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Listeria monocytogenes (LM) is a potential foodborne pathogen, known to form biofilms, which ulti-
mately leads to serious problems in the food industry. This study demonstrates a comprehensive
approach for the synthesis of silver nanoparticles using the phytochemicals present in the leaf aqueous
extract of Terminalia catappa for the inhibition of L. monocytogens biofilms. The phytochemical analysis
by UV–vis spectrum of the extract revealed the presence of polyphenolic compounds such as ellagic acid,
gallic acid, chebulinic acid, and chebulgic acid. The shape, structure and size of the synthesized AgNPs
were determined as 23–100 nm using the scanning electron microscopic images, and particle size distri-
bution curve analysis. The in vitro studies using the AgNPs against L. monocytogenes revealed the inhibi-
tion of biofilm formation, reduction in the Virulence factors such as protease production at sub-inhibitory
concentrations of AgNPs. In vivo experiments performed with the Caenorhabditis elegans model showed
that AgNPs prolonged the lifespan of infected worms by about 90%. In addition, the non-hazardous nature
and in vivo anti-adherence potential of AgNPs were also established with LM - C. elegans infection model.
� 2022 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

World Health Organization (WHO) has placed Listeria monocy-
togenes on the top in the list of most serious food-borne pathogens
due to its high level of pathogenicity. L. monocytogenes is an
intracellular rod-shaped, Gram-positive foodborne pathogen that
can survive in varying temperatures and environments (Lecuit
2020, Dos Santos et al., 2021). It is a ubiquitous pathogen with
the ability to shift from commensal to pathogenic virulence stage
causing a high level of mortality or morbidity. The high rate of
fatality is due to its ability to survive in the cytoplasm, spread to
other cells using cytoskeleton, cross the blood–brain barrier,
intestinal and placental lining (Pizarro-Cerda and Cossart 2018,
Lecuit 2020).

To withstand the heat and other stress forces in the food pro-
cessing atmospheres, L. monocytogens can form develop biofilms
which in turn can lead to the contamination of food, a severe public
health hazard to consumers, and serious economic consequences
for the companies. As per the regulatory guidelines, L. monocytoge-
nes count should be less than 100 colony-forming units for every
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gram of food. Even though these criteria are met during the food
processing and packing, a lack of temperature control at the supply
chain, distribution, or consumer levels will lead to an increase in
the L. monocytogenes population. Further, the ability of the L. mono-
cytogenes to survive and multiply at 4 �C in the presence of food-
grade preservatives causes a serious problem in the food industry
(Colagiorgi et al., 2017). As L. monocytogenes is of serious concern
in human health, there is great commercial as well as scientific
interest in discovering novel biocompatible, edible preservatives
or materials that could extend the shelf life of the various food
products (Mazaheri et al., 2021).

Several biological and non-biological classes of compounds
such as antibiotics, antimicrobial enzymes, cationic compounds,
antimicrobial peptides, natural products, metals, and metal oxides
are been explored for controlling bacterial biofilms (Jiao et al.,
2019). Among them, metal-based nanoparticles are gaining much
interest among researchers due to their ease in synthesis, good
shelf life, show broad range of activities. Nanoparticles are pro-
posed as next-generation novel promising antimicrobial agents
because of their ability to inhibit and eradicate the biofilms forma-
tion, kill the planktonic bacteria (Cao et al., 2020, Mohanta et al.,
2020, Subhaswaraj et al., 2020).

Terminalia catappa is widely grown all around the world for its
fruits and the leaves are used in herbal medicines for treating var-
ious ailements such as liver, intestine infections, and related dis-
eases. T. catappa leaves are large in size and contain large
amounts of flavonoids, tannins (terflavin A and B, tergallagin,
chebulagic acid, graniin, punicalin, punicalagin, and tercatain),
saponines, and phytosterols. Recent scientific literature showed
that the T. catappa derived flavonoids and tannins have bacterial
antiquorum sensing activity (Taganna et al., 2011, Anand et al.,
2015, Dwevedi et al., 2016) and could play a role in preventing bio-
film formation. As T. catappa has good medicinal properties as well
as the presence of more flavonoids which play vital role in the NPs
synthesis we selected this plant.

