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Cancer and the associated secondary bacterial infections are leading cause of mortality,
due to the paucity of effective drugs. Here, we have synthesized silver nanoparticles
(AgNPs) from organic resource and confirmed their anti-cancer and anti-microbial
potentials. Microwave irradiation method was employed to synthesize AgNPs using
Pandanus odorifer leaf extract. Anti-cancer potential of AgNPs was evaluated by
scratch assay on the monolayer of rat basophilic leukemia (RBL) cells, indicating that
the synthesized AgNPs inhibit the migration of RBL cells. The synthesized AgNPs
showed MIC value of 4–16 µg/mL against both Gram +ve and Gram −ve bacterial
strains, exhibiting the anti-microbial potential. Biofilm inhibition was recorded at subMIC values against Gram +ve and Gram −ve bacterial strains. Violacein and alginate
productions were reduced by 89.6 and 75.6%, respectively at 4 and 8 µg/mL of
AgNPs, suggesting anti-quorum sensing activity. Exopolysaccharide production was
decreased by 61–79 and 84% for Gram −ve and Gram +ve pathogens respectively.
Flagellar driven swarming mobility was also reduced significantly. Furthermore, In vivo
study confirmed their tolerability in mice, indicating their clinical perspective. Collective,
we claim that the synthesized AgNPs have anti-metastasis as well as anti-microbial
activities. Hence, this can be further tested for therapeutic options to treat cancer and
secondary bacterial infections.
Keywords: silver nanoparticles (AgNPs), anti-metastasis, anti-biofilm, quorum sensing, molecular docking

INTRODUCTION
Cancer is one of the leading causes of global mortality due to its poor diagnosis in early
stages, undefined specificity and severe side effects associated with existing chemotherapeutic
drugs (Siegel et al., 2017). The immune system of cancer patients undergoing chemotherapy
is often compromised. Such patients are prone to secondary infection by different pathogens
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(AgNPs) by using Pandanus odorifer leaf extract (POLE)
as a bio-template by microwave irradiation (MWI) method
(Adkar and Bhaskar, 2014). The synthesized AgNPs were
evaluated for their anti-cancer potential against rat basophilic
leukemia (RBL) cell lines by MTT [3-(4,5-dimethylthiazol2-yl)-2,5-diphenyltetrazolium bromide] and scratch assays.
Moreover, the biosynthesized AgNPs were also proven as an
antibacterial and antibiofilm agent against different Gram +ve
and Gram −ve bacterial strains. Quorum sensing (QS) regulated
phenomenon such as violacein, alginate and exopolysaccharide
(EPS) productions, and biofilm formation were also evaluated
in the presence of POLE-capped AgNPs. In silico, molecular
modeling and docking studies were performed to evaluate the
interaction of silver (Ag) with key proteins involved in quorum
sensing. Additionally, In vivo animal toxicity and comet assay
were performed to access the tolerability of AgNPs. This is
first report on the synthesis of AgNPs using P. odorifer leaf
extract by microwave irradiation and their assessment for
biomedical applications. The synthesized nanoparticle and their
characterized properties have many potential therapeutic option
for the treatment of cancer and infectious disease states.

