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Abstract

The present study aimed to synthesize
silver nanoparticles (AgNPs) using Piper betle
leaf extract through a green and eco-friend-
ly approach and to evaluate their antioxidant,
antibacterial, and antibiofilm activities against
selected foodborne pathogens. Piper betle-me-
diated silver nanoparticles (PB-AgNPs) were
synthesized using an aqueous leaf extract as
a natural reducing and stabilizing agent. The
formation of PB-AgNPs was confirmed by a
visible color change and further characterized
using UV-visible spectroscopy, dynamic light
scattering (DLS), zeta potential analysis, and
scanning electron microscopy (SEM). The syn-
thesized PB-AgNPs exhibited a characteristic
surface plasmon resonance peak at 459 nm,
with nanoscale particle size and moderate col-
loidal stability. The SEM analysis revealed pre-
dominantly spherical nanoparticles with an ag-
gregated morphology. The antioxidant activity
of PB-AgNPs was evaluated using the DPPH
assay, which demonstrated a concentration-de-
pendent free radical scavenging activity with an

ICs, value of approximately 170 ug/mL. The an-
tibacterial activity assessed using the agar well
diffusion assay showed significant inhibition
against Escherichia coli MTCC 41 and Staphy-
lococcus aureus ATCC 13565. Furthermore, the
PB-AgNPs exhibited strong concentration-de-
pendent antibiofilm activity, as evidenced by the
crystal violet staining assay. The findings of the
present study suggest that PB-AgNPs possess
promising antioxidant, antibacterial, and anti-
biofilm properties and may serve as potential
alternative antimicrobial agents for food safety
and biomedical applications.

Keywords: Piper betle; Silver nanoparticles;
Antibacterial activity; Antioxidant activity; Food-
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Introduction

Nanotechnology has emerged as an
important and rapidly advancing field of science
owing to its wide applications in medicine, bio-
technology, food safety, pharmaceuticals, ag-
riculture, environmental remediation, and ma-
terial sciences. Nanoparticles possess unique
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physicochemical properties, including a high
surface area-to-volume ratio, enhanced sur-
face reactivity, optical behavior, and improved
biological interactions compared with their
bulk counterparts. These distinctive properties
make nanoparticles highly suitable for various
biomedical and industrial applications (1, 2).
Among the different metallic nanoparticles, sil-
ver nanoparticles (AgNPs) have attracted con-
siderable scientific attention because of their
strong antimicrobial, antioxidant, anti-inflamma-
tory, and catalytic activities (3).

AgNPs are widely used in wound
dressings, coatings, biosensors, water purifi-
cation systems, food packaging materials, and
drug delivery applications. In particular, AQNPs
have gained importance as potent antibacteri-
al agents because they exhibit broad-spectrum
antimicrobial activity against both Gram-positive
and Gram-negative bacteria. AQNPs can inter-
act with bacterial cell membranes, disrupt mem-
brane permeability, generate reactive oxygen
species, damage cellular proteins and nucleic
acids, and ultimately lead to bacterial cell death.
Owing to these multiple mechanisms of action,
AgNPs are considered promising alternatives to
conventional antibiotics, especially against mul-
tidrug-resistant microorganisms (4).

Foodborne pathogens remain a major
public health concern worldwide, causing seri-
ous gastrointestinal infections and food spoil-
age. Bacterial pathogens such as Escherichia
coli, Salmonella spp., Staphylococcus aureus,
Listeria monocytogenes, and Bacillus cereus
are commonly associated with food contamina-
tion and outbreaks of foodborne diseases (5, 6,
7). The increasing occurrence of antibiotic re-
sistance among foodborne bacteria has created
an urgent need to develop novel antimicrobial
agents with improved efficacy and safety to en-
sure public health and global food security (6,
8). In this context, silver nanoparticles synthe-
sized using green approaches have emerged
as effective antibacterial materials for con-
trolling foodborne pathogens and preventing
biofilm formation on food-contact surfaces (9).

Conventional physical and chemical
methods for nanoparticle synthesis often involve
toxic reducing agents, hazardous chemicals,
expensive instruments, and high energy con-
sumption. These limitations have encouraged
researchers to develop environmentally friendly
and sustainable synthetic methods. The green
synthesis of nanoparticles using plant extracts
has become highly attractive because it is sim-
ple, cost-effective, eco-friendly, and suitable for
large-scale production. Plant extracts contain
diverse phytochemicals that can act as natural
reducing, stabilizing, and capping agents during
nanoparticle synthesis, thereby eliminating the
need for harmful chemicals (10, 11, 12, 13, 14).

Among medicinal plants, Piper betle has
gained considerable interest because of its rich
phytochemical composition and its pharmaco-
logical properties. Piper betle, a member of the
Piperaceae family, is traditionally used in herbal
medicine for its antimicrobial, antioxidant, an-
ti-inflammatory, and wound-healing properties.
The leaves of Piper betle contain several bioac-
tive compounds, including phenols, flavonoids,
chavicol, chavibetol, eugenol derivatives, and
allyl pyrocatechol compounds, which possess
strong reducing potential and biological activity
(15). These phytochemicals can effectively fa-
cilitate the reduction of silver ions to stable silver
nanoparticles while simultaneously enhancing
their antimicrobial potential (16, 17).

