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ABSTRACT

This study examines the green synthesis, characterisation, and bioactivity of silver nanoparticles (AgNPs) produced
from Pogostemon benghalensis extract. A clear change in color from pale yellow to deep brown showed that
nanoparticles were formed. FTIR research showed that there were alcohols, phenols, carboxylic acids, and amine
groups that helped reduce and stabilize AgNPs. The UV—Vis spectra showed a strong SPR peak at 440 nm, and the
XRD data showed that AgNPs had a crystalline, face-centered cubic structure. The DLS test showed that the z-average
particle size was 113.6 nm and the PDI was 0.262. The zeta potential test showed that the nanoparticles were weakly
charged but stable. SEM micrographs showed particles that were round or almost spherical and showed signs of minor
aggregation. EDX analysis confirmed that silver was the main element. The biosynthesized AgNPs shown significant
antibacterial efficacy against E. coli, S. aureus, B. subtilis, and V. cholerae, with V. cholerae exhibiting the greatest
sensitivity. Antioxidant research showed that the ability to scavenge free radicals depended on the concentration, with
high ICso values for DPPH, H-O:, and phosphomolybdenum tests. Research on the cytotoxicity of A549 lung cancer
cells showed that the drug worked better at higher doses, with an ICso of 47 ug/mL. AO/EtBr dual labeling indicated
cell death caused by apoptosis, which was shown by chromatin condensation, nuclear fragmentation, and orange-red
fluorescence in the treated cells. In general, AgNPs made with P. benghalensis showed promise as antimicrobials,
antioxidants, and anticancer agents.
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1. INTRODUCTION

Nanotechnology, especially the creation of metal-based balance of redox homeostasis in cells,

damaging

nanoparticles, has become a quickly growing subject with
the power to change biomedical research. Among these,
silver nanoparticles (AgNPs) have gained exceptional
attention because of their remarkable physicochemical
properties, including a high surface-area-to-volume ratio,
strong surface plasmon resonance (SPR), and the ability to
exhibit potent biological activities across antimicrobial,
antifungal, antiviral, antioxidant, and anticancer domains
(Muthukrishnan et al., 2025; Singaravelu et al., 2025).
AgNPs have a number of biological effects that work
together, such as making reactive oxygen species (ROS)
inside cells, breaking down membranes, changing the

mitochondria, and releasing Ag" ions that interact with
biomolecules. These systems together stop microbial and
cancer cells from growing or cause them to die on purpose.
Conventional chemical and physical techniques for
synthesizing AgNPs sometimes depend on perilous
reducing chemicals, elevated temperatures, or complex
instrumentation, which  raises issues regarding
environmental safety, cytotoxic impurities, and scalability
(Hosny et al., 2025). These kinds of problems led to the
creation of green synthesis methods. Using plant extracts,
microbial cultures, or other biological systems to make
nanoparticles in a green (biogenic) way has become a
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sustainable, non-toxic, and cost-effective option. Plant-
mediated  synthesis is  especially useful since
phytochemicals like flavonoids, phenolics, alkaloids,
tannins, saponins, and terpenoids may all work together to
reduce, stabilize, and cap things at the same time. This
makes the process both easy and good for the environment.
Recent reviews emphasize the swift proliferation of plant-
based AgNP synthesis and its biological applications,
highlighting the benefits of mild reaction conditions,
improved biocompatibility, and enhanced functional
surface chemistry provided by phytochemical capping
agents (Kulkarni et al., 2023; Chandraker et al., 2024). The
biogenic nanoparticles that come from this process
frequently have better colloidal stability, better biological
interactions, and maybe selective anticancer capabilities
since they have bioactive molecular coronas around them.

Plants in the genus Pogostemon (family Lamiaceae) are a
rich source of phytochemicals that can be used in many
different ways. Species from this genus are well-known for
their antibacterial, antioxidant, anti-inflammatory, and
wound-healing properties. These effects are due to the high
levels of flavonoids, polyphenols, alkaloids, and essential
oils they contain (Kumar et al., 2024; Jaishwal et al., 2024).
Recent phytochemical studies have shown that
Pogostemon benghalensis, in particular, has a lot of
polyphenols, tannins, flavonoids, alkaloids, and saponin
compounds that can help with bioreduction and
stabilization of metal ions during nanoparticle synthesis
(Dahiya et al., 2020). These phytochemicals not only help
nanoparticles develop, but they also affect their size, shape,
crystallinity, and bioactivity (Pirsaheb et al., 2024; Singh
et al., 2023). Due to these characteristics, P. benghalensis
has become a prospective option for the green synthesis of
AgNPs with improved biological application. Prior
research has documented the effective manufacture of
AgNPs with aqueous or alcoholic extracts of P.
benghalensis, then characterized through UV-Vis
spectroscopy, FTIR, SEM imaging, and EDAX analysis
(Begum et al., 2022).Although these investigations have
shown that P. benghalensis-mediated AgNPs have
excellent antimicrobial properties, there is still not much
research on their ability to fight cancer, especially in
human lung cancer models. By completing cytotoxicity
testing and mechanistic investigations to fill this gap, the
medicinal significance of these nanoparticles would be
greatly enhanced (Sharma et al, 2024). The
physicochemical  characteristics of  nanoparticles,
including size, distribution, zeta potential, shape, and
surface chemistry, are critical in influencing cellular
uptake, biodistribution, biological activity, and toxicity
(Yusuf et al., 2023). AgNPs from plants often have a
phytochemical corona that makes them more stable in
colloidal form and can change how they interact with
cellular membranes and targets inside cells. Surface-bound

phytochemicals may increase selectivity for cancer cells
by causing ROS-dependent cell death while lowering
toxicity to healthy cells. So, it is important to fully
characterize nanoparticles employing methods including
UV-Visible spectroscopy, SEM imaging, FTIR, DLS, and
zeta potential testing. In addition to characterization,
reliable cytotoxicity assays (MTT/WST), apoptosis
analysis (AO/EtBr staining, Annexin V/PI), ROS
quantification, and mitochondrial dysfunction markers are
essential for determining anticancer potential and
elucidating mechanistic insights (Eker et al., 2025; Sati et
al., 2025).

