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In the field of nano-biotechnology, silver nanoparticles (AgNPs) share a status of high repute owing to
their remarkable medicinal values. Biological synthesis of environment-friendly AgNPs using plant
extracts has emerged as the beneficial alternative approach to chemical synthesis. In the current study,
we have synthesized biogenic silver nanoparticles (PG-AgNPs) using the peel extract of Punica granatum
as a reducing and stabilizing agent. The as-synthesized PG-AgNPs were characterized and evaluated for
their antibacterial and anticancer potential. UV–Visible spectroscopy, transmission electron microscopy
(TEM) and dynamic light scattering (DLS) confirmed the formation of biogenic PG-AgNPs. The antibacte-
rial potential was assessed against the biofilm of Listeria monocytogenes. The PG-AgNPs were efficacious
against sessile bacteria and their biofilm as well. The as-synthesized nanoparticles at sub-MIC values
showed dose-dependent inhibition of biofilm formation. Corroborating results were observed under crys-
tal violet assay, Congo red staining, Confocal microscopy and SEM analysis. The anticancer ability of the
nanoparticles was evaluated against MDA-MB-231 metastatic breast cancer cells. As evident from the
MTT results, PG-AgNPs significantly reduced the cell viability in a dose-dependent manner. Exposure
of MDA-MB-231 cells led to the accumulation of reactive oxygen species (ROS). Morphological changes
and DNA fragmentation showed the strong positive effect of PG-AgNPs on the induction of apoptosis.
Collectively, the as-synthesized PG-AgNPs evolved with synergistically emerged attributes that were
effective against L. monocytogenes and also inhibited its biofilm formation; moreover, the system dis-
played lower cytotoxic manifestation towards mammalian cells. In addition, the PG-AgNPs embodies
intriguing anticancer potential against metastatic breast cancer cells.
� 2021 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

Nanoparticles are being considered as an eminent component of
the widely accelerating field of nanotechnology embodying various
real-world applications. The burgeoning nano-based therapeutic
interventions offer intriguing approaches that hold potentials for
the treatment of myriads of debilitating diseases (Khan et al.,
2013; 2019). In the realms of metal nanoparticles; silver, gold, cop-
per and zinc oxide have been demonstrated as wonder alternative
therapeutic agents. However, amongst these, silver nanoparticles
(AgNPs) enjoy the status of the highest-ranked commercialized
nanoparticles with wide applications in diagnostics, biosensors,
catalysis, etc. (Khan et al. 2021; Nasrollahzadeh et al., 2019;
Schrand et al., 2010). It seems that owing to their various intrigu-
ing attributes like antimicrobial, anticancer, antiseptic and anti-
inflammatory, AgNPs have taken the centre stage as an important
therapeutic agent (Baharara et al., 2017; Gomathi et al., 2020; Yin
et al., 2020).

To exploit the numerous properties of AgNPs, innovative meth-
ods of synthesis are being employed. Chemical and physical modes
are widely implemented for the synthesis of AgNPs (Gurunathan
et al., 2015; Zhang et al., 2016). Since these methods are very
expensive and hazardous, the use of simple and eco-friendly meth-
ods is the need of the hour. The use of microorganisms, plant
extracts, biomolecules, etc. for the preparation of AgNPs have
shown promising results. Besides helping in a quick synthesis,
these biologically synthesized AgNPs are cost-effective, non-toxic,
soluble, stable and show high yield (Gurunathan et al., 2015;
Nasrollahzadeh et al., 2019). Recently, the process of utilizing plant
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extracts has become an exceptional choice for the synthesis of
AgNPs. This green approach is more beneficial since it utilizes
plant-based proteins, enzymes, flavonoids, etc., that are free from
toxic chemicals and naturally retain a homogenous chemical com-
position (Duan et al., 2015; Hussain et al., 2016; Reda et al., 2019).
The pomegranate plant, Punica granatum, possesses an investiga-
tive medicinal value due to the presence of an essential reservoir
of important phytochemicals. The peel, leaves, juice and oil of
pomegranate contains flavones, anthocyanidins, alkaloids, luteolin,
tannins, etc. (Chauhan et al., 2011). Numerous studies have
reported antioxidant and anticancer properties of these important
phytochemicals (Nisha et al., 2015). A wide range of pharmacolog-
ical actions of pomegranate for the treatment of cancer have also
been reported (Annu et al., 2018; Sarkar and Kotteeswaran, 2018).

