-(4,5-Dimethylthiazol-2yl)-2,5-diphenyl tetra-
zolium bromide (MTT) (98%) and the Mueller Hinton agar
(MHA) medium were obtained from Hi-Media, Mumbai, India.
The laboratory-acquired tetracycline from Hi-Media (Mumbai,
India) was used as a reference antibiotic with a minimum
potency of 720 IU·mg−1. Double distilled water (dDW) was used
to prepare all aqueous solutions during the study.

2.2 Preparation of the aqueous extract

In the initial step, a precise quantity of 1 g of finely pow-
dered S. aromaticum buds was added to 100mL of dDW.
The mixture was then boiled at 100°C for 30min to obtain the
aqueous extract. After cooling at room temperature, the extract
was filtered usingWhatman No. 1 filter paper. Subsequently, it
was stored at a temperature of 4°C to facilitate subsequent
experimental investigations.

2.3 Biosynthesis of AgNPs

A solution of Ag+ ion at a concentration of 0.1 mM was
employed in the biosynthesis of AgNPs. About 1 mL of the
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S. aromaticum aqueous extract was mixed with 9 mL of
0.1 mM AgNO3 solution. The mixture was thoroughly mixed
at room temperature. The resultant mixture was left undis-
turbed in a dark place. After a few hours, the color of the
solution changed from light brown to dark brown due to the
formation of Sa-AgNPs. This change was periodically moni-
tored by measuring the absorbance of the solution UV-visible
spectroscopy in the wavelength range of 200–800 nm.

2.4 Optimization of Sa-AgNP synthesis

Optimization of nanoparticles was carried out using dif-
ferent pH values, metal ions concentrations (AgNO3), and
substrate concentrations (S. aromaticum aqueous extract).
About 1.0 mL of the S. aromaticum aqueous extract and
9.0 mL of a 0.1 mM AgNO3 solution were mixed. The resul-
tant mixture was then monitored for any development in
color, specifically a change to dark brown, under different
pH conditions ranging from 3 to 11. The pH levels were
maintained at room temperature throughout the observa-
tion period. For metal ions, a concentration of 1.0 mL
volume of the S. aromaticum aqueous extract was mixed
with 9.0 mL of AgNO3 solution at various concentrations
(100, 200, 300, 400, and 500mM) at a pH of 8.0. The mixture
was then incubated at room temperature. To improve the
production of Sa-AgNPs, different volumes of the S. aroma-
ticum aqueous extract (0.5, 1, 1.5, 2, and 2.5mL) were employed
at room temperature. These volumes were then adjusted to a
final volume of 10mL using a 0.1mM AgNO3 solution at a pH
of 8.0. The absorbance of the resultant mixture was measured
using a UV-Vis spectrophotometer (UV-1800, Genesys 180,
Thermo Fisher Scientific, USA) in the 300–800 nm wavelength
range.

2.5 Synthesis of AgNPs

The synthesis of AgNPs was successfully achieved by adjusting
the pH, substrate, andAgNO3 concentrations. Aftermass produc-
tion, the solution containing AgNPs was subjected to numerous
cycles of centrifugation at a speed of 9,660×g for 30min. The
pellet was subjected to freeze-drying for further analysis.

2.6 Characterization of Sa-AgNPs

A distinct alteration in color, explicitly transitioning from a
light brown to a dark brown color, was noted in the AgNO3