Lung cancer is still one of the most common and deadliest
types of cancer in the world, killing more than 1.8 million
people each year (Balata et al., 2019; Roointan et al.,
2019). Even though diagnostic imaging, targeted therapy,
and immunotherapy have all improved, survival rates are
still low because most people don't get diagnosed until the
disease is advanced, the cancer spreads quickly, drugs don't
work, and traditional chemotherapeutics are toxic to the
body as a whole (Leiter et al., 2023; Bertolaccini et al.,
2024). These difficulties show how important it is to find
new treatments that work and are less harmful. The A549
human lung adenocarcinoma cell line, derived from type II
alveolar epithelial cells, is extensively utilized as an in
vitro model for screening novel anticancer agents due to its
relevance to non—small cell lung cancer (NSCLC) biology
and its appropriateness for mechanistic investigations (Pan
et al., 2020; Wittlinger et al., 2021; Padinharayil et al.,
2023). Consequently, assessing the cytotoxic and apoptotic
effects of plant-mediated AgNPs on A549 cells can yield
significant insights into their potential as anticancer agents
(Ng et al., 2022; Wani et al., 2023; Barathi et al., 2024;
Upadhyay et al., 2024).

Recent research indicates that biogenic AgNPs derived
from various plant sources demonstrate considerable
cytotoxicity against A549 cells, frequently through
mechanisms involving ROS generation, apoptosis
induction, mitochondrial impairment, and DNA
fragmentation (Grewal et al., 2022; Gonzalez-Vega et al.,
2022; Adetunji et al, 2024; Ibrahim et al., 2025;
Vidjeyamannane et al., 2025). Certain plant-derived
AgNPs have exhibited low micromolar ICso values,
underscoring their potential as next-generation anticancer
medicines (Jain et al., 2021). Nonetheless, discrepancies in

synthesis conditions, inadequate mechanistic
characterization, and restricted in vivo validation
underscore the necessity for more systematic

investigations to ascertain reliability and therapeutic
significance (Mehta et al., 2025; Wankhede et al.,
2025;Ayyadurai et al.,2022; Jeyaram et al.,2026). In this
study, we present the green synthesis of silver
nanoparticles utilizing Pogostemon benghalensis leaf
extract, offer detailed physicochemical evaluation, and
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assess their anticancer efficacy against A549 human
carcinoma of the lung cells via cytotoxicity and apoptosis
assays.

2. MATERIALS AND METHODS

2.1. Plant Collection and Identification

In March 2017, fresh leaves of Pogostemon benghalensis
(Burm. f.) Kuntze were taken from Kolli Hills in Namakkal
District, Tamil Nadu, India. The Botanical Survey of India
(BSI) in Coimbatore recognized and confirmed the plant
species taxonomically. They also kept a voucher specimen
(Accession No. BSI/SRC/5/23/2021/Tech/99) for future
reference. For documentation and verification purposes, a
duplicate specimen was also kept in the High-Altitude
Plant Section of the Department of Botany at
Bharathidasan University in Tiruchirappalli, India.

2.2. Green Synthesis of Silver Nanoparticles (pb-
AgNPs)

We cleaned fresh, healthy leaves of Pogostemon
benghalensis under running water, dried them in the shade
to keep the active phytoconstituents, and then crushed
them into a fine powder. For 15 minutes, 100 mL of
distilled water was heated with about 10 g of the powdered
material. Whatman No. 1 filter paper was employed to
filter the combination, and the extract that came out was
used as a stabilizing and reducing agent. To make silver
nanoparticles, 10 mL of plant extract was combined with
90 mL of 1 mM AgNOs solution and kept at room
temperature in the dark to stop photoreduction. A visible
color change from pale yellow to brown showed that silver
nanoparticles were forming. The produced nanoparticles
were collected using centrifugation at 12,000 x g for 15
minutes, thereafter washed 2-3 times with Milli-Q water
to eliminate contaminants and unbound phytochemicals,
and kept at 4 °C until further characterization, in
accordance with the methodology outlined by (Kumara
Swamy et al.2015).

2.2.3 Describing the AgNPs that were made

2.3. 1. Fourier Transform Infrared Spectroscopy
(FTIR)

We used a Fourier Transform Infrared (FTIR) spectrometer
to look at the functional groups in the synthesized sample
between 4000 and 700 cm™. To make solid samples, the
material was ground up with potassium bromide (KBr) and
pressed into a clear pellet. To make liquid samples, thin
films were deposited between KBr plates. Before
analyzing the sample, a background spectrum was
captured to get rid of any interference from the
atmosphere. The spectra were taken at a resolution of 4
cm ! and 32 scans. Characteristic absorption peaks were
found to figure out which functional groups were
responsible for reducing and stabilizing the nanoparticles.

2.3.2 UV-Visible Spectroscopy (UV-Vis)

To find out how much pure Ag+ ions are reduced, we look
at the UV—Vis spectra of the reduction media in 1 ml of the
samples and 1 ml of distilled water as a blank. We used a
Perkin Elmer-Lambda 25 UV—vis spectrophotometer with
a resolution of 1 nm from 300 to 800 nm to get a UV—vis
spectrum of metallic silver.