Listeria monocytogenes is an intracellular pathogen, which has
been the causative agent in many outbreaks of foodborne disease
(Farber and Peterkin, 1991). Despite advancement in therapeutic
regimes, L. monocytogenes remains a major clinical concern world-
wide. It is responsible for many repercussions including gastroen-
teritis, meningitis in immuno-compromised individuals, and
abortions in pregnant women. Amongst food-borne infections, lis-
teriosis has the highest fatality rate (Hamon et al., 2006). The intra-
cellular abode acquired by L. monocytogenes not only helps them to
defy the immune system but also help them to escape against ther-
apeutic drugs. The repercussions arising from L. monocytogenes are
further exaggerated by issues such as drug-associated side effects
and/ or the development of multidrug resistance. Considering
these, developing effective therapeutic strategies against L. mono-
cytogenes is an important aspect that has garnered tremendous
attention all across the research fraternity (Lieberman and
Higgins, 2010; Puthiyakunnon et al., 2017; Sundar and Prajapati,
2012; Schor and Einav, 2018; Tomioka and Namba, 2006). Besides
the conventional mode of development of resistance; one mecha-
nism intrinsic to many microbes responsible for drug resistance
is the establishment of biofilm; which are inadequately defined
and incompletely understood mode of microbial growth and are
responsible for more than 80% of the chronic infection cases in hos-
pital settings. This warrants the research fraternity to develop
innovative strategies to deal with these notoriously difficult to
handle medical problem. Interestingly, AgNPs have been shown
to display broad-spectrum antimicrobial action against a myriad
of pathogens of imperative importance. AgNPs are not only effec-
tive against planktonic bacterial communities but recent evidences
have shown their efficacies against sessile bacterial communities
as well (Bai et al., 2017; Gurunathan et al., 2018; Jalal et al., 2018).

Breast cancer is one of the leading causes of death especially
amongst women (Key et al. 2001). Several drugs including doxoru-
bicin, cisplatin, and bleomycin have been used in the treatment of
breast cancer; nevertheless, with uncertain results (Franco-Molina
et al., 2010; Gurunathan et al., 2013a; Gurunathan et al., 2013b). As
a result, it is indispensable to develop newer therapeutic entities
against breast cancer, which are biocompatible and economical.
Plant-based medicinal research has attracted many scientists for
the green synthesis of silver nanoparticles that has numerous ben-
efits as compared to conventional ones like fast, energy-efficient,
one-pot processes, safer, economical and biocompatibility. Green
synthesized AgNPs show promising anticancer and antioxidant
activity (Garibo et al., 2020; Kelkawi et al., 2017; Ratan et al.,
2020). They are reported to cause differential effects like cytotoxi-
city, oxidative stress, mitochondrial damage, and induction of
apoptosis in the cancer cells (Aziz et al., 2019; Erdogan et al.,
2019). Green synthesis of silver nanoparticles by pomegranate peel
has proven to be the best reservoirs of diverse phytochemicals.

In view of the repercussions arising from debilitating diseases;
it is highly required to consider the development of newer thera-
peutic agents which embody multifaceted effects. Nevertheless,
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to the best of our knowledge, fewer studies are evaluating the mul-
tifaceted effects of the AgNPs. Given this, in the current research
endeavour, we have synthesized biogenic AgNPs hoping that these
nanoparticles may become a therapeutic antimicrobial and anti-
cancer agent soon. Multifaceted biogenic PG-AgNPs were synthe-
sized using pomegranate peel extract, characterized with various
physicochemical techniques and evaluated for their efficacy
against L. monocytogenes infection. Additionally, we have also
examined the potential of the as-synthesized PG-AgNPs against
metastatic breast cancer cell line MDA-MB-231 and provided an
insight into their mechanism of action.

2. Materials and methods

2.1. Chemicals and reagents

AgNO3 (CAS No. 7761-88-8), 2, 7-dichlorofluorescein diacetate
(CAS No. 4091-99-0), and Dulbecco’s Minimal Essential Medium
(DMEM; CAS No. D5030-10L) were procured from Sigma Aldrich,
USA. Annexin V-FITC labelled stain was obtained from Molecular
Probes. DNA fragmentation ELISA kit was procured from Roche
Diagnostics, Mannheim, Germany. All other chemicals used were
of the highest purity grade.

2.2. Preparation of the pomegranate fruit peel extract

The pomegranate fruit peel was obtained from the whole pome-
granate fruit and dried in the oven until fully dried and powdered
manually. The extract was prepared by suspending 50 g of dry fruit
peel powder in a mixture of 50 ml MeOH and 50 ml H2O. The
resulting mixture was sonicated for 1 h with intermittent vortex-
ing in between. Thereafter, the suspension was filtered with the
help of Whatman filter paper No.1, and the methanol was evapo-
rated from the filtrate using a rotary evaporator and the remaining
water was removed by freeze-drying and stored at 4 �C until fur-
ther use. Finally, for the preparation of the biogenic AgNPs, the
dried extract was re-suspended in 100 ml de-ionized water and
used for setting up the reaction conditions.

2.3. Bio-fabrication of AgNPs employing pomegranate fruit peel extract

The pilot study was conducted for the optimization of the con-
centration of silver nitrate (AgNO3) and the pomegranate peel
extract for the synthesis of PG-AgNPs. Briefly, 1 mM of AgNO3

was added drop-wise to 50 ml of the extract solution and the reac-
tion mixture was stirred at 200 rpm at RT. The dark brown colored
resulting reaction mixture indicated the formation of AgNPs.
Finally, the colored mixture was centrifuged at 10,000 rpm for
20 min and the harvested as-synthesized PG-AgNPs were lyophi-
lized and stored until further studies. For further studies, the PG-
AgNPs were resuspended in Milli-Q H2O by short gentle sonication
in bath type sonicator.

2.4. Characterization of the biogenic PG-AgNPs

2.4.1. UV/VIS spectroscopy
The reduction of the Ag ions was examined on UV/VIS spec-

trophotometer (ELICO SL-159) by scanning in the range from 200
to 750 nm with 10 nm resolution.