solution after incubating with an aqueous extract. To effec-
tively monitor the bioreduction process of Ag nanoparti-
cles, the absorbance and spectrum of the solution were
consistently measured using a UV spectrophotometer (UV-
1800, Genesys 180, Thermo Fisher Scientific, USA) in the
wavelength range of 300–800 nm. The particle size, shape,
and particle size distributions were determined using trans-
mission electron microscopy (TEM) with a JEOL JEM-2011
microscope (Tokyo, Japan) operating at an accelerating vol-
tage of 200 kV. To facilitate the preparation of samples for
TEM analysis, a small volume of the solution was carefully
deposited onto a copper grid coated with a layer of carbon.
Subsequently, the grid was left undisturbed for natural
ambient air drying. The elemental composition of the synthe-
sized Sa-AgNPs was determined by analyzing the EDX spec-
trum, to examine the energy dispersal [13]. X-ray diffraction
(XRD) patterns facilitated the examination of the crystalline
nature of the synthesized Sa-AgNPs using the aqueous extract
of S. aromaticum. XRD analysis was conducted to determine
the crystalline properties, size, and phase identification of the
Sa-AgNPs. Fourier transform infrared (FTIR) spectroscopy is a
powerful analytical technique to elucidate the functional
groups in the synthesized Sa-AgNPs. It is widely recognized
for its ability to provide valuable information about various
materials’ chemical composition and molecular structure.
The synthesized Sa-AgNPs functional groups were analyzed
using FTIR spectroscopy (Nicolet Summit LITE FTIR spectro-
meter manufactured by Thermo Fisher Scientific, USA) by
obtaining the FTIR spectrum in the wavelength range of
4,000–500 cm−1 [14].

2.7 Biomedical applications

2.7.1 Well diffusion method

The agar well diffusion technique was used to evaluate the
antibacterial efficacy of the synthesized AgNPs. The bacterial
strains, including Enterococcus faecalis, Staphylococcus aureus,
Klebsiella pneumonia, Proteus mirabilis, and Pseudomonas aeru-
ginosa, were subjected to subculturing in the Muller–Hinton
broth (MHB) medium. The subcultures were then incubated at
37°C for 24 h. The overnight cultures that were acquired were
swabbed onto Muller–Hinton agar plates to promote the devel-
opment of a consistent microbial colony. Each Petri plate con-
taining the microbial culture was subjected to a well cut with a
uniform diameter to inoculate the Sa-AgNPs, extract and control,
and each sample was prepared at 5mg·mL−1. Sa-AgNPs were
dissolved in dimethylsulfoxide (DMSO). The investigation of
the antibacterial activity involved the inclusion of AgNPs,
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aqueous extract, and the antibiotic tetracycline as the control
group. Following that, the Petri dishes were subjected to a 24 h
incubation period at a temperature of 37°C. Similarly, antifungal
efficacywas evaluated using fungal strains, includingAspergillus
fumigatus, Candida albicans, Mucor sp. Trichophyton rubrum,
and Epidermophyton floccosum. They were subjected to subcul-
turing in potato dextrose broth, and the subcultures were
subsequently subjected to incubation at 28°C for 48 h. The
acquired fungal spores were inoculated onto potato dex-
trose agar plates to facilitate the growth of a uniform micro-
bial colony. The study on antifungal activity encompassed
the incorporation of Sa-AgNPs, aqueous extract, and nys-
tatin as the control. Subsequently, the Petri dishes were
incubated for 48 h at a temperature of 28°C. To assess how
well the synthesized silver nanoparticles work as an anti-
bacterial agent, the diameter of the zone of inhibition was
measured and subsequently compared to that of the control
groups [14].

2.7.2 Determination of the minimum inhibition
concentration (MIC)

To ascertain the MIC, a consistent inoculum of spores at a
concentration of 1 × 107 colony-forming units per milliliter
(CFU·mL−1) was combined with the MHB. Subsequently, var-
ious concentrations of an aqueous extract ranging from 1.56
to 100 μg·mL−1 were added, along with tetracycline as a
standard drug. Subsequently, the broths were incubated
under aseptic conditions for 12–24 h. Following incubation,
0.1mL of the inoculum was extracted from each broth
concentration and introduced onto the MHA medium to
observe the MIC. The plates were incubated for 24 h. The
MIC refers to the drug concentration at which either no
visible growth or less than three colonies are observed on
the plates. In this context, the absence of visible growth or
minimal colony formation indicates an inhibition activity of
99% or 100%, respectively [15].