including bacteria, viruses, and fungi. The concerning aspect
related to secondary infection in cancer patient is of the
emergence of antibiotic resistance (Khan and Rehman, 2016;
Muteeb et al., 2017). Recently, a novel focus of research evolved
for the design, synthesis and characterization of metal-based
nanoparticles (NPs) to treat and target many disease conditions
including cancer and secondary associated infections (Oves
et al., 2018). Among noble metal nanomaterials, silver and
gold nanoparticles attain a distinction due to their attractive
physicochemical properties related to biological systems (Salata,
2004; Mody et al., 2010). Silver nanoparticles (AgNPs) are
under extensive research for their contribution in different
fields including healthcare, food packaging and environment
(Calderón-Jiménez et al., 2017). The cytotoxic potential of silver
nanoparticles (AgNPs) has been reported on different cancer
cell lines including A549 (lung cancer) (Gengan et al., 2013),
MCF-7 (breast cancer) (Jeyaraj et al., 2013b), HT29 (colon
cancer) (Sanpui et al., 2011), and HeLa (cervical cancer) (Jeyaraj
et al., 2013a). Moreover, the antimicrobial potential of AgNPs is
well-documented in scientific literature as well as in traditional
medicine (Choi et al., 2008; Rai et al., 2009; Zhang et al.,
2010). The antimicrobial activity of AgNPs has been attributed
to the release of biologically active silver ions upon ionization
of silver in aqueous solution (Choi et al., 2008; Rai et al., 2009).
Now researchers focus is to develop nanoparticles of displaying
multiple functions, such as the selective killing of cancer cells,
bactericidal and antibiofilm activity. The inclusion of these
properties in a single nanoparticle will play potential role for the
treatment of cancer and associated secondary infections.
Indeed, a robust, less complicated, and economical procedure
under ambient environment, needed for the synthesis of
silver nanoparticles. Assessing antibiotic resistance, biofilm,
quorum sensing, molecular docking, anti-cancer properties are
important for clinical management. Recently, the synthesis of
nanostructured materials via microwave irradiation has been
introduced (Ahluwalia and Kidwai, 2004). In comparison with
conventional heating, microwave heating has unique effects such
as rapid and homogeneous volumetric heating, high reaction
rate, short reaction time, enhanced reaction selectivity, energy
savings and low cost (Ahmed et al., 2011). It has already been
reported that as compared to traditional heating, microwave
heating creates nanoparticles of higher degree of crystallinity and
narrower size distributions, besides granting greater control over
the shape morphology of the nanostructures (Tsuji et al., 2005).
The synthesis of NPs from plant extract is an emerging
novel approach to produce inexpensive and environment friendly
nanoparticles with control size and crystallinity. Plants serve as
an impeccable resources of biological samples and reducing agent
for the synthesis of AgNPs (Jha et al., 2009), because of rich in
alkaloids, saponins, tannins, vitamins, phenolics, and terpenoids
organic components. Furthermore, these plant resources provide
an inexpensive, efficient and eco-friendly, single-step procedure
for the synthesis of AgNPs without involving any extrinsic
surfactants, capping agents, and templates (Jha et al., 2009).
To achieve the goal of synthesizing eco-friendly,
economicallay, having anti-cancer and anti-biofilm properties,
under ambient conditons, we synthesized silver nanoparticles

Frontiers in Microbiology | www.frontiersin.org

MATERIALS AND METHODS
Ethics Statement
The study protocol and treatment methods (care and handling
of experimental animals) were approved by the Animal Ethics
Committee of the Zoology Department in the College of Science
at King Saud University, Riyadh (Saudi Arabia).

Materials and Reagents
Silver nitrate (AgNO3 ) was obtained from Sigma-Aldrich,
United States. All other reagents and chemicals were purchased
from Sigma, unless otherwise stated. Antibiotics were purchased
from Invitrogen Life Technologies, United States. The plant
(P. odorifer) leaf specimens were collected from the University
campus in Aligarh, Uttar Pradesh, India for further use.
Reagents were used without further purification unless
described specifically.

Pandanus odorifer Leaf Extract (POLE)
Preparation
The leaf extract of the plant P. odorifer as prepared by fast
pressurized solvent extraction using a Speed Extractor E-914
(Buchi, Germany). P. odorifer is a rich source of phytochemicals
including lignans, isoflavones, coumestrol, alkaloids, steroids,
phenolic compounds, glycosides, proteins, and various essential
and non-essential amino acids (Adkar and Bhaskar, 2014). Fresh
and healthy leaves of P. odorifer were washed thoroughly with
plenty of distilled water, and both the surfaces of leaves were
sterilized using 70% alcohol by gentle rubbing. The leaves were
dried and crushed to powder. For the extraction and filtration of
plant extract, speed extractor cell was filled with leaves powder
(5 g) and sand (1 g) followed by the filter paper and metal frit. The
speed extractor has been programmed for two cycles of 42 min
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at 50◦ C in 100 mL of water. After 42 min, the filtered plant
extract (50 mg/mL concentration) was collected in the collection
tray of the speed extractor and stored in cool and dry place for
further use.

recorded in the range of 4000–400 cm−1 . Raman spectra of
the samples were obtained using Raman microscope (XploRA
ONE from Horiba, Kyoto, Japan). Raman spectra were collected
using 532 nm laser excitation (25 mW) at room temperature.
High-resolution transmission electron microscopy (HRTEM)
was performed using a JEOL JSM-2100F operating at 200 kV. For
the HRTEM observations, a drop of the specimen dispersed in
ethanol was placed on copper grids and dried.

Total Phenolic Content Analysis
Estimation of total phenolic content has been done using
standard gallic acid curve as described earlier (Luximon-Ramma
et al., 2002). Briefly, 0.125 ml of leaf extract (50 mg/mL) was
mixed with 0.5 mL deionized water followed by the addition of
0.125 mL Folin-Ciocalteau reagent and incubated for 5 min at
room temperature. 1.25 mL of Na2 CO3 (7%) solution was added
to the above mixture and made up to 3 mL with deionized water.
After 90 min of incubation at room temperature, an absorption
maximum was monitored at 760 nm.