2.4.2. Transmission electron microscopy
The as-synthesized PG-AgNPs were examined through Trans-

mission Electron Microscopy (TEM; JEOL 2010, Tokyo, Japan) fol-
lowing the recommended procedures (Khan, 2017). A drop of
PG-AgNPs was mounted over the carbon-coated copper grid of
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TEM. The solvent was air-dried at room temperature and then the
sample was analyzed for its size and shape at an accelerating volt-
age of 200 kV.

2.4.3. Size and polydispersity index
Freeze-dried PG-AgNPs (0.2 mg/ml) were dispersed in double-

distilled water by short gentle sonication. The average size and
polydispersity index (PDI) of PG-AgNPs were determined using a
dynamic light scattering (DLS) detector, Zeta Nano ZS (Malvern
Instruments Ltd., Worcestershire, UK). PDI values were analyzed
by the Cumulant analysis method. The measurements were per-
formed in triplicates on undiluted samples at 25 �C (Khan et al.,
2019).

2.4.4. Zeta-potential
PG-AgNPs were dispersed in an aqueous solution and the mea-

surements were performed on undiluted samples at 25 �C by Zeta
Nano ZS. Zeta-potential values were measured in triplicates
according to the Smoluchowski equation.

2.5. Antimicrobial potential of the biogenic PG-AgNPs

2.5.1. Bacterial strain and growth conditions
The strain of Listeria monocytogenes (ATCC 19114) was obtained

from American Type Culture Collection, Manassas, VA, USA. The
bacteria were cultivated in Tryptose Soy broth (TSB) (Oxoid, UK)
with constant shaking at 37 �C.

2.5.2. Determination of minimal inhibitory concentration (MIC)
According to Clinical and Laboratory Standards Institute (CLSI)

instructions, the MIC value is the lowest concentration that inhibits
bacterial growth. The MIC of PG-AgNPs for L. monocytogene was
determined by the broth microdilution method following National
Committee for Clinical Laboratory Standards guidelines. Firstly, L.
monocytogenes were grown in TSB media. The culture media were
inoculated with a single colony of L. monocytogenes from a freshly
streaked plate and allowed to grow overnight at 37 �C on a shaker
incubator operated at 120 rpm. Thereafter, the cultures were
diluted to obtain 1 � 106 CFU (colony-forming units)/ml by adjust-
ing OD at 600 nm. The bacterial inoculum (50 ml) and PG-AgNPs
were added to the round-bottom 96-well microtitre plates and
the plates were incubated at 37 �C for 24 h in static condition.
The MIC was determined for Listeria strain using serial two-fold
dilutions of PG-AgNPs in concentrations ranging from 0.5 to 125
mg/ml (Khan et al., 2016; 2021). Streptococcus pneumoniae ATCC
49619 was used as a control reference strain for antimicrobial sus-
ceptibility testing, as recommended by EUCAST. All antimicrobial
assays were performed in triplicate to endorse the reproducibility
of the results.

2.5.3. Determination of biofilm inhibition by crystal violet assay
L. monocytogenes were cultured overnight in TSB supplemented

with 0.2% glucose. Subsequently, Listeria culture was diluted 1:100
in fresh TSB media corresponding to 1 � 109 CFU/ml and grown on
flat-bottom 96-well plates for 4 h at 37 �C without shaking to
mediate adherence. Thereafter, the media was gently aspirated to
remove non-adherent cells and replenish with fresh media and fur-
ther incubated for 24 h at 37 �C. After the stipulated time, the cul-
ture was gently removed and further incubated with varying
concentrations of PG-AgNPs for 24 h at 37 �C. Following incubation,
the biofilm formation was assessed by crystal violet. The wells con-
taining biofilms were incubated with 0.1% crystal violet TSB solu-
tion in dark at 37 �C for 5 h. After incubation, to remove excess
dye the wells were washed with double distilled water and then
air-dried. Bound crystal violet was then de-stained using 96% etha-
nol/ well. The color formation was measured at 595 nm with a
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microplate reader (BioTek, ELX 800, USA) and the obtained values
were blank corrected and averaged for each isolate.

2.5.4. Congo red agar (CRA) analysis
The CRA assay was performed to determine the effect of PG-

AgNPs on the formation of L. monocytogenes biofilm (Freeman
et al., 1989). Initially, Congo red agar was prepared with brain
heart infusion broth 37 g/l, sucrose 50 g/l, agar powder 20 g/l
and Congo red indicator 8%. After diluting Congo red agar in dis-
tilled water, the media was autoclaved for 15 min. The sub-MIC
concentrations of PG-AgNPs were added in the media and plated
aseptically in a sterile Petri-plate. The plates containing media
without the PG-AgNPs were taken as control. After 24 h, the cul-
tures were streaked on test and control plates and allowed to grow
overnight at 37 �C. The color formation of colonies was recorded
the next day.