In the present study, we synthesized Ag-
NPs using a green synthesis approach with Pip-
er betle leaf extract. The phytochemicals pres-
ent in the leaf extract served as natural reducing
and stabilizing agents for AgNPs formation. The
synthesized nanoparticles were characterized
to confirm their physicochemical properties and
their stability. Furthermore, the antibacterial ef-
ficacy of the synthesized AgNPs was evaluated
against selected foodborne pathogens. In addi-
tion, the antibiofilm and antioxidant activities of
the synthesized nanoparticles were investigat-
ed to assess their potential applications in food
safety and biomedicine.

Green synthesis, characterization, antioxidant, antibacterial and antibiofilm activity of Piper
betle-mediated silver nanoparticles against foodborne pathogens
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Materials and methods
Chemicals and reagents

Silver nitrate (AgNO3, 99% purity) and
Mueller—-Hinton Agar (MHA) were purchased
from Sigma-Aldrich Chemicals Pvt. Ltd., Ben-
galuru, India. Nutrient agar, chloramphenicol,
2,2-diphenyl-1-picrylhydrazyl (DPPH), sodium
acetate (2%), phosphate-buffered saline (PBS),
and crystal violet (0.1%) were procured from Hi-
Media Laboratories, India. Plasticware used for
microbiological and analytical experiments was
obtained from Tarsons Products Pvt. Ltd., Ben-
galuru, India, and glassware used throughout
the study was purchased from Borosil, Mum-
bai, India. All chemicals, reagents, and solvents
employed in the experiments were of analytical
grade and used without further purification.

Synthesis of silver nanoparticles

Fresh leaves of Piper betle were col-
lected, thoroughly washed with distilled water
to remove dust and impurities, and air-dried at
room temperature. The dried leaves were finely
powdered using a mechanical grinder. To pre-
pare the aqueous leaf extract, 5 g of powdered
leaf material was mixed with 100 mL of distilled
water and boiled for adequate phytochemical
extraction. The extract was cooled to room
temperature and filtered using a muslin cloth,
followed by a Whatman No. 1 filter paper. The
obtained filtrate was used for the green synthe-
sis of Piper betle-mediated silver nanoparticles
(PB-AgNPs).

For the synthesis of PB-AgNPs, 20
mL of Piper betle aqueous leaf extract was
added to 1 mM silver nitrate (AgNO3) solution
and incubated at 90°C under continuous stir-
ring at 250-300 rpm for 12 h. The formation of
PB-AgNPs was initially confirmed by the visible
color change of the reaction mixture from light
yellowish-brown to dark brown, indicating the
reduction of silver ions to silver nanoparticles.
The synthesized PB-AgNPs were collected by
centrifugation at 10,000 rpm, and the resulting
pellet was washed repeatedly with distilled wa-
ter to remove residual impurities and unbound

phytochemicals. The purified pellet was dried
and crushed into a fine powder using a mortar
and pestle. The obtained brick-brown PB-Ag-
NPs powder was used for physicochemical
characterization and evaluation of antibacterial,
antibiofilm, and antioxidant activities (18).

Characterization of PB-AgNPs

The synthesized Piper betle-mediated
silver nanoparticles (PB-AgNPs) were charac-
terized using various analytical techniques to
determine their physicochemical properties.
The formation and optical properties of the
PB-AgNPs were confirmed by recording the ab-
sorption spectrum in the 200—800 nm range us-
ing a UV—visible spectrophotometer (Shimadzu,
Japan). The average particle size distribution
was determined using dynamic light scatter-
ing (DLS) analysis (Bruker, USA). The surface
charge and colloidal stability were evaluated
through zeta potential (ZP) measurements us-
ing a zeta potential analyzer (Bruker, USA). The
morphology, surface features, size, and shape
of the samples were examined using scanning
electron microscopy (SEM) (FEI Quanta, USA)
(19).

Antioxidant activity of PB-AgNPs

The antioxidant potential of Piper be-
tle-mediated silver nanoparticles (PB-AgNPs)
was evaluated using the 2,2-diphenyl-1-pic-
rylhydrazyl (DPPH) radical scavenging assay,
following the methods described by Gunti et al.
and Kalagatur et al. (20, 21). The free radical
scavenging activity of the PB-AgNPs was as-
sessed by measuring their ability to neutralize
the DPPH radicals. The antioxidant activity was
calculated in terms of the percentage radical
scavenging activity and compared with that of
the standard antioxidant control (ascorbic acid).

Antibacterial activity of PB-AgNPs

The antibacterial activity of Piper be-
tle-mediated silver nanoparticles (PB-AgNPs)
was evaluated against selected foodborne
pathogenic bacteria, including Bacillus sp.,
Staphylococcus aureus ATCC 13565, and
Escherichia coli MTCC 41. The bacterial strains
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were cultured in Mueller—Hinton broth and in-
cubated at 37°C for 24 h. Bacterial growth was
monitored by measuring the optical density
(OD) at 600 nm using a microplate reader. The
bacterial suspension was adjusted to 0.5 Mc-
Farland standard equivalent and used for agar
well diffusion and anti-biofilm assays.

Zone of inhibition assay

The antibacterial efficacy of PB-AgNPs
was assessed using the agar well diffusion as-
say (22). Briefly, sterile Mueller—Hinton agar
plates were prepared and uniformly spread with
100 pL of a bacterial suspension adjusted to the
0.5 McFarland standard. Wells were created in
the agar plates using a sterile cork borer, and
different concentrations of PB-AgNPs (25, 50,
75, and 100 pg/mL) were added to the respec-
tive wells. The plates were incubated at 37°C
for 24 h under sterile conditions. After incuba-
tion, the antibacterial activity was evaluated by
measuring the diameter of the zone of inhibition
around each well using a zone scale. Chloram-
phenicol was used as the standard positive con-
trol, and wells without nanoparticles served as
negative controls.