2.7.3 Antioxidant activity assay

The potential of AgNPs derived from S. aromaticum for
their scavenging activity against free radicals, specifically
the DPPH radical was determined. The experimental
procedure employed in this research was based on the meth-
odology described by Giriwono et al. [16], with slight modifica-
tions [17]. The antioxidant activity of aqueous extracts was
determined using the DPPH assay. A methanolic solution of

DPPH at a concentration of 0.1mM was prepared. Subse-
quently, 0.5mL of this DPPH solution was combined with
0.5mL of clove aqueous extracts. The concentration of the
aqueous extract ranged from 25 to 500 g·mL−1. This experi-
mental setup allowed us to evaluate the potential antioxidant
properties of the aqueous extracts. The testing procedure was
replicated three times for Sa-AgNPs and the aqueous extract.
This study utilized the absence of DPPH in methanol as
the blank, while ascorbic acid was employed as the standard.
The control group consisted of DPPH dissolved in methanol
without the inclusion of any samples. The reaction mixture
was allowed to stand undisturbed for 30min in a light-free
environment. Subsequently, the absorbance at a wavelength
of 520 nm was determined using a UV-Vis spectrophot-
ometer. The percentage of scavenging was calculated using
the following formula:

( )

( )

( )
=

−
×

Free radical scavenging activity %

Control Abs Test sample Abs

Control Abs
100

2.7.4 MTT assay

The MTT assay was used to test the cytotoxicity of Sa-AgNPs.
The human fibroblast cell line L929 was used to test the cyto-
toxic effect of the biosynthesized Sa-AgNPs. The MTT assay
involves the reduction of tetrazolium components by viable
cells, resulting in the formation of purple-colored crystals. The
stock solution of the samples was prepared at 1mg·mL−1 and
then diluted with the cell culture medium to achieve the
desired concentrations of 5, 10, 25, 50, and 100 µg·mL−1. The
compound was introduced at varying concentrations and sub-
sequently incubated with cells suspended in DMSO upon
reaching 90% confluency. The negative control in this experi-
ment consisted of cells cultured in a compound-free medium,
while the positive control involved treating the cells with
Triton X-100 for 48 h. A solution of MTT was prepared by
dissolving 5mg of the substance in 1mL of DMSO and sub-
jecting it to filter sterilization. Ten microliters of the MTT
solution were additionally dilution with 90 µL of serum and
phenol red-free medium, resulting in a final volume of 100 µL.
Each well was treated with 100 µL of a solubilization solution
consisting of 10% Triton X-100, 0.1 N HCl, and isopropanol. The
mixture was then incubated at room temperature for 1 h to
facilitate the dissolution of the development of crystals. The
solution’s absorbance was quantified at a wavelength of
570 nm utilizing a Robonik Elisa plate reader (Read well
TOUCH model). Each experiment was analyzed using three
replicate samples [18].
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2.8 Statistical analysis

All the experiments were performed in triplicate. The data
were recorded as mean ± standard deviation from three
separate trials.

2.9 Results and discussion

In this study, UV-Vis spectroscopy was used to confirm the
presence of AgNPs in an aqueous extract of S. aromaticum
and determine their stability. The experimental results
depicted in Figure 1a provide evidence for the formation
and enduring nature of AgNPs.

The initial indication of the successful shape of AgNPs
is observed, as evidenced by the change in color from pale
brown to dark brown. In this study, an aqueous extract of

S. aromaticum was employed as a reducing agent to synthe-
size AgNPs by reducing AgNO3. The appearance of a dark
brown color can be attributed to several factors, including
the dimensions of the particles, their ability to absorb visible
light strongly, and the activation of surface plasmon reso-
nance. The UV-visible spectrum of synthesized AgNPs was
examined to investigate their optical properties. The ana-
lysis revealed the presence of a distinct absorbance band
peak in the range of 420–470 nm, which indicates surface
plasmon resonance. The observation of a redshift in the
absorbance peak indicates the progressive growth of nano-
particles from smaller to larger sizes.