2.5.5. Confocal microscopy
The effect of PG-AgNPs on L. monocytogenes biofilm was deter-

mined by confocal microscopic analysis (Leonard et al., 2010). In
brief, L. monocytogenes strains were allowed to form biofilm in
the presence and absence of the sub-MIC concentration of PG-
AgNPs on glass coverslips at 37 �C for 24 h. Thereafter, the cover-
slips were washed with PBS and incubated with 50 mg/mL of
concanavalin A-conjugated fluorescein isothiocyanate (ConA-
FITC) for 15 min at RT. The ConA-FITC was examined at an
Ex:495 nm and Em:518 nm employing confocal microscopy
(JEOL-JSM 6510 LV confocal laser scanning microscope).

2.5.6. Scanning electron microscopy (SEM)
The cell surface morphology of PG-AgNPs treated L. monocyto-

genes biofilm was assessed by scanning electron microscopy
(SEM; JSM-7001F, JEOL, Japan). The L. monocytogenes biofilm in
the presence and absence of the sub-MIC concentration of PG-
AgNPs were centrifuged at 5000 rpm for 10 min. The resulting pel-
let was washed three times and then fixed with 3% glutaraldehyde
solution at RT for 10 min. The cells were again washed thrice and
were fixed with osmium tetraoxide for 60 min. Thereafter, the cells
were rinsed and dehydrated with graded series of 50, 60, 70, 80, 90,
and 2 � 100% ethanol solution for 5 min each and finally were
gold-coated by sputter coater and analyzed through SEM.

2.6. Anticancer potential of the biogenic PG-AgNPs

2.6.1. Cell culture
MDA-MB-231 (ATCC# HTB-26) cells were procured from the

American Type Culture Collection, Manassas, VA, USA. The cells
were cultured in DMEM culture media supplemented with 10%
FBS, 2 mM glutamine, 100 U/ml penicillin, 100 mg/ml strepto-
mycin and 1 mM pyruvate. The cells were cultured at 37 �C under
a humidified atmosphere with 5% CO2 and 95% humidity. For any
experiments, the cells employed were 70%–75% confluent.

2.6.2. MTT assay
The cytotoxicity of the PG-AgNPs was determined through MTT

assay (Khan et al., 2013). Briefly, MDA-MB-231 cells (1 � 104/ well)
were seeded in 96-well culture plates for 24 h. PG-AgNPs (0–200
mg/ml) were diluted in DMEM culture medium and incubated with
the cells for 48 h. Following the incubation with PG-AgNPs, the cul-
ture medium was removed and a fresh medium was added to each
well. After this, MTT (5 mg/ml) was added and incubated for 3 hr at
RT in dark. Following this, the DMEM culture medium was care-
fully removed, and the reaction was stopped by the addition of
200 ll of DMSO. The absorbance was recorded at 540 nm and
half-maximal inhibitory concentration (IC50) was calculated.
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2.6.3. Morphological evaluation
The anticancer effect was evaluated by analyzing the cellular

morphological changes in MDA-MB-231 cells after the treatment
with the IC50 value of PG-AgNPs (Alanazi et al., 2020). Briefly,
MDA-MB-231 cells (1 � 106/ well) were seeded in 6-well culture
plates for 24 h. The cells were treated with 72 mg/ml of PG-
AgNPs for 24 h and 48 h. After a stipulated time-period of incuba-
tion, the cells were washed with PBS and replenished with a fresh
medium. The cells were visualized for any morphological changes
on a phase-contrast microscope (Olympus CLX 41).

2.6.4. Annexin V-FITC staining
To determine the population of apoptotic cells, MDA-MB-231

cells (1 � 106/ well) were seeded in 6-well culture plates for
24 h. Cells were treated with 72 mg/ml of PG-AgNPs for 24 h and
48 h. Following treatment, the cells were washed with PBS and
harvested in binding buffer and stained with Annexin V-FITC con-
jugate for 10 min in the dark at RT. After the staining, the fluores-
cent images were obtained through fluorescence microscopy
(EVOS, Life Technologies, 100X magnifications).

2.6.5. Reactive oxygen species (ROS) detection assay
Dichlorodihydroflourescein diacetate (DCFH-DA) assay was

employed to detect the quantitative cellular ROS following treat-
ment with PG-AgNPs (Khan et al., 2021). Briefly, MDA-MB-231
cells (1 � 106/well) were seeded in a 6-well culture plate for
24 h. Following overnight culture, the cells were then treated with
72 mg/ml of PG-AgNPs for 24 h and 48 h. Subsequent to these, the
cells were washed with 1 � PBS, harvested and fixed with ice-cold
methanol. Finally, the cells were pelleted, resuspended in PBS, and
stained with 30 lg/ml DCFH-DA for 30 min in the dark at RT. The
DCFH-DA fluorescence signals were acquired with a flow cytome-
ter (MACSQuant analyzer 10, Miltenyi Biotec, Germany) following
standard flow procedures.

2.6.6. Cellular DNA fragmentation ELISA
DNA fragmentation profile was examined through cellular DNA

fragmentation ELISA kit (Roche Diagnostics, Mannheim, Germany)
Fig. 1. Physico-chemical characteristics of the as-synthesized pomegranate peel extract-
showing the formation of PG-AgNPs (C) Variation in particle size distribution showing a c
Corresponding particle size of PG-AgNPs as visualized by Nanophox particle size analys
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according to manufacturer’s protocol. In brief, cells were prior
labeled with 5-Bromo-2-deoxyuridine (BrdU) and then treated
with PG-AgNPs. Following treatment with PG-AgNPs for 24 h and
48 h, the cells were harvested, lysed, and labeled DNA was mea-
sured with ELISA microtiter plate reader at 260 nm. Relative DNA
fragmentation was calculated as a ratio of the absorbance of
PG-AgNPs exposed cells to control cells.