Due to the absorption of toxic substances onto nanoparticles,
during synthesis or purification of Nanoparticles synthesized
either by physical or chemical methods do not have any utility in
the food industry (Abbasi et al., 2016, Ali et al., 2016, Olga et al.,
2022). Green synthesis is best for the synthesis of nanoparticles
as it decreases and eliminates the need for harmful chemicals syn-
thesis, availability of biodegradable bioactive metabolites and sim-
ple filtration or centrifugation will give the nanoparticles of the
required quality and purity in a simple, eco-friendly, and economic
feasible way for use in the food industry (Mousavi et al., 2018).

A nanoparticle that can destroy the biofilm and then kill the
released planktonic bacteria also will be of great commercial value.
Our literature survey about various metal properties concerning
their antimicrobial activity, biocompatibility and toxicity nature
led us to narrow down to silver nanoparticle as it is renowned
for its broad-spectrum antimicrobial properties against a wide
range of pathogens and is approved by the FDA as a topical antimi-
crobial agent (Naganthran et al., 2022). Silver nanoparticles
(AgNPs) have been shown to eliminate, inhibit human and animal
pathogens belonging to bacteria, fungi, viruses, and parasites
groups (Naganthran et al., 2022). The anionic form of silver has
been used for ages to cure several bacterial diseases caused by
pathogens such as Staphylococcus aureus, Klebsiella sp. and Pseu-
domonas sp (Huang et al., 2021). Sliver, being a lewis acid, interacts
with the phosphorous, sulfur sulfhydryl, amino, imidazole,
electron-donating groups, or carbonyl groups present on the bio-
molecules such as proteins, DNA, etc (Tang and Zheng 2018). Based
upon this, we are speculating that the AgNPs might interact with
the extracellular DNA or protein, which are a core structural com-
ponent of the biofilm structure. Strangely, our literature survey
showed that AgNPs have not been investigated for the antibiofilm
2

activities against L. monocytogenes. Given this, to decided to inves-
tigate whether the AgNP synthesis in a biogenic way could inhibit
the biofilm formation in the foodborne pathogens especially, L.
monocytogenes.
2. Materials and methods

2.1. Material

T. catappa plant leaves were collected from the Kalasalingam
University campus, Krishnankoil, Tamil Nadu, India (latitude &
longitude coordinates: 9.5747� N, 77.6798� E). The test organism
L. monocytogens ATCC 15,313 was procured from the American
Type Culture Collection (ATCC) and maintained in Tryptone soy
Broth (TSB) (HiMedia, India) media at � 80 �C. For every experi-
ment, 10 ll of the bacterial stock culture was inoculated into TSB
and incubated at 37 �C for 24 h to prepare the seed culture. For
the biofilm assays, Brain Heart Infusion (BHI) Broth was used for
the stimulation of biofilm formation. Caenorhabditis elegans was
obtained from the Caenorhabditis Genetics Center (CGC),
University of Minnesota, USA, and maintained in NGM (Nematode
growth medium).
2.2. Preparation of leaf extract and phytochemical analysis

Fresh and healthy leaves of T. cattappa were collected and
washed with tap water for 1 h to remove the dust and other parti-
cles adhering to the surfaces of the leaves. Then with deionized
water before cutting them into small pieces and pulverization into
powder for the preparation of the aqueous extract after cutting.
About 300 g of T. catappa leaf powder was extracted with distilled
water for 72 h using a Soxhlet apparatus, at 80 �C. The extract was
collected and filtered throughWhatman filter paper (No. 1) and the
filtrate was centrifuged at 3500 rpm for 10 min. The presence of
bioactive components was confirmed by phytochemical analysis.
The amount of crude extract yield was calculated using the follow-
ing formula:

Extraction yield %ð Þ

¼ Wt: of tube with sample gð Þ � � Wt: of empty tube gð Þ
Wt: of sample gð Þ � 100
2.3. Biosynthesis of AgNPs

T. catappa aq. extract was mixed with AgNO3 (5 mM) in a 1: 4
ratio in an Erlenmeyer flask which was incubated with continuous
shaking for 24 h at room temperature. The obtained AgNPs were
collected and washed thrice with distilled water by centrifugation
at 10,000 RPM for 15 min before confirming their identity by char-
acterization studies.
2.4. Characterization of AgNPs