Culture of Rat Basophil Leukemia (RBL)
Cells
To study the anti-cancer activity of synthesized nanoparticle,
the rat basophil leukemia (RBL) cell model has been used
(Siraganian et al., 1982; Draberova and Draber, 1991; Zuberi
et al., 1994; Sun et al., 2015). RBL-2H3 cells were thawed by
gentle agitation in a 37◦ C water bath and revived at 37◦ C
and 5% CO2 in Eagle’s minimum essential medium (MEM)
with Earl’s balanced salt solution and supplemented with 10%
heat-inactivated fetal bovine serum (FBS). Cells were grown as
monolayer and dissociated with 0.2% EDTA for further use and
sub-culture.

Total Flavonoid Analysis
The total flavonoid content was analyzed from a standard
quercetin curve (Ghosh et al., 2012). 0.5 mL AlCl3 (2% in
methanol) was mixed with 0.5 mL leaf extract sample (50 mg/mL)
and incubated for 10 min at room temperature. After incubation
at room temperature, the absorbance was recorded at 368 nm.

Cytotoxicity Assessment by MTT Assay

Microwave Irradiation-Assisted
Synthesis of POLE-Capped AgNPs

Cytotoxicity of AgNPs was assessed on RBL cells using MTT
assay by measuring the metabolic activity of cells (Mosmann,
1983). RBL cells (20,000 cells/well) were seeded into the flatbottom 96-well plates and cultured in DMEM supplemented with
10% FBS for 24 h at 37◦ C in 5% CO2 incubator. After 24 h of
the culture, cells were treated with different dosages of AgNPs
(2–12 µg/mL) in the growth medium for further 24 h under
the same culture conditions. Wells having only cells (media as
a vehicle only) without nanoparticles were treated as a negative
control, while the wells with only MTT, considered as a positive
control. Cell viability was determined by adding MTT dye (100 µl
of 0.1 mg/mL stock) to respective well and incubated for 4 h
at 37◦ C with 5% CO2 in the dark. 3-(4,5-dimethylthiazol-2yl)-2,5-diphenyltetrazolium bromide (MTT) a yellow tetrazole
reduced to purple formazan in living cells by the activity
of NAD(P)H-dependent cellular oxidoreductase enzymes. The
insoluble formazan crystals were dissolved in isopropanol for
1 h at 37◦ C, into a colored solution. The quantification of
formazan was performed by measuring absorbance at 570 nm.
The degree of light absorption depends on the solvent. The
percentage cell viability was calculated by taking (absorbance of
the sample)/(absorbance of control) × 100. Cell toxicity is defined
as 100-percentage cell viability.

The stable AgNPs from P. odorifer leaf extract was prepared
in a one-step microwave irradiation assisted synthesis guided
by the green chemistry principles (Tsuji et al., 2005; Iravani
and Zolfaghari, 2013; Mirgorod and Borodina, 2013; Mirgorod
et al., 2013; Ali et al., 2015; Alajmi et al., 2018). The reaction
conditions for microwave irradiation-assisted synthesis of POLEcapped AgNPs were optimized by varying the concentrations of
AgNO3 (2–10 mM), POLE concentration (1–5 mL of 50 mg/mL),
pH (5–8), and incubation time (0–30 min). Finally, 5 mL of
AgNO3 solution (8 mM) was added dropwise to 5 mL of leaf
extract (50 mg/mL) at pH 8.0 under stirring condition for
10 min. For microwave irradiation-assisted synthesis, the POLEAgNO3 reaction mixture was kept in a domestic microwave
[Sharp R-75AS(S)] operating under 900 W power and 2450 MHz
frequency, for a pulse of 90 s and allowed for the cooling at room
temperature. As a control, POLE-AgNPs were also synthesized
conventionally by incubating the reaction mixture of POLE and
AgNO3 for 4 h without microwave treatment.

Biophysical Characterization of
Synthesized Silver Nanoparticle
UV-Vis absorption spectrum of AgNPs was recorded in the range
of 300–800 nm using a UV-Vis spectrophotometer (Evolution
201, Thermo Scientific). Distilled water was used as a reference
or control. Futher the phase purity of AgNPs was determined
by X-ray diffraction (XRD) using a Phillips-PW 1729 X-ray
diffractometer (Holland). The material was investigated with
Cu radiation (1.54430 Å). The XRD patterns were recorded
with a step size of 0.02◦ and scan speed of 2◦ /min in the scan
ranging from 30 to 80◦ of 2θ. The Fourier transform infrared
spectroscopy (FTIR; Perkin-Elmer) spectra of the product were
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In vitro Scratch Assay
To see the effect of AgNPs on the cell–cell interaction, and
cell migration aspects of cancer/metastasis, we performed the
in vitro scratch assay by culturing RBL cells (Rodriguez et al.,
2005). Equal numbers of RBL cells were seeded into respective
wells of 24 well culture plates and grown to monolayer
confluency. A scratch was made in the monolayer with the
help of sterile pipette tip. Precaution was taken to maintain the
same angle for test and control wells. After making a scratch,
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cells were washed briefly to decant unattached cells. At 10X
magnification of Leica microscope equipped with a camera,
images of control (Culture medium) and test wells (culture
medium supplemented with 3 µg/mL AgNPs) were captured
at 0 h and at a regular interval of 24 h, up to 72 h. Further
the captured images were analyzed by ImageJ software (NIH,
open source).