2.6.7. Cytotoxicity assay against normal macrophage cells
The human monocytic immortalized cells THP-1 (ATCC# TIB-

202) were purchased from the American Type Culture Collection,
Manassas, VA, USA. The cells were cultured in RPMI 1640 supple-
mented with 10% FBS, 2 mM glutamine, 100 U/ml penicillin,
100 mg/ml streptomycin and amphotericin under standard culture
conditions of 5% CO2 with 95% humidity at 37 �C. Cells were
screened periodically for mycoplasma contamination. MTT assay
was done to assess the cytotoxic effect of PG-AgNPs against THP-
1 cells. Cells were seeded at the density of 3–5 � 104 cells per well
in 96-well culture plates and treated with different concentrations
of PG-AgNPs (0–200 mg/ml). Following 24 h and 48 h of incubation
with the PG-AgNPs, the cells were further incubated with MTT
reagent (20 ml to each well) for 3 h in dark at 37 �C. Finally, the for-
mazan crystals were dissolved by the addition of 150 ml of DMSO
and thereafter the absorbance was read at 570 nm.

2.7. Statistical analysis

Data are expressed as mean ± SE with at least three indepen-
dent experiments and were subjected to statistical comparison
using one-way ANOVA followed by Tukey’s test of significance
using GraphPad Prism software.

3. Results

3.1. Physiochemical characterization of the as-synthesized PG-AgNPs

Fig. 1A shows the UV/VIS spectrum of the as-synthesized PG-
AgNPs. The incubation of AgNO3 solution with fruit peel extract
mediated PG-AgNPs (A) UV/Vis absorbance spectra of the PG-AgNPs. (B) TEM image
haracteristic size range of 15–30 nm and an average size of approximately 20 nm (D)
er.
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led to the development of a dark-brown colored colloidal solution
that exhibited characteristic SPR band in the visible region. No
characteristic peaks were observed for neat extract and neat
AgNO3 solution. Also, there was no evident longitudinal SPR peak
in any of the colloidal solutions so formed instigating that the as-
synthesized nanoparticles were of isotropic morphology. TEM
image of PG-AgNPs is shown in Fig. 1B. Interestingly, almost
spheroidal-shaped PG-AgNPs were evident that were in the char-
acteristic diameter range of 15–30 nm. The size-distribution anal-
ysis reveals that the average particle size of as-synthesized
PG-AgNPs was approximately 20 nm (Fig. 1C). The hydrodynamic
particle size, PDI and surface zeta-potential of the PG-AgNPs was
determined by DLS analysis. The size-distribution graph (Fig. 1D)
shows the average size of the as-synthesized PG-AgNPs to be
approximately 40 nm with a PDI value of 0.321 and the zeta-
potential value of �31.2 ± 0.3 mV.
3.2. Antimicrobial potential of PG-AgNPs

The MIC value of the as-synthesized PG-AgNPs was 15.62 mg/mL
as determined through broth micro-dilution assay. Concentrations
below MIC (sub-MICs) i.e. 4 mg/ml and 8 mg/ml were taken for
determining the antimicrobial potential of the as-synthesized
PG-AgNPs against L. monocytogenes biofilm.
Fig. 2. Antibacterial activity of as-synthesized biogenic PG-AgNPs on the biofilms of L. mo
the bacterial biofilms as detected employing crystal violet assay. Results are depicted a
mean ± SE of three independent experiments. (**p < 0.01; ***p < 0.001). (B) Represent
establish the antibacterial potential of PG-AgNPs at sub-MIC concentrations.

4195
3.3. Effect of PG-AgNPs on biofilm formation

3.3.1. Crystal violet analysis
The ability of the L. monocytogenes to produce biofilm was eval-

uated by the crystal violet assay. Biofilm mass significantly
reduced in a dose-dependent manner upon treatment with PG-
AgNPs compared to the untreated control (Fig. 2A). There was
approximately 63% and 79% reduction in viable cell counts upon
treatment with 4 mg/ml and 8 mg/ml, respectively.

3.3.2. Congo red agar analysis
The extracellular matrix of biofilm protects it from various envi-

ronmental factors like antibiotics (Otto, 2008). In Congo red agar
assay, black colonies of L. monocytogenes indicate the production
of extracellular polymeric substances (EPS). In Fig. 2B, dark black
colonies confirmed the production of EPS by L. monocytogenes.
Treatment of the bacterial colonies with sub-MIC concentrations
of PG-AgNPs resulted in decrease in EPS production, as evident
from a smaller number of dark colonies. PG-AgNPs treatment
shows a reduction in the formation of biofilm in a dose-
dependent manner.