Antibiofilm assay

The antibiofilm activity of PB-AgNPs
was determined using crystal violet staining
(23). Briefly, overnight-grown bacterial cultures
were inoculated into sterile 8-well plates contain-
ing different concentrations of PB-AgNPs (10,
50, 100, 150, and 200 ug/mL) and incubated for
12 h to allow for biofilm formation. After incu-
bation, the planktonic and free-floating bacterial
cells were carefully removed, and the attached
biofilms were gently washed several times with
PBS, followed by 2% sodium acetate solution to
remove loosely attached cells. Washed biofilms
were stained with 0.1% crystal violet solution
for visualization. Excess stain was removed by
washing with distilled water, and the plates were
air-dried at ambient temperature. Stained bio-
films were observed and analyzed using a fluo-
rescence microscope to evaluate the inhibitory
effect of PB-AgNPs on biofilm formation. Chlor-
amphenicol was used as a positive control, and

untreated bacterial cultures without nanoparti-
cles served as a negative control.

Statistical analysis

All experiments were performed in tripli-
cate, and the results are expressed as the mean
+ SD. Statistical analysis used GraphPad Prism
(Version 9.0, GraphPad Software Inc., USA).
Differences between groups were analyzed us-
ing one-way ANOVA and post hoc analysis. Sta-
tistical significance was set at p < 0.05.

Results and discussion
Green Synthesis of PB-AgNPs

The green synthesis of Piper betle-me-
diated silver nanoparticles (PB-AgNPs) was
successfully carried out using an aqueous leaf
extract of Piper betle as a natural reducing and
stabilizing agent. The synthesis and formation
of PB-AgNPs are illustrated in Fig. 1(a—d). Ini-
tially, the aqueous leaf extract exhibited a light
yellowish brown color (Fig. 1a). Upon the ad-
dition of silver nitrate solution and continuous
heating under stirring conditions, the reaction
mixture gradually changed to dark brown (Fig.
1b), indicating the reduction of Ag* ions into sil-
ver nanoparticles. The visible color transforma-
tion is considered a preliminary confirmation of
the synthesis of AgNPs and is mainly attributed
to the surface plasmon resonance phenomenon
exhibited by silver nanoparticles. After the reac-
tion was complete, the synthesized PB-AgNPs
were separated by centrifugation, resulting in
the formation of a dark-colored pellet (Fig. 1c).
The obtained pellet was repeatedly washed and
dried to remove excess phytochemicals and un-
reacted compounds. Finally, dried PB-AgNPs
were obtained as a fine brick-brown powder
(Fig. 1d), which was further utilized for physico-
chemical characterization and biological activity
studies.

The successful synthesis of PB-AgNPs
can be attributed to the presence of bioactive
phytochemicals in the Piper betle leaf extract,
including phenolic compounds, flavonoids,
chavicol, chavibetol, and eugenol derivatives.
These phytoconstituents possess strong reduc-

Green synthesis, characterization, antioxidant, antibacterial and antibiofilm activity of Piper
betle-mediated silver nanoparticles against foodborne pathogens
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ing ability and facilitate the conversion of silver
ions into stable silver nanoparticles. In addition,
these compounds may act as capping and sta-
bilizing agents, preventing nanoparticle aggre-
gation and improving their stability (16, 17).

(d)

Figure 1. Green synthesis of Piper betle-mediat-
ed silver nanoparticles (PB-AgNPs). (a) Prepa-
ration of Piper betle aqueous leaf extract, (b)
formation of PB-AgNPs indicated by the color
change of the reaction mixture after the addition
of silver nitrate, (c) centrifuged pellet of synthe-
sized PB-AgNPs, and (d) dried powder form of
PB-AgNPs obtained after purification and dry-
ing.

Characterization of PB-AgNPs

The synthesized Piper betle-mediated
silver nanoparticles (PB-AgNPs) were charac-
terized using UV—visible spectroscopy, dynamic
light scattering (DLS), zeta potential analysis,
and scanning electron microscopy (SEM) to
evaluate their physicochemical properties, sta-
bility, and morphology.

The UV-visible spectrum of PB-AgNPs
exhibited a distinct absorption peak at 459 nm
(Fig. 2a), confirming the successful synthesis of
silver nanoparticles. This characteristic absorp-
tion peak corresponds to the surface plasmon
resonance (SPR) phenomenon of AgNPs. The
observed SPR band at 459 nm is within the
characteristic range reported for biosynthesized
silver nanoparticles and indicates the reduction
of Ag* ions into metallic silver nanoparticles by
the phytochemicals present in Piper betle ex-
tract. Similar SPR peaks between 400 and 480
nm have been widely reported for green-syn-
thesized AgNPs using plant extracts (16, 24).
The broad absorption pattern observed in the
spectrum suggests a moderate particle size dis-