Alginate Inhibition Assay
An overnight culture (1% v/v) of Pseudomonas aeruginosa was
added to Luria-Bertani broth medium supplemented with or
without AgNPs (1–8 µg/mL) and further cultured for overnight
at 37◦ C in shaking condition (Gopu et al., 2015). To estimate the
alginate production, 600 µl of boric acid-sulfuric acid solution
(4:1) was added into 70 µl of AgNP either treated or untreated
with bacteria in ice bath. The mixture was placed back again in an
ice bath after vortexing for 10 s. Further, 20 µl of 0.2% carbazole
dissolved in ethanol was added to the above mixture and vortexed
for 10 s. The mixture was incubated for 30 min at 55◦ C and
quantified at 530 nm using a microplate reader.

Minimum Inhibitory Concentration (MIC)
Assay
Minimum inhibitory concentration (MIC) is defined as the
minimum concentration of chemical/drug agent, which prevent
visible growth of the test strain of the bacteria. Here, we have
determined MICs of AgNPs against the bacterial pathogens using
micro-broth dilution method, following Clinical Laboratory
Standards Institute (SLI) (Yamaguchi et al., 2012; Husain
and Ahmad, 2013). Concentrations below the MICs were
considered sub-inhibitory and were further used to study the
anti-QS and biofilm inhibitory properties of the synthesized
AgNPs. All experiments were performed in the BSL-2 safety
class laboratory.

Swarming Motility Assay
Swarming motility was determined as reported previously
(O’Toole and Kolter, 1998). Briefly, an overnight culture of test
pathogens was point inoculated at the center of the medium
consisting of 1% tryptone, 0.5% NaCl and 0.3% agar with or
without sub-MICs of synthesized AgNPs.

Assay for Biofilm Inhibition
The effect of AgNPs on biofilm formation was measured using the
polyvinyl chloride biofilm formation assay (O’Toole and Kolter,
1998). The overnight cultures of different pathogens were resuspended in fresh LB medium in the presence and the absence
of AgNPs and incubated at 30◦ C for 24 h. The biofilms in the
microtiter plates were stained with a crystal violet solution and
quantified by solubilizing the dye in ethanol and absorbance
recorded at 470 nm.

Violacein Inhibition Assay
Chromobacterium violaceum-produces violacein, a waterinsoluble purple pigment, that used to assess the activity
of compound (Al-Shabib et al., 2016; Kothari et al., 2017).
We have tested the violacein production by C. violaceum
(CV12472) in the presence of AgNPs. The C. violaceum
culture supplemented with C6-HSL (10 µM) in the presence
and absence of AgNPs was grown overnight. Overnight
grown cells were harvested and centrifuged at 1300 × g
for 10 min, and the pellet was dissolved in 1 mL DMSO.
The solution was vortexed vigorously for 30 s to completely
solubilize violacein and again centrifuged. The absorbance of
the soluble violacein was read at 585 nm using microplate
reader (Thermo Scientific, Multiskan Ex, India). The percentage
reduction of violacein production in the presence of AgNPs
was calculated as (OD of control – OD of treated)/(OD of
control) × 100.

Assessment of in vivo Toxicity
All the animal-based experiments were conducted in accordance
with the guidelines for the care and use of experimental animals
by the Committee for the Purpose of Control and Supervision of
Experiments on Animals and the National Institutes of Health.
Twenty-four adult Swiss albino rats (100–120 g, 3–4 months
old) were purchased from the central animal house, Department
of Pharmacy, King Saud University, Riyadh, Saudi Arabia. All
the animals were randomly divided into four groups (n = 6) −ve
control (vehicle treated) denoted as CN−, while CCl4 treated rats
were considered as +ve control and denoted as CN+ (Shruti
et al., 2015). CCl4 was administered as a single dose (1 mL/kg)
dissolved in liquid paraffin in the ratio of 1:1 by volume. The
AgNPs were injected intraperitoneally four times (once a week) at
the dosage of 1 and 2 mg/kg of body weight and grouped as NP-1
and NP-2 respectively. All the rats were sacrificed on the same
day by cervical dislocation after completion of the treatment.
Their fresh liver and kidney tissues were subjected to sampling
for comet assay and biochemical analyses. Blood was collected
without anticoagulant in the BD Vacutainer Blood Collection
Tubes – BD and stored in the cold for serum analyses.