UV–visible spectra measurements were performed at the wave-
length range of 200 nm – 600 nm at room temperature with a UV–
Vis spectrophotometer (UV-mini, Shimadzu, Japan). X-ray diffrac-
tion (XRD) was used to determine the nature and average size of
the synthesized particles was performed at 2 � in the range
between 20� � 80� using a Bruker D8 X-Ray-Diffractometer. The
morphology and size of AgNPs were analyzed by SEM (ZEISS
018-Japan). Samples were mounted on the SEM stage by attaching
themwith silver tape, and the silver sputter loaded under the pres-
sure of 1.3�10-3 mm bar.
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2.5. Antibiofilm assays

2.5.1. Growth inhibition effects of AgNPs
To analyze the effect of quercetin-based AgNPs against mid-log

phase culture of L. monocytogenes was incubated in the presence
and absence of AgNPs from 5 to 500 lg scale levels. Rifampicin
was used as a positive control. Briefly, L. monocytogenes was inoc-
ulated into 10 ml of TSBS medium and then incubated for 12–16 h
at 37 �C to prepare the seed inoculum. After incubation, 1% (1 X 106

CFU/mL)of the inoculum was incubated with and without
quercetin-based AgNPs in TSBS medium and incubated at 37 �C.
The observed absorption spectral changes at 600 nm were moni-
tored at every 1 h and viable count (as CFU/mL) at every 24 h
respectively as reported elsewhere.

2.5.2. Biofilm biomass analysis
The biofilm inhibitory effect of AgNPs was evaluated by micro-

titer plate assay methods as reported elsewhere (Mohanta et al.,
2020, Xu et al., 2021). Briefly, L. monocytogenes was resuspended
in a 96-well plate and incubated at the RT temperature for 18 h
in the presence and absence of AgNPs (3 and 6 lg/mL). After incu-
bation, the planktonic cells were removed and the wells rinsed
gently with distilled water. The surface-adhered biofilm cells were
stained with 0.4 % crystal violet for 10 min. Excess stain was
removed by washing the wells with distilled water and allowing
them to dry. To quantify adherent cells, 1 ml of 20 % glacial acetic
acid was added to solubilize the bound crystal violet, and the
absorbance was measured at 570 nm in a UV/visible
spectrophotometer.

2.5.3. Light microscopic and biofilm biomass analyses
For the biofilm analysis, the bacterial cells were allowed to

attach on glass slides (1 cm � 1 cm) in triplicates with and without
AgNPs for 24 h at 37 �C (Reis-Teixeira et al., 2017, Xu et al., 2021).
After the incubation, the slides were washed to remove the plank-
tonic cells, and stained with 0.4% crystal violet. Excess dye was
removed by washing and the slides were air-dried. Finally, the
glass slides were examined under the magnification of 400 X in a
light microscope (Nikon Eclipse 80i, USA). For confocal laser scan-
ning microscopy analysis, the glass slides were stained with 0.1%
acridine orange for 2 min in the dark, later they were washed with
sterile distilled water to remove the excess dye. After air drying,
the stained biofilm on the glass slides was examined immediately
under CLSM with the COMSTAT software package.

2.5.4. Protease quantification assay
The whole proteolytic ability of foodborne pathogen was ana-

lyzed using azocasein (Sigma, USA) as a substrate. Briefly, 75 ll
of AgNPs-treated (3 and 6 lg ml�1) and untreated cell-free culture
supernatant were added to 125 ll of 0.3% azocasein. The mixtures
were incubated at 37 �C for 30 min and the reactions stopped by
adding 600 ll of 10% trichloroacetic acid. Then, 700 ll of 1 M NaOH
was added to the mixtures, and absorbance was measured at
440 nm.

2.5.5. Quantification of EPS
EPS quantification was done using a well-reported protocol

(Masuko et al., 2005). Briefly, 24-well plates containing 1 ml of
LB medium along with L. monocytogenes were incubated at the
optimum temperature for 18 h in the presence and absence of
AgNPs. After incubation, the wells were washed with 0.9% NaCl
and equal volumes of 5% phenol were added. Five volumes of con-
centrated H2SO4 were added to the mixture and the mixture was
incubated for 1 h in dark. After incubation, the mixtures were cen-
trifuged (at 16,770 g for 10 min) and the supernatant was trans-
ferred to fresh before the absorbance was measured at 490 nm.
3