3.3.3. Confocal analysis of PG-AgNPs treated biofilm
The influence of PG-AgNPs on the biofilm structure was investi-

gated using confocal microscopy. To observe the PG-AgNPs treated
nocytogenes. (A) Graph showing inhibitory effect of PG-AgNPs at sub-MIC values on
s percent inhibition in comparison to untreated control. Data are presented as the
ative images of Congo red agar plates showing zone of inhibition as a measure to
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biofilm, L. monocytogenes biofilm was stained with ConA-FITC to
stain the glycocalyx matrix green. As shown in Fig. 3, dense clus-
ters of bacteria were observed in the untreated controls. In con-
trast, there was a decline in biofilm following treatment with PG-
AgNPs. Treatment with sub-MIC concentrations greatly reduced
the cell clusters in a dose-dependent manner where noticeably less
colonization of cells was observed.

3.3.4. Morphological changes in PG-AgNPs treated biofilm
Fig. 4 shows SEM analysis of biofilm treated with sub-MIC con-

centrations of PG-AgNPs. SEM images of untreated biofilm showed
the presence of extensive clumped and clusters of rod-shaped L.
monocytogenes embedded in dense EPS layer. However, PG-AgNPs
treatment was able to disrupt biofilm architecture at 4 mg/ml and
8 mg/ml in a dose-dependent manner. There was less aggregation
and reduced colonization as a result of cell lysis caused by PG-
AgNPs. The nanoparticles were found sticking on the surface of
cells.

3.4. Anti-cancer potential of the as-synthesized PG-AgNPs

3.4.1. Viability inhibition of PG-AgNPs treated MDA-MB-231 cells
The anti-proliferative role of PG-AgNPs was evaluated against

MDA-MB-231 breast cancer cells employing the MTT assay. As
shown in Fig. 5, treatment of MDA-MB-231 cells with PG-AgNPs
resulted in inhibition of cell viability, which shows decreased pro-
liferation rates. The proliferation of MDA-MB-231 cells was inhib-
Fig. 3. Antibacterial effect of PG-AgNPs on the biofilm of L. monocytogenes. The biofilm
Representative fluorescent images of Con A-FITC-stained PG-AgNPs-treated biofilms we

Fig. 4. Representative SEM images of PG-AgNPs treated L. monocytogenes biofilms. The
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ited in a concentration-dependent manner after exposure to the
increasing concentrations of PG-AgNPs (0–200 mM). The nanoparti-
cles showed a half-maximal value (IC50) of 72.314 mg/ml.
3.4.2. Morphological changes in PG-AgNPs treated MDA-MB-231 cells
Variations in cell morphology after the treatment of MDA-MB-

231 by PG-AgNPs are shown in Fig. 6. As compared to the
untreated cells, the treated cells showed loss of cellular morphol-
ogy in a dose-dependent manner. After treatment with PG-AgNPs
for 24 h, the treated cells were condensed with the loss of intact
membrane. However, a distinct cellular shrinkage and apoptotic
bodies were visible in the treated cells after 48 h of treatment.
3.4.3. Apoptosis analysis in PG-AgNPs treated MDA-MB-231 cells
The apoptotic effect of PG-AgNPs on breast cancer cells was

evaluated by Annexin V-FITC assay. Fig. 7A shows the Annexin V-
FITC stained fluorescent images of MDA-MB-231 cells after 24 h
and 48 h of treatment with PG-AgNPs. In comparison with the
untreated control, the PG-AgNPs treated cells showed approxi-
mately 26% increased expression of apoptotic cells after 24 h. On
the other hand, the expression levels of apoptotic cells significantly
enhanced to ~42% in PG-AgNPs treated MDA-MB-231 cells after
48 h of incubation. In comparison to the untreated control cells,
the percent expression of the apoptotic bodies visualized in
MDA-MB-231 cells after the treatment with the nanoparticles is
depicted in the graph (Fig. 7B).
s were treated with sub-MIC concentrations of as-synthesized PG-AgNPs for 24 h.
re detected by confocal microscopic analysis.

biofilms were treated with sub-MIC concentrations of as-synthesized PG-AgNPs.



Fig. 5. The inhibitory effect of as-synthesized PG-AgNPs on the viability of MDA-
MB-231 breast cancer cells using MTT reduction assay. Percent cell viability was
scored following treatment with 0–200 mg/ml of PG-AgNPs concentrations. Data are
presented as the mean ± SE of three independent experiments.
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3.4.4. ROS production in PG-AgNPs treated MDA-MB-231 cells
One of the important factors that can stimulate the death of

cancer cells is the generation of intracellular ROS in cancer cells.
ROS levels in PG-AgNPs treated MDA-MB-231 cells were measured
using DCFH-DA staining. After PG-AgNPs treatment for 24 h, there
was significant up-regulation of ROS levels in MDA-MB-231 cells
(Fig. 8A). Treatment by PG-AgNPs for 48 h, elevated ROS levels to
seven-fold than the untreated control cells (Fig. 8A).

3.4.5. Cellular DNA fragmentation in PG-AgNPs treated MDA-MB-231
cells

As shown in Fig. 8B, a significant increase in DNA fragmentation
was observed in cancer cells treated with the nanoparticles. Treat-
ment of MDA-MB-231 cells by PG-AgNPs for 24 h showed a signif-
icant increase in DNA fragmentation. As compared to untreated
control cells, there was a five-fold increase in DNA fragmentation
levels. The highest raise was observed after the treatment with
PG-AgNPs for 48 h. The cells showed an increase in fragmented
DNA to about 6-fold in comparison to the untreated control cells.