Extraction and Quantification of
Exopolysaccharides (EPS)
Many Gram −ve and Gram +ve bacteria secret EPSs (high
molecular weight polymers), a component of biofilm into their
surrounding environments (Kothari et al., 2017). To test the antibiofilm activity of the synthesized nanoparticles, EPSs estimation
has been done in presence and absence of AgNPs during biofilm
formation by different bacteria. Different bacterial strains were
grown on nutrient agar plates in presence and absence of subMICs of synthesized AgNPs. The grown samples were picked,
centrifuged, and the resulting supernatant was filtered. Three
volumes of chilled 100% ethanol were added to the filtered
supernatant and incubated overnight at 4◦ C to precipitate the
EPS. EPS was then quantified by measuring sugars following the
phenol method (Dubois et al., 1956; Vijayabaskar et al., 2011).
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Estimation of Liver Function Markers
Liver samples were homogenized and spun at 3000 × g in TrisHCl buffer (pH: 7.4, 0.1 M), after spin the supernatants were
collected for biochemical analyses. The serum was collected from
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the blood samples. The activity of liver marker enzymes such as
aspartate aminotransferase (AST) and alanine aminotransferase
(ALT) was estimated in the serum samples by commercially
available kits (QCA, Spain). The estimation of the enzymes
were performed by following the manufacturer’s protocol and
otherwise mentioned.

a muslin cloth and stored in Eppendorf vials (Eppendorf,
Germany) at 4◦ C. The viability of the cells was checked by trypan
blue exclusion method.
The protocol of Singh et al. (1988) with few modifications
(Hassan et al., 2012) was used to perform comet assay in alkaline
condition. Fully frosted slides pre-coated with 1% normal melting
agarose (as a base layer) at 60◦ C was prepared a day before
sacrificing the animals. About 10,000 cells isolated from each
organ cell suspension was mixed with 100 mL of low melting
agarose (1%) to form the working cell suspension separately for
each organ. This suspension was pipetted over the base layer at
37◦ C followed by covering with coverslips immediately. After
solidification of the second layer, they were kept on ice packs;
the coverslips were removed followed by pouring a third layer of
0.5% low melting agarose (90 µL) and covering with coverslips
on ice packs again. Followed by removal of the coverslips, the
slides were dipped in a cold lysing solution at pH 10 for 3 h.
Then, they were allowed to unwind in alkaline electrophoretic
running buffer (300 mM NaOH + 1 mM EDTA) having pH 13
in the electrophoretic tank (Major Scientific, United Kingdom)

Evaluation of Kidney Function Markers
Kidney tissue samples were homogenized separately, spun at
3000 × g in Tris-HCl buffer (pH: 7.4, 0.1 M) and their
supernatants were collected for biochemical analyses. The level
of kidney function markers (urea and creatinine) was measured
in the serum samples with the help of commercial kits (Linear,
Spain) following the provided kit’s procedural instructions.

Comet Assay
The target organs (liver and kidney) from each group were
minced in RPMI 1640 medium and PBS (1:1 ratio) in a separate
Petri dish (Corning, NY, United States). The very fine minced
tissue released cells turned into a cell suspension, sieved through

FIGURE 1 | Characterization of POLE-capped silver nanoparticles (AgNPs). (A) Different concentrations of AgNO3 (2, 4, 6, 8, and 10 mM) were used to synthesize
the AgNPs. 5 mL of each leaf extract (50 mg/mL) and AgNO3 solution (8 mM), gave best yield of silver nanoparticles by using microwave irradiation method. The
resulting solution turned out to the characteristic brown color of the AgNPs in 90 min. (B) The absorption spectra of the synthesized nanoparticles were recorded in
300–800 nm wavelength range. The characteristic absorption peak of AgNPs is centered on 430 ± 20 nm. (C) The XRD data show diffraction peaks at 2θ = 37.2,
43.4◦ , 63.5, and 76.6◦ corresponding to the [111], [200], [220], and [311] planes of silver, respectively. (D) FT-IR spectra of plant extract (POLE) and AgNPs. The
characteristic peak at 1636 cm−1 can be attributed to the C = O (carbonyl) groups. (E) Surface enhanced Raman spectroscopy (SERS), spectra displayed the
characteristic signals of POLE with the enhanced intensity for AgNPs indicating the capping of POLE on the surface of AgNPs. (F) TEM image of POLE-capped
AgNPs, (G,H) HRTEM (high-resolution transmission electron microscopy) images of POLE-capped AgNPs, clearly demonstrated the stability of the particles even
after a period of 4 months.
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5.5, Kinetic imaging, Liverpool, United Kingdom) attached
to integrated CC camera Zyla 5.5 (Andor, United Kingdom).
The comets were scored at the magnification of 100X taking
images of 50 cells for each treatment group (n = 2). In the
present analysis, the Olive tail movement (migration of DNA
from its nucleus in µm) was chosen to assess the nuclear
DNA damage.