Standardizing and optimizing silver nanoparticle synth-
esis involves altering different pH values, metal ion concen-
trations, and substrate concentrations. It was revealed that
these factors substantially impacted the control of the form
and size of AgNPs. In contrast to essential media, the particle
size is anticipated to be more noticeable in an acidic

Figure 1: UV-Vis spectra of the extract, silver ions, and AgNPs (Inset: The solution of the extract, silver ions, and AgNPs) (a), pH (b), metal ions (c), and
the extract concentration (d) optimization.
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medium [19]. AgNPs were formed at pH 8 and distributed in
a monodispersed state without aggregating. This was sub-
stantiated by the absorbance peaks at 440 nm, which were
further validated by the UV-Vis spectrum data, as seen in
Figure 1b. The pH impact on the size effect is shown in colors
ranging from pale brown to dark brown [20]. Figure 1c
shows that a 400mM metal ion concentration was the
optimum for production. This remark suggests that a con-
siderable increase in the concentration of metal ions stimu-
lates more remarkable synthesis. According to absorption
spectra, 2.5 mL of the S. aromaticum aqueous extract in
AgNO3 solution was the ideal substrate concentration for
producing AgNPs, and increasing the substrate concentra-
tion resulted in maximum synthesis (Figure 1d).

The TEM images in Figure 2a show uniform particle
distribution, but their shapes vary based on the concentra-
tion of AgNO3 used.

At increased concentrations of AgNO3 examined, the
particles displayed polydispersity, manifesting as various

shapes, including spherical, triangular, and hexagonal forms
and irregular structures. In contrast, at the lowest concentra-
tion investigated, the particles were predominantly observed
to be spherical. TEM analysis was crucial in determining the
sizes and shapes of the synthesized nanoparticles. The EDX
spectrum in Figure 2b reveals a prominent peak at 3 keV,
providing evidence of silver (Ag) and the organic constituents
that coat the silver aggregates. These organic components
include carbon (C), chlorine (Cl), and copper (Cu) atoms, as
reported by Bello et al. [21]. The presence of silver (Ag) can be
attributed to the formation of AgNPs.

On the other hand, the aqueous extract of S. aroma-
ticum and the carbon-coated grid used to prepare the
sample are attributed to the presence of carbon (C), chlorine
(Cl), and copper (Cu) atoms. The spectral analysis also ver-
ified that AgNPs exist in a metallic state, devoid of any silver
oxide formation and devoid of any additional impurities.
Furthermore, the XRD pattern obtained from the biosynth-
esis of Sa-AgNPs using the plant clove aqueous extract

Figure 2: HR-TEM image (a), EDS mapping (b), XRD pattern (c), and FTIR spectrum (d) of Sa-AgNPs.
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revealed a crystalline structure with a face-centered cubic
(fcc) arrangement. Figure 2c exhibits a distinct pattern con-
sisting of four different diffraction peaks observed at 41.21,
55.68, 68.42, and 71.32°, which correspond to the lattice plane
values of (111), (200), (220), and (311) for silver crystals,
respectively. The size of the synthesized product was
observed to be in the nanometer range, explicitly ranging
from 10 to 36 nm [22–26].

An FTIR analysis was conducted to determine possible
functional groups in Sa-AgNPs that were obtained. The
FTIR spectra of AgNPs are depicted in Figure 2d, and the
presence of hydrogen-bonded N–H stretching aliphatic pri-
mary amine groups is indicated by the prominent and
broad peak observed at 3,246 cm−1 [27,28]. The observed peaks
at 2,963 and 2,134 cm−1 could be attributed to themedium C–H
stretching alkane and strong N]N]N stretching azide func-
tional groups. The spectral regions at 1,712, 1,596, 1,514, 1,442,
and 1,347 cm−1 correspond to the strong C]O stretching
carboxylic acid dimer, medium N–H bending amine, N–O
stretching nitro compound, medium C–H alkane methyl
group, and O–H bending alcohol, respectively. Based on the
findings of a prior investigation, it was observed that the
band was detected within the spectral range of 1,306, 1,197,
1,149, and 1,026 cm−1, suggesting the presence of an S]O
stretching sulfone and C–N stretching amine [29]. The
observed peak at a wavenumber of 916 cm−1 may indicate
the strong C]C bending associated with an alkene. According
to Raghu et al. [27], the peak observed at a wavenumber of
868 cm−1 can be attributed to the strong C–Cl stretching halo
compound. The observed peak at wavenumbers of 761 and
741 cm−1 is ascribed to the strong C]C bending alkene func-
tional groups. The observations mentioned above have
confirmed the presence of various functional groups that

potentially serve as both reducing and stabilizing agents
in the AgNP synthesis [30].