2.6. In vivo toxicity assay

2.6.1. Toxicity and survival assay
A bioassay on C. elegans survival was performed to determine

the toxicity and impact of AgNPs against the biofilm of L. monocy-
togenes under in vivo conditions. The Bristol N2 C. elegans, obtained
from Caenorhabditis Genetics Center (CGC), Minnesota, USA was
used to study the toxicity AgNPs. To evaluate the toxicity, age-
synchronized L4- worms were transferred to an M9 medium con-
taining 6.25, 12.5, and 25 lg/ml of AgNPs along with E. coli OP50.
The assay plate was incubated at 20 �C and observed for survival
for 7 days. To assess the impact of AgNPs on LM biofilm in vivo,
the survival rates of worms during L. monocytogenes infection in
the presence and absence of AgNPs were compared. For the killing
assay, approximately 10 worms were transferred to the medium
containing AgNPs at its sub-MICs along with an inoculum
of � 3.9 X 109 cells/ml of L. monocytogenes. Finally, survival of
the worms was recorded every 2 h, and worms that did not
respond to a touch stimulus with a platinum loop were scored as
dead 23.

2.6.2. CFU Assay
To quantify the bacterial burden inside the worms exposed to

LM, a CFU assay was performed as described earlier 24. Briefly,
worms infected with LM in the presence and absence of AgNPs at
6.25, 12.5, and 25 lg/mL were washed thoroughly with M9 buffer
containing 1 mM sodium azide to prevent intestinal expulsion of
bacteria from worms. A countable number (�10) of worms were
transferred to a micro-centrifuge tube and the final volume was
brought to 250 ll with M9 buffer. To the washed worms, 100 lg
of silicon carbide particles (1.0 mm; Hi-media, India) was added,
and the tubes vortexed vigorously for a minute to disrupt the
worm and to release the colonized bacteria into the M9 suspen-
sion. Finally, the resulting suspension was serially diluted and pla-
ted on Hichrome Listeria isolation agar (Hi-media, India) to
determine the CFU.

3. Results

3.1. Phytochemical components present in the T. Cattapa plant leaf
extract

During the initial analysis, different plants were evaluated for
their growth dynamics, utility and availability around the globe
for their potential uses in nanoparticles synthesis both at the lab
scale as well as commercial scale. Among various plants, T. catappa
has drawn our attention as this plant grows all around the globe
and is reported to be widely used as traditional medicine for the
treatment of dermatosis and hepatitis. Pharmacological studies
on the T. catappa leaves and fruits have demonstrated by the
researchers and they possess compounds that have the anticancer,
antioxidant, retroviral, anti-inflammatory, antidiabetic and hep-
atoprotective activities. The phytochemical analysis of crude aque-
ous leaf extract of T. catappa revealed the presence of tannins,
saponins, flavonoids, terpenoids, alkaloids, reducing sugars, and
glycosides at high levels. Our analysis showed that the main con-
stituents in the aqueous leaf extract of T. catappa was polyphenols
which may be responsible for the synthesis of silver nanoparticles.
To elucidate the compounds profile in the aqueous extract of T. cat-
appa leaf, further confirmation studies were done by UV analysis
with the range of 200 nm � 600 nm. The absorption maxima (kmax)
of the leaf extract were noted to be at the wavelengths of 304 and
366 nm, corresponding to ellagic acid, gallic acid, chebulinic acid
and chebulgic acid (Engida et al., 2015, Masek et al., 2019). These
observed phytochemical results are in good agreement with an
earlier report (Anand et al., 2015, Zhang et al., 2019).
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3.2. Morphological analysis of AgNPs