for 30 min. Then, electrophoresis of the slides was performed
for 35 min in cold condition at a constant field strength of
0.74 volts/cm varying the current strength of 300–310 mA. After
gently washing with cold saline thrice, the slides were subjected
to neutralizing buffer (0.4 M Tris-base) of pH 7.4 followed by
washing with cold saline. The process of neutralization after
washing was repeated thrice. 90 µl of ethidium bromide (stock
of 20 mg/mL) was poured on each slide for staining of the
nuclear DNA for 5 min. Followed by the slides were washed
with chilled saline for three times and covered with coverslips.
The slides were kept in a humidified slide box in the refrigerator
and were analyzed on the next day by a fluorescent microscope
(Leica, Germany) with 510–560 and 590 nm barrier filters. The
microscope was coupled with an image analysis system (Komet

Sequence Retrieval, Homology
Modeling, and Molecular Docking
In Pseudomonas aeruginosa, LasR, Vfr, QscR, RhlR, and PqsA
play a significant role in the formation of biofilm and QS.
The FASTA sequences of these proteins were retrieved from

FIGURE 2 | Cellular toxicity and cell migration in response of AgNPs. (A) Cytotoxicity of AgNPs on RBL cells were determined by MTT assay. MTT salt gets reduced
by reducing enzymes into water-insoluble formazan. The images of the cells with AgNPs showed the dosage dependent effect of the AgNPs (1–10 µg/mL).
(B) Determination of IC50 value (estimated to be 3.40 µg/mL) of AgNPs on RBL cells (data represented as SEM). (C) Scratch was made onto a monolayer of RBL
cells and treated by 3 µg/mL of AgNPs (denoted as T, while the control as C) for different time points. Comparison of migration in both C and T was made by taking
images at different time intervals (0, 24, 48, and 72 h) [control -(i), (ii), (iii), (iv) and test -(v), (vi), (vii), (viii)]. Results represented by marking the scratch with parallel lines
and visually displaying the number of cells migrated in to the scratch area. The scale bar in (A,C) represents 100 µm.
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NCBI database1 . The Swiss Prot accession numbers of these
proteins were P25084, P55222, G3XD77, P54292, and Q9I4X3 for
LasR, Vfr, QscR, RhlR, and PqsA, respectively. A search in PDB
database2 shows that the crystal structure of only LasR (4NG2),
Vfr (2OZ6), and QscR (3SZT) were available. The sequences
of the proteins with no crystal structures (RhlR and PqsA)
were subjected to homology modeling using I-TASSER server
(Roy et al., 2010). I-TASSER produced the three-dimensional
models of RhlR and PqsA after threading based alignment and
repeated structural compiling simulation. The quality of the
predicted structures was validated by Ramachandran plot using
RAMPAGE tool (Lovell et al., 2003). Further, these models were
evaluated at QMEAN and SAVES servers. SAVES server runs
six different tools namely CRYST1, PROVE, ERRAT, VERIFY3D,
PROCHECK, and WHATCHECK to access protein structure
(Pontius et al., 1996). These three-dimensional structures of these
proteins were taken as the target for the purpose of molecular
docking with Ag using PatchDock server (Schneidman-Duhovny
et al., 2005). The sdf file of silver is downloaded from PubChem
database3 and converted to pdb file using Discovery Studio
4.0 (Accelrys Software Inc., 2013). The PDB files of the
respective protein and silver were uploaded under receptor–
ligand interaction mode with default values, and RMSD cutoff
value of <4.0 Å. Based on the scoring, the top-ranked solution
was selected for interpretation. The amino acid residues of the
proteins that are within 4 Å were analyzed for the molecular
interaction with silver.

RESULTS AND DISCUSSION

Statistical Analysis

It is always important to get a better yield and quality of the
synthesized nanopartiles, which can be used for the clinical and
commercial purposes. The concentration of plant extract having
different amount of phenolics and flavonoids, plays an essential
role in the synthesis of stable AgNPs. We for the first time
optimized the ratio of P. odorifer leaves extract to silver nitrate
for the synthesis of AgNPs nanoparticles. We found that the
5 mL of the leaf extract (50 mg/mL; total 250 mg) to 5 mL of
AgNO3 solution (8 mM), gave best yield of silver nanoparticles by
using microwave irradiation method. At this ratio of plant leaves
extract and AgNO3 , the resulting solution turned out to brown
color, which is a characteristic of AgNPs (Figure 1A). AgNPs
were also synthesized by using a range of the amount of leaf
extract (1–4 ml), however, the resulting yield of AgNPs obtained
was much lower. This might be due to insufficient flavonoids
and phenolic components present in 1–4 mL of leaf extract, to
completely reduce 5 mL of AgNO3 (8 mM) into AgNPs. Further,