tribution and stable nanoparticle formation. The
phytochemicals present in Piper betle, including
flavonoids, phenols, and eugenol derivatives,
may have acted as both reducing and stabi-
lizing agents during nanoparticle synthesis.
Plant-derived metabolites facilitate nanoparticle
formation and stabilization through redox reac-
tions and surface capping mechanisms (Ahmed
et al.,, 2024). The particle size distribution of
PB-AgNPs analyzed using dynamic light scat-
tering (DLS) demonstrated that the nanoparti-
cles were predominantly in the nanoscale range
with an average hydrodynamic size of approx-
imately 100-150 nm (Fig. 2b). The observed
particle size may include the hydrated layer
and phytochemical capping surrounding the
nanoparticles, which generally results in slight-
ly larger particle sizes in DLS analysis com-
pared to microscopic techniques. The narrow
distribution profile indicates a relatively uniform
nanoparticle dispersion with moderate polydis-
persity. Similar nanoscale particle distributions
have been reported for plant-mediated AgNPs
synthesized using various medicinal plants
(24). The zeta potential analysis of PB-AgNPs
showed a negative surface charge of approxi-
mately =14 mV (Fig. 2c), indicating the moderate
colloidal stability of the synthesized nanoparti-
cles. The negative zeta potential may be at-
tributed to the adsorption of negatively charged
phytochemicals and functional groups present
in the Piper betle extract onto the nanoparticle
surface. The zeta potential plays an important
role in nanoparticle stability, as a higher sur-
face charge prevents nanoparticle aggregation
through electrostatic repulsion. Similar nega-
tive zeta potential values have been reported
for biosynthesized silver nanoparticles and are
considered indicative of stable nanoparticle
suspensions (24). The morphology and surface
characteristics of the PB-AgNPs were further
analyzed using SEM (Fig. 2d). The SEM images
revealed the formation of predominantly spher-
ical and irregularly aggregated nanoparticles
with nanoscale dimensions. The aggregation
observed in the SEM micrograph may be due
to drying effects during sample preparation and
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interactions among the phytochemical-capped
nanoparticles. The nanoparticles were dense-
ly distributed with a rough surface morphology,
which may enhance their surface reactivity and
antibacterial potential. Similar spherical and ag-
gregated morphologies have been widely ob-
served in green-synthesized AgNPs produced
using medicinal-plant extracts (25). Overall,
the characterization results confirmed the suc-

a) UV-Vis Spectrum of PB-AgNPs (b)
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cessful green synthesis of stable PB-AgNPs
using the Piper betle leaf extract. The synthe-
sized nanoparticles exhibited characteristic op-
tical properties, nanoscale particle distribution,
moderate colloidal stability, and suitable mor-
phology, supporting their potential application
as antibacterial and antibiofilm agents against
foodborne pathogens.
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Figure 2. Physicochemical characterization of Piper betle-mediated silver nanoparticles (PB-Ag-

NPs). (a) UV-visible absorption spectrum showing the characteristic surface plasmon resonance
(SPR) peak at 459 nm, confirming the formation of PB-AgNPs, (b) dynamic light scattering (DLS)
analysis showing the particle size distribution of PB-AgNPs, (c) zeta potential distribution indicat-
ing the surface charge and colloidal stability of PB-AgNPs, and (d) scanning electron microscopy
(SEM) image showing the morphology and surface characteristics of the synthesized PB-AgNPs.

Antioxidant activity of PB-AgNPs by DPPH
assay

The antioxidant potential of Piper be-
tle-mediated silver nanoparticles (PB-AgNPs)
was evaluated using the DPPH free radical
scavenging assay, and the results are pre-
sented in Fig. 3. The synthesized PB-AgNPs
exhibited concentration-dependent antioxidant
activity, with increasing radical scavenging po-
tential at higher concentrations. The percentage
of DPPH radical scavenging activity increased
progressively from lower to higher concentra-
tions of PB-AgNPs, indicating their effective
hydrogen donating and free radical neutraliz-

ing ability. At lower concentrations (10-50 g/
mL), PB-AgNPs exhibited moderate antioxidant
activity with comparatively lower scavenging
percentages. However, a significant increase
in DPPH scavenging activity was observed at
higher concentrations, reaching approximately
65% inhibition at 200 pg/mL. The standard anti-
oxidant, ascorbic acid, exhibited comparatively
higher radical-scavenging activity at all tested
concentrations owing to its strong reducing po-
tential and established antioxidant properties.
The ICs, value of PB-AgNPs was calculated to
be approximately 170 ug/mL, whereas ascorbic
acid exhibited an ICs, value of approximately

Green synthesis, characterization, antioxidant, antibacterial and antibiofilm activity of Piper
betle-mediated silver nanoparticles against foodborne pathogens
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40-45 pg/mL. The comparatively higher 1Csq
value of PB-AgNPs indicates lower antioxidant
potency than the standard antioxidant; however,
the synthesized nanoparticles still demonstrat-
ed appreciable free radical scavenging activity.

The antioxidant activity of PB-AgNPs
may be attributed to the phytochemicals pres-
ent in the Piper betle leaf extract, including
phenols, flavonoids, chavicol, chavibetol, and
eugenol derivatives, which remain adsorbed on
the nanoparticle surface during green synthesis
(26). These bioactive compounds are known to
possess strong electron-donating and hydro-
gen-transfer abilities, which contribute to the
neutralization of free radicals. In addition, the
nanoscale size and increased surface area of
PB-AgNPs may further enhance their interac-
tion with DPPH radicals, improving their antiox-
idant efficiency.

Similar concentration-dependent anti-
oxidant activities have been widely reported for
plant-mediated AgNPs synthesized using me-
dicinal plant extracts. The observed antioxidant
potential of PB-AgNPs suggests their possible
application in biomedical, pharmaceutical, and
food preservation fields, where oxidative stress
plays an important role.
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Figure 3. DPPH free radical scavenging activi-
ty of Piper betle-mediated silver nanoparticles
(PB-AgNPs) was compared with that of stan-
dard ascorbic acid at different concentrations.
The synthesized PB-AgNPs exhibited concen-
tration-dependent antioxidant activity, with an
increasing percentage of DPPH radical scav-
enging at higher concentrations.