The biogenic synthesis of AgNPs were visually confirmed by
the color change (green to brown) of the reaction solution as
shown in Fig. 1. UV–visible spectrum sharp peak at 423 nm cor-
responds to the transverse plasmon observed for AgNPs. Our
data is in complete agreement with the results were obtained
by various other researchers (Flieger et al., 2021, Jaast and
Grewal 2021, Nawabjohn et al., 2022). We believe that the sec-
ondary metabolites polyphenols that exist in the leaf aqueous
extract is responsible for the reduction of silver nitrate into sil-
ver ions as reported by others (Liu et al., 2018, Tyagi et al.,
2021). AgNPs crystalline nature was observed by the peaks at
2� = 38.28� (111), 44 (200), 64.36�(220) and 77.12� (311),
respectively in the X-ray diffraction analysis in the range 20�
to 80� for the face-centered cubic (FCC) silver with a lattice
parameter of a = 4.08 (JCPDS card number 04–0783) Fig. 2.
The synthesis of AgNPs was noted within 24 h of incubation
using the secondary metabolites of T.catappa leaf and they were
generated as polydispersed in shape along with porous surface
Fig. 3A. The particle size distribution was found to be in the
range of 26–100 nm to be curved as illustrated in Fig. 3B. AgNPs
were found to be highly stable and polydispersed in nature, as
Fig. 1. UV /VIS Spectrometric analysis (a) T.Cattappa leaf (b) synthesized AgNPs from T
AgNPs.
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revealed by TEM and HR-TEM analysis (Fig. 3C-G). SEM analysis
proved that the AgNPs are formed and have a uniform size in
the range of 26 nm with a polydispersed structure.

3.3. Biofilm inhibitory potential of AgNPs

Crystal Violet based biofilm quantification and confocal laser
scanning.

microscopy was used to study the in vitro efficiency of AgNPs
towards L. monocytogenes biofilm. At concentrations of 50 lg/ml
and 100 lg/ml MIC concentration of AgNPs, 33% and 45.5% of bio-
film development, was observed respectively (Fig. 4). The confocal
microscopy biofilm imaging results (Fig. 5.) revealed that the
AgNPs were significantly effective in destroying pre-formed bio-
films, and entrenched biofilm cells. Based upon the Z-stack analysis
of CLSM, it is very clear that at 100 lg/ml of L. monocytogenes could
not form clusters and multi-layered microcolonies. The effects of
AgNPs were examined on planktonic cells of L. monocytogenes
and MIC was determined. The complete inhibition of bacterial
growth was observed at 220 lg/ mL of AgNPs (data not shown).
These results were proposed that the AgNPs have a tangible
antibacterial potential against L. monocytogenes at very high con-
centrations. The L. monocytogenes ability to survive in the cell
.Cattappa leaf (c) UV–Vis Spectra of T.Cattappa leaf extract (d) UV–Vis Spectrum of



Fig. 2. a) Depicting SEM microphotographs of synthesized AgNPs b) Particle size distribution curve. TEM micrograph of AgNPs. (c-g) different magnifications of AgNPs, (h)
SEAD pattern of silver nanoparticles.
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and escape membrane vacuoles depends upon the production of
metalloprotease (Kannan et al., 2020). Studies have shown that
the L. monocytogenes protease mutants fail to show signs of suc-
cessful infection or spread from cell to cell (Yeung et al., 2005).
So we investigated the ability of the AgNPs to inhibit protease pro-
duction. Given the information that protease production is impor-
tant for the L. monocytogenes pathogenesis and the propagation of
the biofilms, we next investigated whether AgNPs can inhibit pro-
tease production. The inhibitory effect of AgNPs on protease pro-
duction in L. monocytogenes was measured by the proteolytic
assay. At 50 and 100 lg/ mL AgNPs could be able to inhibit 73%
and 84% of the protease production respectively in 24 h of treat-
ment. In nutshell, in vitro experiments indicate that the AgNPs
have the potential to inhibit the L. monocytogenes in the biofilm
and prevent the virulence factor production.
5

3.4. In-vivo impact of AgNPs on C. Elegans

Given the encouraging in vitro results, we next focussed our
attention on exploring the potential of the AgNPs under in vivo
conditions using free-living tropical nematode, Caenorhabditis ele-
gans as a model system. We in this study choose C. elegans for
the reason that the intestinal cells are quite similar to that of
humans and L. monocytogenes can colonize in the intestinal tract
(Yang et al., 2019). Moreover, 60–80% of genes, signal transduction
pathways, specific epigenetic markers, human disease genes, and
disease pathways are highly conserved in C. elegans and humans
(Pimentel-Acosta et al., 2020). Our in vivo results showed that L.
monocytogenes infected C. elegans when treated with the AgNPs
showed a survival rate (up to > 50%) over the untreated group even
after 100 h of infection (Fig. 6.). Further, the control group showed