Leaf Extract of P. odorifer Contains
Flavonoids and Phenolic Components
The use of plant extract over microorganism for the synthesis
of NPs is advantageous due to less biosafety issues in handling
and disposal as compared to microorganisms. Moreover, keeping
in mind that plant leaves are a rich source of flavonoids and
phenolic components which can trigger the reduction of AgNO3
and control the size of synthesized AgNPs. We have used the leaf
extract as one of the important ingredient for the synthesis of
nanoparticles. First of all the aqueous extract of P. odorifer leaves
was prepared and their flavonoids and phenolic components
has been quantified. The OD based quantification data showed
the presence of phenolic (0.105% wt/wt) and flavonoids (0.036%
wt/wt) in the aqueous leaf extract of P. odorifer. Because of
identifying the flavonoids and phenolic components in th eleaf
extract, we further used this plant maerial for the synthesis of
AgNPs. It is believed that free hydroxyl and carboxylic groups
of flavonoids or phenols present in the plant extract may bind
to the surface of Ag+ and trigger the formation of AgNPs while
C O, C O–C, and C C groups of heterocyclic compounds may
act as a stabilizer (Atwan and Saiwan, 2010; Awwad et al., 2012;
Mukherjee et al., 2012).

Ratio of Leaves Extract to Silver Nitrate
Important for AgNPs Synthesis

The data obtained from each experiments were presented as
mean ± standard error values. The difference between control
and test were analyzed using the Student’s t-test or otherwise
stated in their respective legends. For animal studies, the
results are expressed as a mean ± standard error of the
mean (SEM) for six different samples taken in duplicate. Their
statistical significance was evaluated by one-way ANOVA with
Bonferroni post-test. For statistical comparison among the data
of treatment groups, Tuckey’s test was followed by GraphPad
Prism5 software under in vivo studies. The significance (Pvalues) and technical/biological repeats (n-values) were stated in
repective figure legend.
1

https://www.ncbi.nlm.nih.gov/
http://www.rcsb.org/pdb/home/home.do
3
https://pubchem.ncbi.nlm.nih.gov/
2

TABLE 1 | Minimum inhibitory concentrations (MICs) of AgNPs against different pathogens.
Strains

MIC of AgNPs (µg/mL)
MRSA

Sub-MICs of AgNPs selected for assays (µg/mL)
1/16 × MIC

1/8 × MIC

1/4 × MIC

1/2 × MIC
8

P. aeruginosa

16

1

2

4

E. coli

4

0.25

0.5

1

2

C. violaceum

8

0.5

1

2

4

K. pneumoniae

16

1

2

4

8

S. aureus

4

0.25

0.5

1

2
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FIGURE 3 | Anti-quorum sensing (QS) and anti-biofilm properties of AgNPs. (A) To test the effect of synthesized nanoparticles during the process of quorum
sensing, the violacein was quantified by taking the OD at 585 nm in different conditions. Different concentrations of AgNPs showed the significant dosage dependent
manner reduction in violacein production by Chromobacterium violaceum. Data showed the QS-mediated inhibition of violacein by AgNPs. (B) The inhibition of
biofilm formation assessed by estimating the exopolysaccharide (EPS) production in presence and or absence of different concentrations of AgNPs was performed.
Data showed the reduction in EPS production with increasing AgNPs concentration. (C) The reduced alginate production in response to different concentrations of
AgNPs has been quantified. The presence of synthesized AgNPs showed 26.3–75.6% reduction in alginate production by Pseudomonas aeruginosa. (D) The biofilm
formation was assessed directly by taking OD at 470 nm in microtiter plate. AgNPs presence causes the reduction of biofilm biomass production in the range of
22–79, 29–87, 12–59, 22–63, and 17–81% by P. aeruginosa, E. coli, C. violaceum, K. pneumoniae, and S. aureus respectively. One-way ANOVA with Dunnet
post-test for (A,C), in comparison to zero dosage of AgNPs, while one-way ANOVA with multiple comparison applied in (B,D). Means denoted by the same letter
within parameter are not significantly different at p ≤ 0.05, using DMRT.