The biological activity of inorganic nanoparticles is influ-
enced by several key factors, including size distribution, mor-
phology, surface charge, surface chemistry, and the presence of
capping agents. These factors play a crucial role in determining
the interaction of nanoparticleswith biological systems, affecting
their therapeutic or functional efficacy.
1. Size distribution: The size of nanoparticles has a signifi-

cant impact on their biological activity. Studies have
shown that nanoparticles with specific size ranges exhibit
enhanced cellular uptake, improved drug delivery cap-
abilities, and altered biodistribution patterns [31]. This is
attributed to the fact that smaller nanoparticles can more
easily penetrate cellular barriers.

2. Morphology: The shape and morphology of nanoparticles
can influence their biological behavior. For instance,
studies have demonstrated that different shapes (e.g.,
spheres, rods, or cubes) can lead to varying cellular
responses and biodistribution patterns [32,33]. This is
likely due to differences in surface area, surface energy,
and ligand presentation.

3. Surface charge: The surface charge of nanoparticles,
determined by the presence of functional groups or
charge-bearing ligands, can affect their interactions
with biological molecules and cells. Positively charged
nanoparticles may exhibit enhanced cellular internaliza-
tion, while negatively charged ones may have improved
stability in physiological environments [34].

4. Surface chemistry: The chemical composition of the
nanoparticle surface plays a crucial role in its biological
activity. Functional groups or ligands on the surface can
mediate specific interactions with biological molecules

Figure 3: Antibacterial (a) and antifungal (b) activity of the clove extract and Sa-AgNPs.
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or cells. For example, surface modifications with tar-
geting ligands can enhance the specificity of nanoparti-
cles for certain cell types [35].

5. Capping agents: Capping agents, which are often used in
nanoparticle synthesis to stabilize and control their growth,
can also influence biological activity. They form a protec-
tive layer around the nanoparticle, affecting its surface
properties and interactions with biological systems [36].
Studies have shown that the choice of the capping agent
can impact cellular uptake and cytotoxicity of nanoparti-
cles [37]. These factors collectively contribute to the biolo-
gical behavior of inorganic nanoparticles and are essential
considerations in the design and development of nanoma-
terials for various applications, including drug delivery,
imaging, and diagnostics.

The results of antibacterial activity demonstrate a sig-
nificant decrease in growth after the incubation period on
plates at Sa-AgNPs and clove aqueous extract concentrations
of 5 and 10mg·mL−1, respectively, as depicted in Figure 3a.

The observed inhibition of bacterial proliferation in
the vicinity of the well can be attributed to diffusion,
whereby inhibitory compounds are dispersed. K. pneumo-
niae demonstrated the most significant zone of inhibition
(26 ± 0.48 mm), followed by S. aureus (25 ± 0.67 mm),
E. faecalis (22 ± 0.43 mm), P. mirabilis (21 ± 0.89 mm), and
P. aeruginosa (18 ± 0.62 mm) at the highest concentration
(10 mg·mL−1) of synthesized Sa-AgNPs. Bacteria exposure to
Sa-AgNPs has been shown to result in cell death due to the
disruption of the cytoplasmic membrane and substantial
leakage of various biomolecules (amino acids, proteins,
carbohydrates, and nucleotides). The efficacy of Sa-AgNPs
and the aqueous extract against the tested pathogens was
determined by measuring the MIC. The results indicated
that these substances were effective against various micro-
organisms (Table 1).

According to Suhas et al. [28], the high conductivity of
cells treated with Sa-AgNPs is due to the expulsion of

cellular components from the cell. Ag+ has been suggested
by some researchers to interact with disulfide or sulfhydryl
groups of enzymes, leading to the perturbation of meta-
bolic processes and, as a result, cell lysis. Studies reveal
that they can infiltrate into the cells, hinder the replication
of DNA, and impede the proliferation of microbes [38,39].