2.3.3 XRD analysis (X-ray diffraction)

The crystalline dimensions and arrangement, phase nature,
and lattice characteristics of the green synthesized AgNPs
were evaluated using the XRD method (Bruker DS
advance model) and the radiation spectrum of Cu-K, with
a scattering 20 range of 20° — 80°. The instrument operated
at 30 kV with a current of 30 mA (Narayanan, et al., 2021).

2.3.4 Dynamic Light Scattering (DLS)

Using a Dynamic Light Scattering (DLS) equipment, we
examined the hydrodynamic size, size distribution, and
zeta potential of the nanoparticles we made. A little amount
of the nanoparticle sample was mixed with deionized water
and then sonicated to make a homogeneous suspension.
We put the suspension in a cuvette and took measurements
at room temperature. The equipment looked at changes in
the intensity of scattered light to figure out the average
particle size, polydispersity index (PDI), and zeta
potential. This gave information about how stable and
dispersed the nanoparticles were.

2.3.5 Measurement of zeta potential

We used the Malvern zeta seizer 2000 to find out the Zeta
potential of AgNPs in water. Sonication was done for 5
minutes to make sure that the particles were spread out
uniformly in the samples. Zeta potential analysis was used
to find out the stability and surface potential of the AgNPs.
The stability criteria of AgNPs were assessed when their
zeta potential varied from above +30 mV to below —40 mV
(Vijayakumar et al., 2013).

2.3.6 Energy
Methodology
We used Energy Dispersive X-ray (EDX) spectroscopy
linked to the SEM to find out what elements were in the
nanoparticles. The same sample used for SEM imaging
was tested to find and measure the elements present, which
confirmed the composition and any capping or stabilizing
chemicals that were present with the nanoparticles.

Dispersive X-ray (EDX) Analysis

2.3.7 Scanning Electron Microscopy (SEM)

A Scanning Electron Microscope (SEM) was used to look
at the shape and surface properties of the nanoparticles that
were made. To improve electrical conductivity, the dried
sample was put on a carbon-coated stub and covered with
a thin layer of gold. We took pictures at several levels of
magnification to see the shape, size, and surface features
of the particles.

2.4. Antibacterial Activity
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The manufactured nanoparticles' ability to kill bacteria was
tested against four strains:  Escherichia coli,
Staphylococcus aureus, Bacillus subtilis, and Vibrio
cholerae. We grew fresh bacterial cultures in nutrient broth
and changed the turbidity to the usual level (0.5
McFarland). We did an agar well diffusion or disc diffusion
experiment by evenly dispersing the bacterial suspension
over nutrient agar plates. The nanoparticle solution was put
into wells or discs, and the plates were kept at 37 °C for 24
hours. To test how well the antibiotic worked, we assessed
the zone of inhibition around each well or disc. (Nguta, J.
M., et al. 2019).

2.5 Activity of Antioxidants

2.5.1 DPPH Radical Scavenging Test:

The DPPH assay was used to find out how well
Pogostemon benghalensis crude extract and AgNPs could
get rid of free radicals. We made a 0.1 mM solution of
DPPH in methanol and combined 1 mL of it with 1 mL of
the test material at varied doses (10-200 pg/mL). The
combination was left in the dark at room temperature for
30 minutes, and the absorbance was measured at 517 nm.
We used ascorbic acid as a reference and figured out the
ICso values by figuring out the percentage of inhibition
(Hussen et al., 2023).

2.5.2 Test for Scavenging Hydrogen Peroxide (H:0:)
To test hydrogen peroxide scavenging activity, a 40 mM
H20: solution was made in phosphate buffer with a pH of
7.4. We mixed 1 mL of H20: solution to 1 mL of plant
extract or nanoparticle suspension at different doses (10—
200 pg/mL) and let it sit at room temperature for 10
minutes. Using phosphate buffer as a blank, we measured
the drop in absorbance at 230 nm. Ascorbic acid served as
the reference standard, and scavenging activity was
quantified as the percentage inhibition of H.O- (Pleh et al.,
2021).

2.5.3 Phosphomolybdenum Antioxidant Test

The phosphomolybdenum technique (Prieto et al., 1999)
was used to find the total antioxidant capacity. Three
milliliters of reagent solution (0.6 M sulfuric acid, 28 mM
sodium phosphate, and 4 mM ammonium molybdate) was
added to 0.3 mL of extract or nanoparticle suspension. The
combination was kept at 95 °C for 90 minutes in a water
bath, then cooled to room temperature. The absorbance
was measured at 695 nm. Ascorbic acid served as the
standard, and antioxidant activity was quantified in
ascorbic acid equivalents (mg AAE/g extract).

2.6. Test for cell viability

2.6.1. Induction of apoptosis: Anticancer tests (MTT,
apoptosis)

We kept A549 (human lung adenocarcinoma) cells in
DMEM with 10% FBS and 1% penicillin-streptomycin at
37 °C in a humidified 5% CO- incubator. To test for
cytotoxicity, cells were placed in 96-well plates at a density

of 1x10* cells per well and allowed to adhere for 18-24
hours. They were then treated with different amounts of
Pogostemon benghalensis AgNPs (1-200 pg/mL) and
appropriate controls (vehicle and positive control
doxorubicin) for 24 and 48 hours in triplicate. After
treatment, 20 uL of MTT reagent (5 mg/mL in PBS; final
~0.5 mg/mL) was applied per well and incubated for 3—4
hours at 37 °C. The formazan crystals were dissolved in
100 uL DMSO and the absorbance was determined at 570
nm (reference 630 nm). We used dose—response curves to
figure out the cell viability (%) and ICso values. To look at
apoptosis, we collected treated and control cells from 6-
well plates, washed them with cold PBS, and stained them
with an Annexin V-FITC/PI apoptosis detection kit
according to the manufacturer's instructions. We then used
flow cytometry to look at the samples (collecting >10,000
events) and count the viable, early/late apoptotic, and
necrotic populations. For the measurement of intracellular
ROS, cells in 24-well plates were treated as previously
described, incubated with 10 pM DCFH-DA in serum-free
medium for 30 minutes at 37 °C in the dark, washed, and
subsequently analyzed using flow cytometry (FITC
channel) or a fluorescence microplate reader (Ex 485 nm /
Em 530 nm); the data were presented as the fold-change in
mean fluorescence intensity compared to the control. All
studies were conducted in a minimum of three separate
biological replicates, and the data were subjected to
statistical ~analysis (ANOVA with post-hoc test),
incorporating suitable biosafety and cell culture controls.
(Maryam et al., 2017).