Antibacterial activity of PB-AgNPs
Zone of inhibition assay

The antibacterial activity of Piper be-
tle-mediated silver nanoparticles (PB-AgNPs)
was evaluated against selected foodborne
pathogenic bacteria, including Escherichia coli
MTCC 41 and Staphylococcus aureus ATCC
13565, using the agar well diffusion assay. The
results of the zone of inhibition assay are shown
in Table 1. PB-AgNPs exhibited significant an-
tibacterial activity against both Gram-negative
and Gram-positive bacteria in a concentra-
tion-dependent manner. Against E. coli MTCC
41, PB-AgNPs showed inhibition zones of 7.10
+ 0.14, 8.62 £ 0.73, 9.85 £ 0.22, and 11.24 +
0.28 mm at concentrations of 25, 50, 75, and
100 pg/mL, respectively. Similarly, against S.
aureus ATCC 13565, PB-AgNPs exhibited in-
hibition zones of 7.51 £ 0.81 mm, 8.90 + 0.56
mm, 10.17 £ 0.37 mm, and 11.87 = 0.19 mm
at the corresponding concentrations. The stan-
dard antibiotic chloramphenicol (50 pg/mL)
produced inhibition zones of 15.57 + 0.31 mm
against E. coli and 16.48 + 0.68 mm against S.
aureus. Among the tested pathogens, S. aureus
showed slightly higher sensitivity toward PB-Ag-
NPs compared with E. coli, as evidenced by the
comparatively larger zones of inhibition. The
observed antibacterial activity may be attribut-
ed to the nanoscale size and increased surface
area of the PB-AgNPs, which facilitate effective
interactions with bacterial cell membranes. Ag-
NPs are known to disrupt membrane integrity,
increase reactive oxygen species (ROS) gener-
ation, interfere with protein synthesis, and dam-
age bacterial DNA, ultimately leading to bacteri-
al cell death (27, 28).

The antibacterial efficacy of PB-AgNPs
may also be enhanced by the phytochemicals
present in the Piper betle extract, including
phenolic compounds, flavonoids, chavicol, and
eugenol derivatives, which possess inherent
antimicrobial properties. These phytochemi-
cals may act synergistically with AgNPs to im-
prove their antibacterial activity. The concentra-
tion-dependent increase in antibacterial activity
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observed in this study indicates that higher con-
centrations of PB-AgNPs provide greater bac-
terial growth inhibition. Similar antibacterial
effects of plant-mediated silver nanoparticles
against Gram-positive and Gram-negative
pathogens have been widely reported in pre-

vious studies (16, 29, 30). The findings of the
present study suggest that PB-AgNPs possess
promising antibacterial potential against food-
borne pathogenic bacteria and may serve as
alternative antimicrobial agents for biomedical
and food safety applications.

Table 1. The antibacterial activity of PB-AgNPs against selected foodborne pathogenic bacteria was
determined using the agar well diffusion assay. Values are expressed as the zone of inhibition (mm)

mean + standard deviation (SD).

Bacterial culture Zone of inhibition (mm)
PB-AgNPs Chloramphenicol
25 50 75 100 50
ug/ mL pg/mL pg/mL pg/mL pg/mL

Gram-negative bacteria
E. coli— MTCC 41 07.10+0.14 | 08.62+0.73 [ 09.85+0.22 | 11.24 £0.28 15.57 £ 0.31
Gram-positive bacteria
S. aureus — ATCC 13565 | 07.51 +0.81 | 08.90 +0.56 | 10.17 £0.37 | 11.87 £0.19 16.48 + 0.68

Antibiofilm activity of PB-AgNPs

The antibiofilm activity of Piper be-
tle-mediated silver nanoparticles (PB-AgNPs)
against Staphylococcus aureus ATCC 13565
and Escherichia coli MTCC 41 was evaluated
using a crystal violet staining assay, and the re-
sults are presented in Fig. 4. The crystal violet
assay demonstrated a concentration-depen-
dent inhibition of bacterial biofilm formation af-
ter treatment with PB-AgNPs. In the untreated
control groups, both S. aureus and E. coli ex-
hibited dense and intense violet staining, indi-
cating substantial biofilm formation and strong
bacterial adherence to the surface. However,
treatment with PB-AgNPs at increasing concen-
trations (10, 50, and 100 pg/mL) resulted in a
progressive reduction in crystal violet staining
intensity, suggesting effective inhibition and dis-
ruption of biofilm formation. At 10 yg/mL, par-
tial inhibition of biofilm formation was observed,
with reduced staining intensity compared to
the control group. A further reduction in biofilm
density was observed at 50 pg/mL, indicating
the enhanced antibiofilm activity of PB-AgNPs.
Notably, treatment with 100 pyg/mL PB-AgNPs
substantially inhibited biofilm formation in both
bacterial strains, with minimal crystal violet re-
tention observed in the stained wells.

Among the tested pathogens, S. au-
reus exhibited slightly greater sensitivity to-
ward PB-AgNPs-mediated biofilm inhibition
than E. coli. The observed antibiofilm activity
of the PB-AgNPs may be associated with their
nanoscale size, high surface area, and ability
to penetrate bacterial biofilm matrices. AgNPs
and other nanoparticles are known to interfere
with bacterial adhesion, extracellular polymeric
substance (EPS) production, quorum sensing
mechanisms, and membrane integrity, thereby
preventing biofilm maturation and stability (31,
32). In addition, the phytochemicals present in
the Piper betle extract, including phenols, flavo-
noids, chavicol, and eugenol derivatives, may
synergistically enhance the antibiofilm activity
of the PB-AgNPs (33). These bioactive com-
pounds possess inherent antimicrobial proper-
ties and may disrupt bacterial communication
and adhesion. The concentration-dependent
antibiofilm activity observed in this study sug-
gests that PB-AgNPs have strong potential as
alternative antibiofilm agents against foodborne
pathogenic bacteria. The ability of PB-AgNPs to
inhibit bacterial biofilm formation may be high-
ly beneficial for food preservation, biomedical
coatings, and infection control applications,

Green synthesis, characterization, antioxidant, antibacterial and antibiofilm activity of Piper
betle-mediated silver nanoparticles against foodborne pathogens
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where biofilm-associated bacterial resistance
remains a major challenge.