In antifungal activity, maximum inhibition was found
to be against T. rubrum (21 ± 0.89 mm), followed by E.
floccosum (20 ± 0.62 mm), A. fumigatus (18 ± 0.43 mm), C.
albicans (16 ± 0.67 mm), andMucor sp. (16 ± 0.48 mm) at the
higher concentration of AgNPs (10 mg·mL−1) (Figure 3b). Jo
et al. [40] reported a great potential of Sa-AgNPs in control-
ling spore‐producing fungal plant pathogens and that these
nanoparticles may be less toxic than synthetic fungicides
[40]. The attachment of AgNPs to the fungal cell membrane
and their subsequent entrance into the fungi are followed
by functional changes in the sequence of cellular respira-
tory reactions and, ultimately, cell death [41]. The observed
fungicidal activity was speculated to be due to the inactiva-
tion of sulfhydryl groups in the fungal cell wall, substantial
formation of insoluble compounds, and disruption of mem-
brane‐bound enzymes and lipids, leading to cell death [42].

Sa-AgNPs use phytochemicals like terpenoids, flavo-
noids, phenols, and other phytoconstituents as a capping
agent to get rid of DPPH radicals. The uptake of hydrogen
enables the DPPH solution to become yellow after being
exposed to nanoparticles [43]. The synthesized Sa-AgNPs
and aqueous extract capacity to scavenge DPPH is on par
with ascorbic acid. The findings show that Sa-AgNPs had
the highest scavenging efficiency, with a value of 79.98%, at
their maximum concentration of 500 g·mL−1. At the exact
dosage, the plant extract and ascorbic acid both demon-
strated scavenging potentials of 70.43% and 92.86%, respec-
tively (Figure 4). It was determined that the IC50 values for
AgNPs and the plant extract were 286.56 and 427.53 g·mL−1,
respectively. The IC50 value for quercetin was determined
to be 124 g·mL−1. Our findings are consistent with previous
findings on the ecological synthesis of AgNPs using the
Lippia nodiflora aerial extract. They discovered that the
DPPH scavenging capacity increased proportionately with
the sample concentration. At a concentration of 500 g·mL−1,
Sa-AgNPs exhibited the most excellent scavenging activity
of 67%, while the standard exhibited 83% scavenging
activity [44].

The research findings demonstrated a significant posi-
tive association between the concentration of Sa-AgNPs
and the observed cytotoxic effects. The proliferation of
cells was hindered by Sa-AgNPs at different concentrations
of 5, 10, 25, 50, and 100 μg·mL−1, leading to corresponding
decreases of 4.78%, 8.33%, 12.77%, 17.64%, and 20.88%, as
illustrated in Figure 5.

Table 1: MIC values of the S. aromaticum extract and synthesized
Sa-AgNPs against bacterial pathogens

Bacterial
strain

MIC (mg·mL−1) Tetracycline
(µg·mL−1)

Sa-AgNPs Clove aqueous
extract

E. faecalis 0.78 3.125 0.8
S. aureus 0.78 3.125 0.8
K. pneumonia 0.78 3.125 1.6
P. mirabilis 1.56 12.5 3.2
P. aeruginosa 1.56 12.5 1.6
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Hence, the biological synthesis of Sa-AgNPs resulted in
a cytotoxic response in the targeted cells, which allowed for
the determination of the inhibitory concentration (IC50) at
48 μg·mL−1 after a 24 h incubation [45]. On the other hand,
the cells treated with Sa-AgNPs displayed distinct morpho-
logical changes, including retraction, rounding, detachment
from the surface, and the accumulation of suspended cells.
The results of this study suggest that the utilization of Sa-
AgNPs can result in the initiation of apoptosis in human
fibroblast cells (L929), aligning with prior research.

2.10 Antibacterial, antifungal, and
antioxidant mechanisms

The antibacterial, antifungal, and antioxidant mechanisms
of action of S. aromaticum-mediated synthesis of Sa-AgNPs
need to be fully understood. It involves many different
pathways (Figure 6).