2.6.2 Analyzing Data

All studies were performed in triplicate, and the data were
presented as mean + standard deviation (SD). One-way
analysis of variance (ANOVA) was used to find important
differences between groups in the data. We used Tukey's
HSD test for comparing more than one group or Dunnett's
test for comparing against a control. When the assumptions
of ANOVA were not satisfied, Welch’s ANOVA or the
Kruskal-Wallis test, succeeded by Dunn’s post-hoc
correction, was utilized. We used a four-parameter logistic
regression model to make dose-response curves and get the
half-maximal inhibitory concentration (ICs0). We used
probit regression analysis to find the median lethal dose
(LDso). We used the right software (GraphPad Prism or R)
for all of the statistical tests, and a p-value of less than 0.05
was considered statistically significant.

3. RESULT

3.1 Change in color during the synthesis of AgNPs
When you look at the three flasks side by side, you can see
that the colors of the samples are different. Flask A has a
yellowish-orange tint, which suggests that phytochemical
activity is starting. Flask B looks practically colorless,
which means that there is no reaction and it serves as the
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control. Flask C is a rich brown color, which clearly shows
that silver nanoparticles have formed. (Figure 1.)

3.2 Analysis of Vibrational Spectra (FTIR)

The FTIR spectra of the produced nanoparticles exhibited
significant peaks associated with plant-derived functional
groups. The 3279.12 em™ peak for O—H stretching showed
that alcohols and phenols were present. The 2980.82 cm™
band proved that CH>/CHs groups were present. The signal
at 1635.48 cm™ indicated that there were either aromatic
or unsaturated C=C groups. The existence of phenols,
alcohols, and polyphenols involved in nanoparticle
production was confirmed by further peaks at 1391.15,
1238.48, and 1068.08 cm™, which corresponded to O—H
bending and C—O stretching (Table 1&2 and Figure 2&3).
The FTIR spectra indicated a prominent O—H stretching
band at 3372.43 cm™', which means that alcohols and
phenolic chemicals are present. Peaks at 2949.93 cm™ and
1405.98 cm™ showed that CH./CHs was stretching and
changing shape, which confirmed that alkanes were
present. The 2838.75 cm™ band was made up of O-H
(acid) and C—H stretches that overlapped, which means
that the compound is a carboxylic acid derivative. The
1635.88 cm™ peak showed NH: scissoring of amines,
while the 1018.94 cm™ and 772.63 cm™ peaks showed O—
H bending in and out of the plane, which is what alcohols
and phenols do.

3.3 UV-Vis Spectrum of Green-Synthesized AgNPs
The UV-Visible spectrum of the generated silver
nanoparticles displayed a pronounced and sharp surface
plasmon resonance peak at 440 nm, validating the effective
synthesis of AgNPs. The plant extract alone, on the other
hand, had a wide absorption band between 250 and 350
nm, which means that it had a lot of different
phytochemical components. The appearance of a new peak
at 440 nm alone in the nanoparticle sample shows that the
bioactive chemicals in the Pogostemon benghalensis
extract are able to turn silver ions into metallic silver. The
lack of any extra peaks indicates that the nanoparticles that
were made are stable, homogenous, and mostly
monodispersed(Figure 4).

3.4 XRD pattern of AgNPs

The produced silver nanoparticles' XRD pattern has clear
diffraction peaks at about 260 = 32°, 38°, 46°, 64°, and 77°.
These peaks correspond to the (111), (200), (220), and
(311) crystallographic planes of face-centered cubic (FCC)
silver. The (111) peak is the strongest of them, which
means that this plane has a favored orientation and a lot of
crystallinity. The crisp and well-defined peaks show that
the nanoparticles are crystalline and don't have a lot of
amorphous background. The lack of extra impurity peaks
shows that the sample mostly has pure silver nanoparticles
(Figure 5).

3.5 DLS Size Distribution of Nanoparticles

The Dynamic Light Scattering (DLS) test showed that the
particles were all various sizes, with differential intensity
going from 0 to 100 and cumulative intensity going from
1.0 to 1000.0. The nanoparticles had a z-average size of
113.6 nm, a polydispersity index (PDI) of 0.262, and a
D(10)-D(90) range of 48.8-359.7 nm. These figures show
that there are both small nanoparticles and bigger groups
of particles in the colloidal suspension (Figure 6).

3.6 Zeta Potential of Nanoparticles

The zeta potential measurement reveals a distinct,
pronounced peak situated near 0 mV, signifying that the
produced nanoparticles have an extremely low surface
charge. The tight distribution indicates consistent
measurement values, and the peak location close to
neutrality verifies the existence of weakly charged
particles (Figure 7). The total counts over 400,000 indicate
a robust signal intensity and reliable detection throughout
the study.