10 pg/mL

Control 50 pg/mL 100 pg/mL

S. aureus

E. coli

Figure 4. Antibiofilm activity of PB-AgNPs
against Staphylococcus aureus ATCC 13565
and Escherichia coli MTCC 41 evaluated by
crystal violet staining assay. The control groups
showed dense biofilm formation, whereas treat-
ment with PB-AgNPs at increasing concentra-
tions (10, 50, and 100 pg/mL) exhibited concen-
tration-dependent inhibition and disruption of
the bacterial biofilms.

Conclusion

In the present study, Piper betle-medi-
ated silver nanoparticles (PB-AgNPs) were suc-
cessfully synthesized using a simple, eco-friend-
ly, and cost-effective green synthesis method.
The synthesized PB-AgNPs exhibited charac-
teristic physicochemical properties, good sta-
bility, and nanoscale morphology. Furthermore,
PB-AgNPs exhibited significant antioxidant, an-
tibacterial, and antibiofilm activities against se-
lected foodborne pathogenic bacteria, including
Escherichia coli and Staphylococcus aureus.
The concentration-dependent inhibition of bac-
terial growth and biofilm formation highlights the
potential application of PB-AgNPs as alternative
antimicrobial agents in food safety, biomedical,
and pharmaceutical applications. However, the
present study has certain limitations, including
evaluation against a limited number of bacterial
strains and the absence of detailed molecular
toxicity and mechanistic studies. In addition, in
vivo biocompatibility and long-term safety as-
sessments were not conducted. Future studies
should focus on detailed mechanistic investiga-
tions, cytotoxicity and biocompatibility evalua-
tion, large-scale nanoparticle production, and

the application of PB-AgNPs in food packaging
systems, antimicrobial coatings, and biomedical
formulations. Further investigation against mul-
tidrug-resistant pathogens and real food system
applications would also enhance the transla-
tional potential of PB-AgNPs.

Conflict of interest

The authors declare no conflicts of in-
terest regarding the publication of this study.

References

1. Srivastava, A., Ahmad, A., Siddiqui, S. and
Islam, A., 2026. Innovations in targeted
drug delivery: From nanotechnology to
clinical applications. Next Nanotechnol. 9,
pp.100336.

2.  Vundela, S.R., Kalagatur, N.K., Nagaraj,
A., Kadirvelu, K., Chandranayaka, S.,
Kondapalli, K., Hashem, A., Abd_Allah,
E.F. and Poda, S., 2022. Multi-biofunction-
al properties of phytofabricated selenium
nanoparticles from Carica papaya fruit
extract: antioxidant, antimicrobial, antimy-
cotoxin, anticancer, and biocompatibility.
Front. Microbiol. 12, pp. 1-19.

3.  Konduri, V.V., Kalagatur, N.K., Nagaraj, A.,
Kalagadda, V.R., Mangamuri, U.K., Durthi,
C.P.and Poda, S., 2022. Hibiscus tiliaceus
mediated phytochemical reduction of zinc
oxide nanoparticles and demonstration
of their antibacterial, anticancer, and dye
degradation capabilities. Indian J. Bio-
chem. Biophys. 59, pp.1-10.

4. El Fedyl, L., Nabgui, A., Boutriouia, E.H.,
Agayr, K., Baouab, M.H.V,, Brik, A., Thé-
bault, P., Youcef, H.B., El meziane, A. and
Lahcini, M., 2026. Biobased chitosan films
incorporating rosemary-mediated silver
nanoparticles for enhanced antimicrobial
activity and catalytic applications. Int. J.
Biol. Macromol. 349, pp.150850.

5. Kota, R.K,, Kolla, H.B., Reddy, P.N., Ku-
mar, K.N. and Kumar, S.S., 2021. Immu-
noinformatics analysis and evaluation of

Sudhakar et al



Current Trends in Biotechnology and Pharmacy
Vol. 20(2) 3048-3059 July 2026, ISSN 0973-8916 (Print), 2230-7303 (Online)
DOI: 10.5530/ctbp.2026.3.28

10.

11.

recombinant chimeric triple antigen toxoid
(rHAB) against Staphylococcus aureus
toxaemia in mouse model. Appl. Microbiol.
Biotechnol. 105(21), pp.8297-8311.

Sundararaj, N., Kalagatur, N.K., Mudili, V.,
Krishna, K. and Antonysamy, M., 2019.
Isolation and identification of enterotoxi-
genic Staphylococcus aureus isolates
from Indian food samples: evaluation of
in-house developed aptamer linked sand-
wich ELISA (ALISA) method. J. Food Sci.
Technol. 56(2), pp.1016—-1026.

Sowndarya, A., Thangadurai, T.D., Man-
jubaashini, N., Pavithrakumar, M., Senthil-
kumar, K., Nataraj, D., Kadirvelu, K. and
Kalagatur, N.K., 2024. Surface-designed
AuNPs-based fluorescent probe for ul-
tra-sensitive detection of oral poultry anti-
bacterial drug furaltadone via intermolec-
ular hydrogen bonding. RSC Adv. 14(38),
pp.28224-28233.