A possible mechanism is that the Sa-AgNPs can disrupt
the bacteria and fungi cell membranes, leading to cell

Figure 4: Percentage scavenging values of synthesized Sa-AgNPs, clove
extract, and ascorbic acid in DPPH.

Figure 5: Cytotoxic effect of the extract and Sa-AgNPs on human fibro-
blast cells (L929). Significantly different (p < 0.05) compared in each
assay.

Figure 6: Possible antibacterial, antifungal, and cytotoxic effects of Sa-AgNPs.
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death [46,47]. Sa-AgNPs can also bind to the DNA of bac-
teria and fungi, preventing them from replicating. In addi-
tion, Sa-AgNPs can generate reactive oxygen species (ROS),
damaging bacteria and fungi cells. ROS can also cause oxi-
dative stress in cells, leading to cell death [48]. Finally, Sa-
AgNPs have been shown to have antioxidant properties,
which can protect cells from damage caused by free radi-
cals. This antioxidant activity may help protect cells from
the toxicity of Sa-AgNPs [49,50]. Overall, the antibacterial,
antifungal, and antioxidantmechanisms of action of Sa-AgNPs
are complex and need to be fully understood. However, it
involves several pathways, including disruption of cell mem-
branes, DNA binding, ROS generation, and antioxidant activity
[51]. Here are some specific examples of how Sa-AgNPs can
exert their antibacterial, antifungal, and antioxidant effects:
• Antibacterial activity: Sa-AgNPs are effective against many
bacteria, including S. aureus, E. coli, P. aeruginosa, and
S. typhimurium. Sa-AgNPs can kill bacteria by disrupting
their cell membranes, which can lead to the leakage of
cellular contents and cell death.

• Antifungal activity: Sa-AgNPs have also been effective
against various fungi, including C. albicans, A. fumigatus,
and T. rubrum. Sa-AgNPs can kill fungi by damaging their
cell walls, leading to cell death.

• Antioxidant activity: Studies have shown that Sa-AgNPs
have antioxidant properties that shield cells from free
radical damage. Free radicals are unstable molecules
that can damage cells by reacting with DNA, proteins,
and lipids. Sa-AgNPs can scavenge free radicals, pre-
venting them from causing damage to cells.

The antibacterial, antifungal, and antioxidant proper-
ties of Sa-AgNPs make them a potential candidate for
several applications, including in medicine, water purifica-
tion, and food preservation. However, further research is
needed to understand the mechanism of action of Sa-AgNPs
fully and to assess their safety and efficacy.

3 Conclusion

The results of this study show that Sa-AgNPs can be made
in a way that is cheap and good for the environment by
using S. aromaticum buds as both a capping agent and a
reducing agent. The visual confirmation of color formation
was used to verify the successful synthesis of Sa-AgNPs.
The XRD analysis indicated the presence of a crystal struc-
ture, with the observed grain size ranging from 10 to 36 nm
of synthesized Sa-AgNPs. The TEM-EDX images showed a
lot of clumping around the nanoparticles, possibly due to
the accumulation of plant materials. The strong signals of

the silver element and the lack of any noticeable impurities
confirmed it. FTIR analysis showed that the synthesized Sa-
AgNPs had organic compounds with functional groups that
came from the buds of S. aromaticum. The synthesis of Sa-
AgNPs with a nano-size was further validated through mor-
phology and structural analysis. Sa-AgNPs exhibited greater
efficacy in inhibiting the growth of bacteria and fungi com-
pared to the aqueous extract. Also, different methods, such as
the DPPH radical scavenging assay, were used to test how
well green-synthesized Sa-AgNPs got rid of free radicals.
The outcomes were compared to those of the well-known
ascorbic acid. It was revealed that the dosage affected the
scavenging ability of the standard, seed extract, and Sa-
AgNPs. When delivered at lower doses (5 g·mL−1), the Sa-
AgNPs created using the S. aromaticum aqueous extract
had a cytotoxicity of up to 95.22%. Additionally, in vivo tests
are necessary to determine this nanomedicine’s effectiveness
in cancer treatment.
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