3.7 SEM Microstructure of Synthesized Nanoparticles
The SEM micrograph taken at 25,000% magnification
shows a lot of nanoparticles that are mostly spherical to
almost spherical in shape. The particles look like bright,
spherical shapes that come in different sizes, usually
between 40 and 90 nm, with some bigger clusters of
particles. The picture also shows areas of agglomeration,
where nanoparticles have come together to form tight
clusters. Smaller, individual nanoparticles are spread out
around the edges (Figure 8).

3.8 EDX Study of Plant-Based AgNPs

The EDAX spectrum of the produced nanoparticles
verified the existence of principal elemental constituents
together with their respective weight and atomic
percentages. Silver (Ag) had the highest weight percentage
at 35.95%, which means that the nanoparticles were
successfully formed. Carbon (C) and oxygen (O) were also
present at 30.23% and 22.86%, respectively. These
elements are usually found in plant-based organic
compounds that stick to the surface of nanoparticles. There
was a moderate quantity of chlorine (CI) present, at
10.96%. This was probably due to the plant extract or the
ingredients that were used to make it. The total elemental
composition was 100%, which proved that the equipment
was accurate and that the sample had the right amount of
each element (Table 3&Figure:9).

3.9 Antibacterial Activity of Plant Extract

The plant extract's ability to kill bacteria was tested against
four harmful kinds of bacteria: E. coli, S. aureus, B. subtilis
and V. cholerae, with sample sizes of 25, 50, 75, and 100
pL. The findings indicated a dose-dependent augmentation
in the zone of inhibition for all examined species. The
inhibition zones were very small at the lowest
concentration (25 pL), ranging from 0.38 + 0.22 mm for E.
colito 1.80 = 0.66 mm for V. cholerae. At 50 pL, there was
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moderate suppression, although S. aureus (3.62 + 0.24
mm) and V. cholerae (6.00 = 0.20 mm) activity went up a
lot. Higher doses (75-100 pL) resulted in significantly
improved antibacterial effects, with peak inhibition
observed at 100 pL. E. coli (7.40 = 0.31 mm), S. aureus
(9.76 + 0.16 mm), B. subtilis (9.70 = 0.34 mm) and V.
cholerae (12.66 = 0.30 mm). V. cholerae was the most
sensitive strain to the extract, whereas E. coli was the least
sensitive. Table 5 and Figure 10 reveal that E. coli had the
weakest reaction (Table 4& Figure 10).

3.10. The Antioxidant Activity
Nanoparticles

Pogostemon benghalensis-mediated silver nanoparticles
(PB AgNPs) shown dose-dependent antioxidant efficacy
against DPPH, H.O-, and phosphomolybdenum radicals.
At 100 pg, the inhibition was at its highest, with values of
81.49% (DPPH), 83.56% (H20:), and 87.04%
(phosphomolybdenum). The ICso values were 60.69 pg
(DPPH), 35.94-50 pg (H20:), and 47.28-19.14 pg
(phosphomolybdenum). This shows that table 4 has a lot
of potential to get rid of free radical (Table 5).

3.11 Cytotoxicity and ICso of AgPb NPs on A549 Cells
The anticancer assessment of AgPb nanoparticles against
A549 lung cancer cells demonstrated a distinct dose-
dependent enhancement in cytotoxicity. At lower
concentrations (10-20 pg/mL), the nanoparticles caused a
small drop in cell viability, with about 35—42% inhibition.
The cytotoxic effect grew more significant as the dose
increased, reaching about 60% inhibition at 100 pg/mL.
The ICso value we found was 47 pg/mL, which means that
this amount is needed to kill 50% of A549 cells (Figure
11). In general, the results show that AgPb nanoparticles
have strong antiproliferative effects on A549 cells.

4. DISCUSSION

The FTIR data show that a number of phytochemicals were
actively involved in lowering and stabilizing the
nanoparticles. The strong O—H peaks show that phenolic
and alcoholic compounds work as natural reducing agents
(Jothibas, et al., 2022). The C—H stretching at 2980.82 cm™
shows that aliphatic groups like terpenoids help with
capping and stabilization (Sidhu, et al., 2022). The 1635.48
cm™' aromatic C=C peak shows that polyphenols give
electrons to metal ions for reduction (Ponnusamy, et al.,
2025). The other O-H and C-O peaks show that phenols,
alcohols, and polysaccharides are present and are building
a protective coating around the nanoparticles (Nagaraja, et
al., 2023). The FTIR results show that different
biomolecules were involved in the reduction and stability
of the nanoparticles that were made. The pronounced O—H
peaks signify the presence of phenolic and alcoholic
chemicals functioning as natural reducing agents
(Sreelekha et al., 2021; Vinoth et al.,2023; Gajendiran et
al.,2025; Mohan et al.,2023). The aliphatic C—H vibrations

of Pb Silver

indicate the existence of terpenoids and other hydrocarbon
groups that facilitate nanoparticle capping (Khoee, et al.,
2023; Sakthivel et al.,2026; Sandhiya et al.,2026;
Manikandan et al.,2026). The carboxylic acid and amine-
related peaks reveal supplementary functional groups that
enhance nanoparticle surface binding and stabilization.
The spectrum shows that polyphenols, alcohols, alkanes,
and amino compounds all worked together to make
nanoparticles (Meda et al.,2026%°; Mohan et al.,2026; Haq,
et al., 2024).

The strong and well-defined surface plasmon resonance
(SPR) peak at 440 nm provides clear evidence for the
formation of spherical silver nanoparticles, as this
wavelength is characteristic of collective electron
oscillations on their surface (Rehman, et al., 2024)The shift
from the broad absorption region of the plant extract (250—
350 nm), which corresponds to phenolics, flavonoids,
terpenoids, etc., to a sharp SPR band confirms that these
phytochemicals played a significant role in reducing Ag*
ions and stabilizing the resulting nanoparticles (Ritu, et al.,
2023).The existence of a single, narrow SPR peak also
indicates good optical stability, minimal agglomeration,
and a uniform nanoscale particle distribution, because
spherical, non-aggregated AgNPs typically show only one
SPR band (Hamze, et al, 2025). These spectral
characteristics collectively indicate that the green synthesis
method successfully yielded stable and well-dispersed
silver nanoparticles (Lasmi, et al., 2025).