3.5. Cytotoxicity assessment against normal THP-1 cell line

As shown in Table 1, PG-AgNPs showed a very low cytotoxic
effect on the THP-1 cell line. The PG-AgNPs was non-toxic at lower
concentrations up to 48 h. Even at higher concentrations, the
nanoparticles showed almost negligible cytotoxicity to THP-1 cells.
Fig. 6. The anticancer effect of as-synthesized PG-AgNPs on morphological changes ind
morphological changes in breast cancer cells after incubation with PG-AgNPs for 24 h a

4197
4. Discussion

In biomedical sciences, AgNPs are employed as a potential ther-
apeutic agent against myriads of debilitating diseases (Netala et al.,
2016; Venkatesan et al., 2016). In recent years, biologically synthe-
sized AgNPs are reported to display intriguing antimicrobial and
anticancer activities (Carson et al., 2020; Hemlata et al., 2020;
Loo et al., 2018). L. monocytogenes, an intracellular pathogen is
responsible for many repercussions including gastroenteritis,
meningitis in immunocompromised individuals, and abortions in
pregnant women, with a high mortality rate. Albeit, various antibi-
otics have shown efficacy against L. monocytogenes; nevertheless, a
combination of antibiotics especially ampicillin with gentamicin
remains the drugs of choice. However, a number of clienteles
require alternative therapies due to allergies or certain disease sta-
tus (Hof, 2004). Thus, the research fraternity is compelled to search
for a newer paradigm to tackle this pathogenic ailment which
poses a tremendous burden to society. The recent advances in
nanobiotechnology offer alternative strategies to deal with these
notoriously difficult to handle microbes. Furthermore, breast can-
cer represents an enormous human toll worldwide. The repercus-
sions arising from breast cancer are arising on an increasing
scale; which warrants the development of an efficacious therapeu-
tic strategy against it.

In the present study, we have investigated the biosynthesis of
biogenic silver nanoparticles (PG-AgNPs) using the peel extract of
P. granatum and have evaluated the antimicrobial and anticancer
potential of the nanoparticles. The color change observed due to
the surface plasmon resonance in the silver metal nanoparticles
confirmed that pomegranate peel extract was efficiently able to
reduce the aqueous AgNO3 ions and helped in synthesizing the
stable PG-AgNPs of fairly distinct sizes. The TEM analysis revealed
the shape of as-synthesized PG-AgNPs to be spheroidal with an
average size of approximately 20 nm. However, due to the pres-
ence of phytochemicals in the peel extract and an existence of
hydration layer on the surface of PG-AgNPs, the hydrodynamic par-
ticle size was larger (~40 nm) than the size measured from TEM.
The surface charge of the PG-AgNPs was observed to be �31.2 ± 0.
3 mV with a PDI of 0.321. Moreover, for effectiveness as a thera-
peutic entity in clinics, a nanoparticle should show the least toxic-
ity towards normal cells (Tomioka and Namba, 2006). To this end,
interestingly, PG-AgNPs were observed to be non-toxic to THP-
1 cells (Table 1). Overall, the as-synthesized PG-AgNPs showed
ideal characteristics of nanoparticles that help in efficient drug
delivery and increased bioavailability at a target size (Cervantes
et al., 2019).
uced in MDA-MB-231 cells. Representative phase contrast images show apoptotic
nd 48 h.



Fig. 7. The apoptotic effect of as-synthesized PG-AgNPs on MDA-MB-231 cells. (A) The breast cancer cells were incubated with PG-AgNPs for 24 h and 48 h and apoptotic cell
population was quantified by Annexin V-FITC staining. Representative fluorescent images were visualized through fluorescence microscopy. (B) Percent expression of the
relative fluorescence of apoptotic cells in PG-AgNPs-treated MDA-MB-231 cells were quantified by densitometry. Data are presented as the mean ± SE of three independent
experiments. (**p < 0.01; ***p < 0.001).

Fig. 8. The anticancer effect in MDA-MB-231 cells following the treatment with PG-AgNPs. (A) Generation of intracellular ROS was analysed in PG-AgNPs-treated MDA-MB-
231 cells after 24 h and 48 h using DCFH-DA assay. Data are presented as the mean ± SE of three independent experiments. (***p < 0.001) (B) Extent of DNA fragmentation was
analysed in PG-AgNPs-treated MDA-MB-231 cells after 24 h and 48 h using BrdU analysis. Data are presented as the mean ± SE of three independent experiments.
(***p < 0.001).
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It is in consensus that the repercussions arising due to biofilm
and/or intracellular bacteria are exceedingly difficult to handle
owing to their intrinsic resistance to antimicrobial agents and host
Table 1
Table showing the cytotoxic effects of PG-AgNPs at different concentrations for 24 h
and 48 h.