Fig. 3. X-ray diffraction analysis of AgNPs from T.Cattappa plant leaf extract.
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evidence of bacterial colonization in the intestinal region, while
those treated with different doses of AgNPs showed a dose–re-
sponse pattern. The CFU assay was performed to corroborate the
results of the survival assay. As can be seen from (Fig. 7.) bacterial
colonization was very low in the AgNPs-treated worms compared
with the untreated group (control). The CFU count in the C. elegans
infected with L. monocytogenes alone (without any treatment) was
found to be a log value of 9.6 ± 0.3, whereas the worms treated
with AgNPs showed a log value of 2.8 ± 0.5. Together with the pre-
vious investigation on survival, the present study endorses the fact
that AgNPs can be used to constrain the biofilm formation, destroy
the preformed biofilm of the food-borne pathogen L.
monocytogenes.
4. Discussion

Among all the food-borne pathogens L. monocytogenes is of
great concern as it can survive in widespread environments, sur-
faces and propagates at low temperature, form biofilms in the pro-
duction lines as well as pack food which is hard to eliminate. The
treatment of L. monocytogenes infection is a major challenge for
clinicians also around the globe due to its pathogenic supremacy,
resistant antibiotics treatment, chain washing, pasteurization, to
form biofilms and regulate the virulence factors which influence
the progression of the disease.

As predicted, AgNPs synthesis occurred with the T. catappa
leaves in the 24 h. TEM studies showed that the surface morphol-
Fig. 4. Crystal Violet images of biofilm development (a) Untreated control
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ogy of AgNPs is diverse. Previous studies have shown that the
AgNPs synthesized by the chemical route or photochemical process
were distinct, spherical, and well separated, whereas those pre-
pared by the phytochemical approach showed poly-dispersed with
roughly spherical shape. The polydispersed nature along with the
enhanced surface area of the nanoparticles might be due to the rich
chemical diversity of the leaf extract. The crystalline nature of
AgNPs, indicated by the XRD results obtained, agrees with the ear-
lier report of other researchers (Raj et al., 2018, Hamedi and
Shojaosadati 2019, Gul et al., 2021). Shah et al. (2019) recent
reports indicate that the AgNPs synthesized using the Piper betle
leaf extract showed an average size of 20–70 nm and polydispersed
structure. Similarly, AgNPs synthesized using Ricinus communis leaf
extract showed almost spherical morphology with a mean size of
29–38 nm (Gul et al., 2021). On the contrary, AgNPs synthesized
using the leaf extracts of Semecarpus anacardium (62.72 nm),
Glochidion lanceolarium (93.23 nm), and Bridelia retusa
(74.56 nm) showed a higher average particle size (Mohanta et al.,
2020). Based upon the results, it can be deduced that the size of
AgNPs depends upon the method followed, a plant extract used
in the biogenic synthesis. It is reported that in addition to the phy-
tochemicals, proteins present in the extract might play a signifi-
cant role in the synthesis of the AgNPS also. The amino acids like
glutamine, aspartic residues tyrosine residues were reported to
function as size and shape controlling agents (Zahoor et al.,
2021). The images obtained showed the presence of agglomerated
AgNPs in small aggregates with clear borders. The aggregation with
the clear boundaries indicated that the presence of the coating and
stabilizing agents in nanoparticles formed (Tang and Zheng 2018,
Hamedi and Shojaosadati 2019). Corroborating the SEM pictures
with extra unassigned peaks in XRD spectra confirms the presence
of bio-organic phase that occurs on the surface of nanoparticles
(Raj et al., 2018, Geissel et al., 2022). It is interesting to see whether
there is any type of correlation between the synthesis method,
shape, and size of AgNPs to that of biofilm activity among different
pathogens.

It is very important to separate the antimicrobial activity from
that of the antibiofilm activity. There is some ambiguity in the lit-
erature, where the researcher proposed antimicrobial activity as
antibiofilm activity. To rule out these issues, we investigated the
antibacterial activity of AgNPs against the L. monocytogenes also.
Based upon the antimicrobial assay, 220 lg/mL was found to be
the effective concentration for the AgNPs against mid-log plank-
tonic L. monocytogenes, and this concentration was fixed as MIC
values. Our size distribution analysis results show that the AgNPs
have a mean size of 26 nm, hence exhibiting lower antimicrobial
activity in comparison to the antibiofilm activity. It is reported that
the size of AgNPs decides the antimicrobial activity and larger size
nanoparticles tend to show lesser activity in the local environ-
(b) Listeria monocytogens biofilm with ¼ MIC (c) Biofilm with ½ MIC.