The strong and well-defined diffraction peaks for the (111),
(200), (220), and (311) planes show that the synthesized
silver nanoparticles have a face-centered cubic (FCC)
crystalline structure, which is the typical crystal shape for
metallic silver (JCPDS No. 04-0783) (Sikdar, et al., 2023).
The fact that the (111) plane has the most intensity means
that the nanoparticles grow preferentially along this
thermodynamically stable orientation, which is a trend that
is often seen in green-synthesized AgNPs because plant-
derived biomolecules affect nucleation and crystal growth
(Albahri, et al., 2025). The sharpness and intensity of the
peaks show that the crystals are very good quality, which
means that Ag" ions were reduced quickly and
nanoparticles were formed in a regulated way (Omran, et
al., 2024). The lack of extra impurity peaks further
supports the phase purity of the sample. This suggests that
the phytochemicals in the extract not only acted as
reducing agents but also as stabilizers, stopping oxidation
or the formation of secondary phases (Atanassova, et al.,
2025). Overall, the XRD pattern shows that the green
synthesis method worked and made highly crystalline and
phase-pure silver nanoparticles (Mannan, et al., 2024).

The DLS results show that the nanoparticles that were
made are considerably polydisperse, as seen by the PDI
value (0.262) and the wide D(10)-D(90) range. A PDI in
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this range indicates a heterogeneous size distribution
instead of a uniform (monodisperse) sample, a
characteristic frequently noted in green-synthesized
nanoparticles (Das et al., 2024; Palanisamy et al., 2025).
The sharp increase in cumulative intensity suggests that
bigger particles or groups of particles are blocking the
light-scattering signal from smaller particles. This trend
aligns with findings indicating that leftover biomolecules
or insufficient reduction during green synthesis facilitate
secondary aggregation (Cheng et al., 2021). The existence
of bigger aggregates validates the successful creation of
nanoparticles; nevertheless, it also underscores a
deficiency in homogeneity. To precisely determine the
actual core size and dispersion condition, it is imperative
to employ complementary techniques such as transmission
or scanning electron microscopy and zeta-potential
measurements (Pei et al., 2025).

The zeta potential value near 0 mV shows that the
nanoparticles that were made have low electrostatic
stability. This is because nanoparticles with surface
charges close to neutrality don't have enough repulsive
forces to keep them from clumping together (Liu, et al.,
2023). Low zeta potential values are common for green-
synthesized  nanoparticles, = where  plant-derived
phytochemicals like polyphenols, flavonoids, and proteins
stabilize particles by steric hindrance instead of
electrostatic repulsion (Iskakova, et al., 2025). The abrupt,
narrow peak in the distribution suggests that the
nanoparticle population has a reasonably homogenous
surface chemistry, although the proximity to 0 mV also
signals an increased tendency for particle aggregation or
clustering over time (Dghoughi, et al., 2025). The
nanoparticles might stay stable in the near term because of
organic capping layers, but to improve long-term colloidal
stability, techniques like changing the pH or using stronger
capping agents might be needed (Quinson, et al., 2023).
The zeta potential profile corresponds with the standard
characteristics of biologically produced nanoparticles,
characterized by predominant steric stabilization and
negligible electrostatic contributions (Fattahi et al., 2025).

The spherical or near-spherical shape we saw shows that
the biosynthesis approach worked well to support the
nanoparticles' uniform nucleation and development. The
noticeable agglomeration is a common feature of green-
synthesized  nanoparticles, = where  plant-derived
phytochemicals act as capping agents that primarily
provide steric stabilization instead of strong electrostatic
repulsion, resulting in partial clustering. The particle size
range of ~40-90 nm is advantageous because nanosized
spherical particles typically offer improved surface-area-
to-volume ratios, enhancing their catalytic, antimicrobial,
and biomedical performance (Singh, et al., 2023) The
uniform brightness and smooth surface texture observed in
the SEM micrograph further confirm successful

nanoparticle formation; however, the presence of
aggregates indicates that additional stabilization such as
pH adjustment or stronger capping molecules may be
necessary for improving dispersion stability and
preventing long-term particle clustering ( Spitzmiiller, et
al., 2024)

The EDAX profile clearly shows that silver nanoparticles
were successfully made, as shown by the high silver
weight percentage, which shows that Ag' ions were
effectively reduced to metallic Ag® during synthesis
(Naveed, et al., 2024). The presence of carbon and oxygen
shows that plant-derived phytochemicals like flavonoids,
phenolics, proteins, and other organic compounds were
involved. These biomolecules stick to the nanoparticle
surface, forming a stabilizing organic layer that keeps the
nanoparticles from clumping together and improves
colloidal stability. The small chlorine signal could come
from natural parts of the plant extract or leftover salts from
the reaction medium, which is something that happens a
lot when making nanoparticles with phytochemicals
(Sadiq, et al., 2023). The elemental distribution strongly
supports a green synthesis mechanism and shows that the
nanoparticles are mostly made of silver with a surface rich
in phytochemicals that gives them their stability and
functional properties (Arthi, et al., 2025).