Hashem, A., Singh, G., Singh, B.P., Aimu-
tairi, K.F., Kalagatur, N.K. and Abd_Allah,
E.F., 2023. Postharvest biology: genomics
and omics strategies to enhance food se-
curity. Postharvest Management of Fresh
Produce, pp.149-163.

Fashogbon, R.O., Adejoh, O.P., Fasiku,
S.A., James, S.N., Ajayi, 0.0. and Ad-
eyemi, A.A., 2026. Characterization of sil-
ver nanoparticles synthesized from Helian-
thus annuus leaf extracts and antibacterial
potential against foodborne pathogens.
Discover Chem. 3(1), pp.1-12.

Muniyandi, K., George, E., Mudili, V., Ka-
lagatur, N.K., Anthuvan, A.J., Krishna, K.,
Thangaraj, P. and Natarajan, G., 2017. An-
tioxidant and anticancer activities of Plec-
tranthus stocksii Hook. f. leaf and stem ex-
tracts. Agric. Nat. Resour. 51(2), pp.63—73.

Lakshmeesha, T.R., Murali, M., Ansa-
ri, M.A., Udayashankar, A.C., Alzohairy,
M.A., Almatroudi, A., Alomary, M.N., Asi-

12.

13.

14.

15.

16.

3057

ri, S.M.M., Ashwini, B.S., Kalagatur, N.K.,
Nayak, C.S. and Niranjana, S.R., 2020.
Biofabrication of zinc oxide nanoparticles
from Melia azedarach and its potential in
controlling soybean seed-borne phyto-
pathogenic fungi. Saudi J. Biol. Sci. 27(8),
pp.1923-1930.

Nagaraj, A., Gunti, L., Konduri, V.V., Maha-
ta, P.K., Balakrishna, A., Dwarakanath, V.,
Kalagatur, N.K. and Poda, S., 2026. Phy-
tochemical-driven selenium nanoparticles
from Tribulus terrestris: a multi-mechanis-
tic antifungal and anti-aflatoxigenic strate-
gy with biocompatibility. Chem. Phys. Im-
pact. 12, pp.101033.

Konduri, V.V., Nagaraj, A., Kalagatur, N.K.,
Subramaniam, S., Hashem, A., Alarjani,
K.M., Avila-Quezada, G.D., Abd_Allah,
E.F. and Poda, S., 2026. Biocompatible
goethite crystal phase iron oxide nanopar-
ticles from Pithecellobium dulce exhibit dye
degradation potential and protective effect
against aquatic pathogen Aeromonas hy-
drophila infection in a zebrafish model.
Chem. Phys. Impact. 12, pp.101034.

Rajan, M., Anthuvan, A.J., Muniyandi,
K., Kalagatur, N.K., Shanmugam, S.,
Sathyanarayanan, S., Chinnuswamy,
V., Thangaraj, P. and Narain, N., 2019.
Comparative study of biological (Phoe-
nix loureiroi fruit) and chemical synthe-
sis of chitosan-encapsulated zinc oxide
nanoparticles and their biological proper-
ties. Arab. J. Sci. Eng. 45(1), pp.15-28.

Singh, T., Shafi, Z., Singh, R., Bisht, B.,
Yadav, K.K., Algethami, J.S., Albakri, G.S.
and Maha Awjan Alreshidi, 2025. Micro-
wave-assisted extraction of phytochemi-
cals from Piper betle L.: optimization, char-
acterization, and bioactivity evaluation.
Food Chem. X. 29, pp.102672—-102672.

Diab, M., Jadhav, A.H. and Alwarsamy, M.,
2025. The synergistic effect of biosynthe-

Green synthesis, characterization, antioxidant, antibacterial and antibiofilm activity of Piper
betle-mediated silver nanoparticles against foodborne pathogens



Current Trends in Biotechnology and Pharmacy
Vol. 20(2) 3048-3059 July 2026, ISSN 0973-8916 (Print), 2230-7303 (Online)
DOI: 10.5530/ctbp.2026.3.28

17.

18.

19.

20.

21.

22.

sized silver nanoparticles from a combined
extract of Petroselinum crispum and Piper
betle: in vitro antibacterial activity. Results
Chem. 18, pp.102816.

Anh, N.T.K,, Thai, N.X., Chinh, N.T., Trung,
V.Q., Thuy, T.T. and Hoang, T., 2024. Op-
timization of synthesizing silver nanopar-
ticles on hydrotalcite-zinc using a Piper
betle leaf extract as a reducing agent. Viet-
nam J. Chem. 63(3), pp.451-461.

Konduri, V.V., Kalagatur, N.K., Gunti, L.,
Mangamuri, U.K., Kalagadda, V.R., Poda,
S. and Krishna, S.B.N., 2024. Green syn-
thesis of silver nanoparticles from Hibiscus
tiliaceus L. leaves and their applications in
dye degradation, antioxidant, antimicrobi-
al, and anticancer activities. S. Afr. J. Bot.
168, pp.476—-487.

Gunti, L., Kumar, K.N., Nagaraj, A., Kumar,
M.P. and Dass, R.S., 2026. Phytochemi-
cal-guided synthesis of selenium nanopar-
ticles from Punica granatum peel for con-
trol of Aspergillus flavus and aflatoxin B1:
mechanistic and safety insights. J. Cluster
Sci. 37(3), pp.83.