Fig. 5. CLSM ortho and 3D images of biofilms of L. monocytogenes development (a) Untreated control (b) Listeria monocytogens biofilm with ¼ MIC (c) Biofilm with ½ MIC.

Fig. 7. Intestinal colonization potential of L. monocytogenes (A) untreated (B) AgNPs
treated.

Fig. 6. Kaplan–Meier survival curves of C. elegans fed with Listeria monocytogens
and Protected with AgNPs.
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ments (Osonga et al., 2020). Recent Agnihotri et al prepared highly
monodispersed different sized AgNPs using a precise size control
method and demonstrated that as the size increases the antibacte-
rial activity and toxicity decrease (Agnihotri et al., 2014). It is
reported that the AgNP’s activity and toxicity depend upon the
size, concentration, exposure time, efficiency of stabilizer/reducing
agent used, and target organism sensitivity (Zahoor et al., 2021). As
the activity depends upon the shape, it would be interesting to see
7

how the size, shape, specific surface area, and surface chemistry
impact the antibiofilm activity in the L. monocytogenes.

In this work, we decide to investigate the potential of the AgNPs
at 50 and 100 lg/ml, to separate the antibiofilm from that of
antibacterial activity. Crystal violet-based standard high through-
put antibiofilm assay showed that at the tested concentrations
i.e., 50 lg/ml and 100 lg/ml, 33% and 45.5% inhibitions were
observed at 24 h. Our results show that there was no bacterial cell
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clumping in the presence of AgNPs as opposed to the control group
Fig. 5. Recent studies demonstrated that the silver-based nanopar-
ticles reduce the biofilm formation by inhibiting the biofilm-
related genes, i.e fim H in E.coli, las I and rh II in P. aeruginosa
(Xu et al., 2021). Even though tempting to speculate that AgNPs
might also inhibit the biofilm-related genes in L. monocytogenes,
we refrain as nanoparticles are shown to interact with various cel-
lular mechanisms like enzymatic degradation of homeostasis
related proteins or gene products or generation of reactive oxygen
species (Mousavi et al., 2018) Given this, the molecular mechanism
of AgNPs inhibiting biofilm in L. monocytogenes needs to be
explored as the understanding of physical parameters’ influence
on the antibiofilm activity will help in further broadening the AgNP
use in food industry applications. Not only that, it is well known
that the synthesis route followed will decide various nanoparticle
properties.

L. monocytogenes high level of pathogenicity is due to unique
features like the ability to produce a high amount of proteases,
multidrug surface transporters proteins, murein, deacetylated N-
acetyl glucosamine residues, intrinsically resistance to cephalos-
porins, which gives them an ability to survive in diverse conditions
(Pizarro-Cerda and Cossart 2018, Kannan et al., 2020, Dos Santos
et al., 2021). To assess the toxicity of the AgNPs, C. eleganswas used
as model organisms as they are widely used to analyze the viru-
lence and survival of L. monocytogenes (Yang et al., 2019). The
Kaplan-Meier survival curves indicate a better survival rate
(>30%) up to 100 h of infection. The colony-forming units account
for the significantly decreased bacterial colonization (up to
2.8 ± 0.5) in AgNPs-treated C. elegans infected with L. monocytoge-
nes compared with the control, which shows the highest log value
of 9.6 ± 0.3 for bacterial colonization.

In this present study, we have demonstrated that the AgNPs can
be synthesized in a biogenic way using T. catappa leaves. The syn-
thesized AgNPs have a polydispersed structure with a mean size in
the range of 26 nm and can significantly inhibit the L. monocytoge-
nes biofilm formation not only that AgNPs can protect the C. elegans
from the L. monocytogenes infection.
5. Conclusion

In this present study was concluded that, we produced AgNPs in
an eco-friendly by the green approach using the T. catappa leaves
to inhibit the biofilm production of food-borne pathogen L. mono-
cytogeneswithout any toxicity issues. This present study highlights
the effect of silver nanoparticles were significantly inhibit the bio-
film formation of L. monocytogenes.
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