% THP-1 cell viability (n = 3)

Concentration of PG-AgNPs 24 h 48 h

Control 98.7 95.2
10 mg/ml 96.1 95.6
25 mg/ml 92.7 94.7
50 mg/ml 90.2 89.5
100 mg/ml 89.3 90.1
150 mg/ml 87.9 86.6
200 mg/ml 88.5 85.8
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defence system. Although a contentious issue, it is well evident
that nanoparticles offer several characteristic advantages including
subduing resistance, attenuating toxic manifestation and improv-
ing therapeutic regimes. The nanoparticles are retained in the sys-
tem for an extended duration compared to small molecular drugs,
which ensue in attaining sustained therapeutic efficacy. Moreover,
the increased surface area to volume ratios together with distinc-
tive physicochemical properties endowed them with better inter-
active properties with the pathogens (Muhling et al., 2009; Weir
et al., 2008). Thus, after establishing the efficacy of the as-
synthesized PG-AgNPs against planktonic bacterial cells; we fur-
ther moved on to ascertain the plausible role of PG-AgNPs on bac-
teria interactions and their ability to inhibit the formation of L.
monocytogenes biofilms.

Biofilms are inadequately defined and incompletely understood
mode of microbial growth, and an important virulence factor that
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allows L. monocytogenes in particular and other pertinent microbes
in general to resist host responses and antibacterial agents. Viable
biofilms pose distinct contamination risks as they proficiently
reproduce and contaminate surfaces and foods. It has been evident
that when a cell progresses to the biofilm mode, it undergoes a
phenotypic drift, wherein a large suite of genes is differentially reg-
ulated which confers resistance to most of the available antimicro-
bial agents including antibiotics (Lee et al., 2014). The potential of
biofilm formation of L. monocytogenes was evaluated using two
sub-MIC values of PG-AgNPs. Intriguingly, there occurred marked
reduction of L. monocytogenes biofilm formation upon its sensitiza-
tion with the as-synthesized PG-AgNPs compared to the control
group (Fig. 2). The formation of black crystalline colonies instigates
exo-polysaccharide production by the organism; in point of fact,
the production, quantity, and characteristics of the EPS play an
imperative role in determining the features of the biofilm. It was
interesting to note that treatment with PG-AgNPs considerably
attenuated EPS production by these species in a dose-dependent
manner (Fig. 2B). Intriguingly, a more pronounced reduction in
biofilm formation was seen upon exposure to a higher dosage of
PG-AgNPs. Consistent with these, confocal microscopic and SEM
analysis further revealed attenuation of biofilm upon treatment
with PG-AgNPs (Fig. 3). These results provide convincing support
for the anti-biofilm potentialities of silver nanoparticles
(Gurunathan et al., 2014; Kalishwaralal et al., 2010).

With the development of the latest nanotechnology-based
research, novel scientific strategies have been designed for the
prognosis and treatment of cancer. The capability of AgNPs to mod-
ulate cellular mechanisms has driven the researchers to use them
as a possible delivery system. Results of various studies have
exhibited anticancer role and molecular effects caused by pome-
granate peel (Badawi et al., 2018; Devanesan et al., 2018; Sahin
et al., 2017; Sarkar and Kotteeswaran, 2018). The role of pomegra-
nate peel extract in antimicrobial and anticancer activities has suc-
cessfully helped in its participation in the synthesis of AgNPs. In
the present study, we have evaluated the use of biogenic PG-
AgNPs against highly metastatic MDA-MB-231 breast cancer cells.
Firstly, an MTT assay was performed to assess the effect of PG-
AgNPs on the viability of MDA-MB-231 cells; interestingly, it was
found that cell viability was considerably reduced in the presence
of PG-AgNPs in the dose-dependent pattern. Morphological analy-
sis and Annexin V-FITC staining confirmed their apoptotic poten-
tial. It was observed that the Annexin V-FITC positive cells were
considerably more in PG-AgNPs treated cells compared to control
cells (Fig. 7). The presence of distinct apoptotic markers in the cel-
lular morphology further confirmed the induction of apoptosis.
Accumulating evidence have highlighted the role of ROS in the
anticancer potentialities of various nanoparticles (George et al.,
2018). Considering this in mind, we performed a DCFDA assay to
elucidate that whether the anticancer effects of the as-
synthesized PG-AgNPs were owing to their ability to generate
ROS. Interestingly, it was found that treatment with PG-AgNPs
generated considerable ROS (Fig. 8A). Moreover, BrdU analysis
showed that the as-synthesized nanoparticles induced DNA frag-
mentation in the metastatic breast cancer cells (Fig. 8B). Thus, it
could be reasonable that the anti-cancerous potentials of the PG-
AgNPs are owing to their ability to exhibit cytotoxicity against
MDA-MB-231 cells through the generation of ROS which eventu-
ally leads to the induction of apoptosis thereby mediating cancer
cell death.
5. Conclusion

In summary, biogenic PG-AgNPs synthesized using pomegra-
nate peel extract were successfully evaluated for their antibacterial
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and anticancer activity. The as-synthesized PG-AgNPs were effec-
tive in attenuating biofilm formed by L. monocytogenes. Strikingly,
the nanoparticles also embody an anticancer potential. PG-AgNPs
significantly reduced viability of MDA-MB-231 cancer cells by trig-
gering ROS mediated apoptosis. Overall, whilst displaying feeble
cytotoxic manifestations towards mammalian cells the in-housed
synthesized PG-AgNPs possessed synergistic characteristics of an
antibacterial and anticancer agent.
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