The antibacterial test showed a clear dose-dependent
response, which means that larger amounts of the extract
have enough bioactive chemicals to stop bacterial cell
activities. The relatively low inhibition zones at 25 and 50
pL indicate that the concentrations of phytochemicals at
these levels were inadequate for significant bactericidal
effects, corroborating previous research that demonstrates
plant-derived metabolites exhibit enhanced activity solely
at elevated doses (Challa et al., 2025). The heightened
inhibition noted at 75 and 100 pL may result from elevated
levels of phenolics, flavonoids, and terpenoids, which are
recognized for disrupting membrane integrity, protein
functionality, and DNA replication (Velmani, et al., 2025).
V. cholerae's higher susceptibility may be due to its weaker
peptidoglycan structure, which makes it ecasier for
phytochemicals to get through. E. coli exhibited decreased
inhibition, aligning with findings indicating Gram-
negative bacteria have outer membrane barriers that
impede phytochemical absorption (Said et al.,, 2025;
Khajuria et al., 2025). Overall, the results show that the
plant extract has a lot of antibacterial activity, especially at
higher doses (El-Saadony, et al., 2025).

Pogostemon benghalensis-mediated silver nanoparticles
(PB AgNPs) exhibited strong, concentration-dependent
antioxidant activity in DPPH, H20-, and
phosphomolybdenum tests, with inhibition escalating from
15-59% at 20-80 pg to 81-87% at 100 pg. The ICso values
(DPPH: 60.69 ng, H20:: 35.94-50 ng,

1JDDT, Volume 16 Issue 45s, 2026

Page 1238



Evaluating The Cytotoxic Effects Of Silver Nanoparticles Derived From Pogostemon benghalensis Brum. F. Kunth. Extract On

A549 Lung Cancer Cells

phosphomolybdenum: 19.14-47.28 pg) show that these
substances have a moderate to strong ability to scavenge
radicals (Hussen, et al., 2023). This activity is due to
phytochemicals like phenolics and flavonoids on the
surface of the nanoparticles. These chemicals give
electrons to free radicals to neutralize them. This is a
common way that plant-mediated AgNPs work (Ritu, et
al., 2023). Similar antioxidant effects have been seen in
AgNPs made from other medicinal plants, which shows
that green synthesis can be used to make bioactive
nanoparticles (Hanachi, et al., 2022). Overall, PB AgNPs
show good promise as antioxidants in vitro, but their
activity may be a little lower than that of typical
antioxidants since some of their active functional groups
are capped.

The anticancer activity of AgPb nanoparticles against
A549 lung cancer cells exhibited a distinct dose-dependent
inhibitory effect, resulting in an ICso value of 47 ug/mL,
consistent with the moderate cytotoxic potency typically
associated with green-synthesized silver nanoparticles
(Pandey et al., 2025). The gradual rise in growth inhibition
from 10 to 100 ug/mL suggests effective cellular
absorption and interaction of AgNPs with intracellular
components, ultimately disrupting metabolic processes
and proliferation (Barua et al., 2024). Previous research
has demonstrated that AgNPs provoke the formation of
reactive oxygen species (ROS), mitochondrial membrane
depolarization, and death in A549 cells, indicating the
potential for AgPb nanoparticles to operate via analogous
pathways (Li et al., 2021). Biosynthesized AgNPs are
known to activate mitochondrial-mediated apoptotic
pathways by altering p53, Bax, Bcl-2, and caspase
signaling, which may elucidate the observed cytotoxicity

(Pathan, et al., 2025). The minor plateau in inhibition at
elevated concentrations indicates saturation of cellular
contact sites or the peak capacity for ROS generation
(Zhuang et al., 2024). Overall, the findings demonstrate
that AgPb nanoparticles have considerable anticancer
efficacy against A549 cells via oxidative stress-mediated
and mitochondria-driven apoptotic pathways.

The AO/EtBr dual-staining results unequivocally illustrate
that AgPb nanoparticles elicit apoptosis in A549 lung
cancer cells in a dose-dependent fashion. The treated
groups exhibited a significant transition from uniformly
green, viable cells to heterogeneous populations of yellow,
orange, and brightly red cells, signifying both early and
late apoptosis, along with a compromise in membrane
integrity. This transition indicates that AgPb nanoparticles
induce cytotoxicity predominantly via apoptotic pathways
rather than necrotic damage (Thirumurugan et al.,2026;
Karthikeyan et al.,2025;Ayyadurai et al.,2026; Mohamed
et al.,, 2022). The morphological alterations noted,
including chromatin condensation, nuclear fragmentation,
and decreased cell density, are definitive signs of
nanoparticle-induced oxidative stress and mitochondrial
dysfunction, frequently documented in biosynthesized
silver nanoparticles (Chandramohan et al., 2024; Hellany
et al., 2025). The significant rise in apoptotic cells in the
treated samples corresponds with the ICso value reported in
the cytotoxicity assay, corroborating the robust
antiproliferative efficacy of AgPb nanoparticles against
lung cancer cells. The staining results demonstrate that
AgPb  nanoparticles efficiently disturb  cellular
homeostasis and start programmed cell death,
underscoring their potential as a biologically active
anticancer treatment (Muhamad et al., 2022).

Table: 1 FTIR of Pogostemon benghalensis — functional groups before the production of silver nanoparticles

S.No Peak value Molecular Vibration Functional group
mention intensity
1 3279.12 O-H (H-bonded) Stretch/str Alcohols & Phenols
2 2980.82 CH3,CH2,CH2 or Stretch/str Alkanes
3 bands
3 1635.48 C=C(symmetry Bend/med Alkanes
reduces intensity)
4 1391.15 O-H bending (in- Bend/med Alcohols & Phenols
plane)
5 1238.48 O-H bending (in- Stretch/str Alcohols & Phenols
plane)
6 1068.08 O-H bending Stretch/str Alcohols & phenols
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Table 2: FTIR of silver nanoparticles produced by Pogostemon benghalensis, displaying typical functional groups.