Gunti, L., Dass, R.S. and Kalagatur,
N.K., 2019. Phytofabrication of selenium
nanoparticles from Emblica officinalis fruit
extract and exploring its biopotential appli-
cations: antioxidant, antimicrobial, and bio-
compatibility. Front. Microbiol. 10, pp.931.

Kalagatur, N.K., Kamasani, J.R., Siddaiah,
C.N. and Kadirvelu, K., 2025. Inulin and
B-glucan fortified Alphonso mango juice
serves as a sustainable and effective pro-
biotic delivery vehicle for Pediococcus
pentosaceus. Food Bioprod. Process. 154,
pp.54—67.

Rosaiah, G., Mangamuri, U.K., Sikharam,
A.S., Devaraj, K., Kalagatur, N.K. and
Kadirvelu, K., 2022. Biosynthesis of sele-
nium nanoparticles from Annona murica-
ta fruit aqueous extract and investigation

23.

24,

25.

26.

27.

28.

3058

of their antioxidant and antimicrobial po-
tentials. Curr. Trends Biotechnol. Pharm.
16(1), pp.1-10.

Nagaraj, A., Kalagatur, N.K., Kadirvelu, K.,
Shankar, S., Mangamuri, U.K., Sudhakar,
P. and Samiappan, S., 2022. Biomimetic
of hydroxyapatite with Tridax procumbens
leaf extract and investigation of antibiofilm
potential in Staphylococcus aureus and
Escherichia coli. Indian J. Biochem. Bio-
phys. 59, pp.1-10.

Pungle, R., Nile, S.H., Makwana, N.,
Singh, R., Singh, R.P. and Kharat, A.S.,
2022. Green synthesis of silver nanopar-
ticles using the Tridax procumbens plant
extract and screening of its antimicrobial
and anticancer activities. Oxid. Med. Cell.
Longev. 2022 (1), pp.1-14.

Singh, R.K., Nallaswamy, D., Rajeshku-
mar, S. and Varghese, S.S., 2025. Green
synthesis of silver nanoparticles using
neem and turmeric extract and its anti-
microbial activity of plant mediated silver
nanoparticles. J. Oral Biol. Craniofac. Res.
15(2), pp.395-401.

Periakaruppan, R., S., M.J., Vanathi, P,
T., S.K. and Selvaraj, K.S.V., 2025. Phy-
to-synthesis, characterization of magne-
sium oxide nanoparticles using aqueous
extract of Piper betle leaf and an assess-
ment of its antioxidant potential. Biomass
Convers. Biorefin. pp.1-12.

Bibi, S., Abu-Dieyeh, M.H. and Al-Ghouti,
M.A., 2025. Biosynthesis of silver nanopar-
ticles from macroalgae Hormophysa tri-
quetra and investigation of its antibacterial
activity and mechanism against pathogen-
ic bacteria. Sci. Rep. 15(1), pp.1-15.

Patel, N.D., Patel, D.A., Shrimali, G.D. and
Kamdar, R., 2024. Green synthesis of sil-
ver nanoparticles using Elettaria cardamo-
mum: characterization and antimicrobial
potential. Curr. Trends Biotechnol. Pharm.

Sudhakar et al



Current Trends in Biotechnology and Pharmacy
Vol. 20(2) 3048-3059 July 2026, ISSN 0973-8916 (Print), 2230-7303 (Online)
DOI: 10.5530/ctbp.2026.3.28

29.

30.

31.

18(2), pp.1-10.

Senthilnathan, R.D., Gayathri, V. and
Chandru, R., 2024. Phyla nodiflora derived
silver nanoparticles in hydrogel formula-
tions: a new approach to wound manage-
ment. Curr. Trends Biotechnol. Pharm. 18,
pp.1-10.

Keerthana, S., Jagruthi, K., Logeshwari,
N., Thoshitha, V., Senthilnathan, R.D. and
Hemalatha, S., 2025. Silver nanoparti-
cle-based transdermal patch from Lippia
nodiflora: a promising approach for ac-
celerating wound healing and anti-inflam-
matory activity. Curr. Trends Biotechnol.
Pharm. 19, pp.1-10.

Keerthiga, G., Sengottuvel, R., Obli
Prakash, P.C. and Maghimaa, M., 2025.
Enhancing antibacterial and antibiofilm ac-
tivity using Gymnema sylvestre mediated

32.

33.

3059

silver nanoparticles: a promising approach
in infection control. Biomed. Mater. Devic-
es. 4(2), pp.2122-2137.

Nagaraj, A., Ghosh, O.S.N., Ghneim, H.K.,
AlSheikh, Y.A., Mohammed, K., Poda, S.
and Kalagatur, N.K., 2025. Fe203-type
iron oxide nanoparticles from Aerva lanata
leaf extract exhibit antibiofilm, discrimina-
tory toxicity in cancer cells, and theranos-
tic against oxidative stress in zebrafish.
Chem. Phys. Impact. 10, pp.100849.

Eawsakul, K., Kwanhian, K., Wiyada,
Saengsawang, P., Ongtanasup, T., Rat-
chasong, K., Boripun, R., Nissapatorn, V.,
Maria, Turni, C., Makkliang, F., Pumbut, K.
and Mitsuwan, W., 2025. Bactericidal and
antibiofilm activities of Piper betle extract
against Burkholderia pseudomallei: in vitro
and in silico approaches. Biofouling. 41(1),
pp.36-51.

Green synthesis, characterization, antioxidant, antibacterial and antibiofilm activity of Piper

betle-mediated silver nanoparticles against foodborne pathogens