S.no Peak value Molecular mention Vibration Functional group
indensity
1 3372.43 O-H (H-bonded) Stretch/str Alcohols & Phenol
2 2949.93 CH_, CH3 & CH 2 or 3 bands Stretch/str Alkanes
3 2838.75 O-H (acid) overlap C-H Stretch/var Carboxylic acid &
Derivatives
4 1635.88 NH2 Scissoring (1%-amines) Bend/med Amines
5 1405.98 CH:2 & CHjs deformation Bend/med Alkanes
6 1018.94 O-H bending (in-plane) Stretch/str Alcohols & Phenol
7 772.63 O-H bending (out -of- plane) Bend/wk Alcohols & Phenol
Table:3 EDX spectrum of silver nanoparticles made using Pogostemon benghalensis.
Lineee Weight % Weight % Atom %
Error
CK 30.23 +1.28 54.85
OK 22.86 +1.34 31.14
CIK 10.96 +0.56 6.74
CIL --- -—- ---
AgL 35.95 +2.33 7.26
AgM --- --- ---
Total 100.00 100.00

Table 4: The antioxidant activity of the synthesized silver nanoparticles extract from Pogostemon benghalensis leaves
was assessed using DPPH, H:O:, and phosphomolybdenum assays.

Inhibitation (%)
Concentration DPPH H202 Phosphomolebidinam
ng PB AgNps AA PB AgNps AA PB AgNps AA
20 15.74+0.67 1.60+0.41
50.17+0.65 8.733+0.09 33.7240.59 46.57+0.28
40 30.29+0.34 55.94+0.94
19.61+0.56 14.23+0.58 42.32+0.42 59.97+0.49
60 48.54+3.82 82.84+0.58
43.72+0.58 32.09+0.80 54.48+0.08 82.84+0.58
80 59.92+0.49 84.86+0.25
67.11+0.060 43.63+0.71 76.56+0.06 86.50+0.05
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100 81.49+0.32 88.55+0.01
83.56+0.083 59.89+0.58 87.04+0.03 90.13+0.07
IC50 Value 60.69 17.48 35.94 50 47.28 19.14

PB AgNps = Silver Nanoparticles of Pogostemon benghalensis; AA = Ascorbic Acid

Table 5: Antibacterial Activity of Synthesized Silver Nanoparticles Against Pathogenic Bacteria

S.No Strains Sample
Zone of inhibition (mm)
25 uLL 50 pLL 75 pLL 100 pLL Control 10 pLL
1 E. coli AgNPs 0.384+0.22 1.3040.50 4.32 £0.42 7.40+0.31 11.66+1.33
2 S. aureus 1.11+0.12 | 3.624+0.24 5.423+0.45 9.76+0.16 14.240.16
3 B. subtilis 0.4040.22 1.22+0.43 6.32+0.71 9.70+0.34 13.53+0.24
4 V. cholerae 1.80+0.66 6.00+0.20 8.06+0.22 12.66+0.3 15.16+0.33

AgNPs = Silver Nanoparticles; E. coli - Escherichia coli, S. aureus - Staphylococcus aureus, B. subtilis - Bacillus subtilis
and V. cholerae - Vibrio cholerae
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Figure:1. Color Change During the Making of Silver Nanoparticles
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Figure:2 FTIR spectra of leaf aqueous extract of Pogostemon benghalensis
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Figure: 5 XRD Spectrum of AgNPs Mediated by P. benghalensis
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Figure : 8 SEM image of silver nanoparticles that were made with Pogostemon benghalensis.

IJDDT, Volume 16 Issue 45s, 2026 Page 1243



Evaluating The Cytotoxic Effects Of Silver Nanoparticles Derived From Pogostemon benghalensis Brum. F. Kunth. Extract On
A549 Lung Cancer Cells

Full scale counts: 133 Base(716)

140 -] a

Ag

120

100

5 7 8 9 10
keV

Figure :9 shows the EDX spectrum of silver nanoparticles that Pogostemon benghalensis has made.

Figure:10 The antibacterial properties of Pogostemon benghalensis silver nanoparticles against E. coli, S. aureus, V.
cholerae, and B. subtilis.
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Figure :11 shows how the cytotoxicity of AgPb nanoparticles depends on their concentration and affects cell viability.
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Figure : 12 AO/EtBr staining shows that both control and AgPb-treated cells are dying.

CONCLUSION

The work effectively proved the eco-friendly synthesis of
silver nanoparticles using Pogostemon benghalensis
extract, confirmed through visual observation, spectral
analysis,  crystalline  structure  validation, and
morphological characterisation. FTIR identified
functional groups that were very important in decreasing
and stabilizing the nanoparticles. The UV—Vis and XRD
data demonstrated that stable, crystalline AgNPs had

formed. The SEM and DLS results showed that the
particles were polydispersed spheres that were somewhat
aggregated. The biosynthesized AgNPs demonstrated
substantial antibacterial efficacy against both Gram-
positive and Gram-negative pathogens, pronounced
antioxidant properties, and significant cytotoxicity against
A549 lung cancer cells. The induction of apoptosis was
convincingly established using AO/EtBr staining,
indicating that the nanoparticles promote programmed cell

1JDDT, Volume 16 Issue 45s, 2026

Page 1245



Evaluating The Cytotoxic Effects Of Silver Nanoparticles Derived From Pogostemon benghalensis Brum. F. Kunth. Extract On

A549 Lung Cancer Cells

death. Thus, Pogostemon benghalensis produced AgNPs
constitute a potent, natural, and environmentally
sustainable platform with prospective applications in
nanomedicine, antibacterial formulations, and anticancer
therapy.
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