the flavonoids and phenolic components present in 5 mL of leave
extract have enough threshold to reduce all Ag+ ions in the
reaction mixture. Earlier a study performed by Panda et al. (2011)
have used much less plant material (5% at v/v ratio 1:20) to reduce
1 mM AgNO3 than the amount we identified in this study (5%
at v/v ratio 1:1) (Panda et al., 2011). Though the same study has
used spathe (bract) from the male inflorescence of P. odorifer

plant, which is altogether different source of the plant. This
plant source may contain higher concentrations of flavonoids
and phenolic components. However, the method adopted for
the synthesis of nanoparticles by Panda et al. (2011) was timeconsuming, has limitation in the availability of plant resource and
the stability of the synthesized particles not known. In the present
study, we have reported the synthesis of AgNPs via microwave

TABLE 2 | Effect of AgNPs on swarming motility of bacterial pathogens.
Bacterial pathogens

Diameter of swarming migration (mm)
Control

1/16 × MIC

1/8 × MIC

1/4 × MIC

1/2 × MIC

P. aeruginosa

54 ± 3.7

31 ± 2.6

23 ± 2.4

14 ± 1.3

10 ± 0.9

E. coli

38 ± 0.9

31 ± 1.7

24 ± 2.1

20 ± 2.5

13 ± 1.8

C. violaceum

43 ± 3.2

29 ± 2.1

18 ± 1.7

15 ± 0.6

10 ± 1.6

K. pneumoniae

35 ± 1.3

21 ± 1.4

16 ± 1.5

13 ± 1.2

11 ± 1.1
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No peaks corresponding to other impurity crystalline phases
were detected, and all the peaks in the XRD pattern can be
readily indexed to the face-centered cubic (FCC) structure of
silver (Ag). From the patterns, there was no change in 2θ
values as the time passes, which evidenced about the stability of
synthesized nanostructures.

irradiation assisted route which is cost-effective, energy saving,
and faster process. These AgNPs were formed only within 90 s of
microwave irradiation and are stable up to more than 4 months
(Supplementary Figure S1).

Synthesized AgNPs Showed
Characteristic Absorption Peak in UV-Vis
Absorption Spectra

FTIR Shows the Capping of POLE on the
Surface of AgNPs

After synthesizing the AgNPs, by using the leave extract
as an economical and easily accessible green ingredient, we
characterized the synthesized nanoparticles for their further use
in clinical or commercial purposes. UV-Vis spectroscopy is a
widely used technique to characterize the optical properties of the
synthesized AgNPs. Different concentrations of AgNO3 (2, 4, 6,
8, and 10 mM) were used to synthesize the AgNPs and studied
for the UV-Vis absorption spectra. The absorption spectra
were recorded in 300–800 nm wavelength range. Figure 1B
shows the UV-Vis absorption spectra of AgNPs prepared
from different concentrations (of AgNO3 and 5 mL of POLE
under MWI for 90 s). The appearance of an absorption band
is due to the presence of free electrons in AgNPs, which
mutually vibrate in resonance with the incident light wave thus
yield an SPR (Surface Plasmon Resonance) absorption band.
The characteristic absorption peak of AgNPs is centered on
430 ± 20 nm, depending on the size and polydispersity of the
NPs (Anandalakshmi et al., 2016). In this study, the appearances
of a single peak at approximately 435 nm indicated the formation
of uniform AgNPs of 10–50 nm size. Interestingly, it has been
observed that there was no AgNPs formation of up to 4 mM
of silver nitrate concentration; however, once the concentration
of silver nitrate has been increased to 6–8 mM, a prominent
peak of AgNPs was observed. Moreover, on further increasing
the concentration of silver nitrate up to 10 mM, a peak of AgNPs
has been observed but with reduced intensity. This reduction of
maxima absorption might be due to the aggregation of AgNPs
owing to the limited concentration of plant extract. These results
indicate that 5 mL of POLE is sufficient to reduce up to 8 mM Ag+
ions. Additionally, UV-Vis spectrum of the AgNPs was recorded
at different time intervals for later time points up to 4 months.
It entails that AgNPs were stable for up to 4 months at 8 mM
concentration without losing the yield and absorption maxima
(Supplementary Figure S1). Hence, these findings indicate that
POLE provided stability to the AgNPs could be by acting as a
binding or capping agent.

To study the capping ability of plant extract on the surface of
AgNPs, FTIR (Fourier-transform infra-red spectroscopy) studies
were carried out. The FTIR spectrum of biosynthesized AgNPs
by the POLE extract has been shown in Figure 1D. The spectrum
showed a significantly broad and intense band at 3447 cm−1
associated with the stretching vibration of −OH (hydroxyl) and
−NH (amine) groups of the POLE. The characteristic peak at
1636 cm−1 can be attributed to the C = O (carbonyl) groups.
Thus, FTIR spectrum revealed that −C = O, −OH, and −NH
functional groups were responsible for the reduction of Ag+
to Ag◦ and the broadening in the peaks of AgNPs spectrum
confirmed the capping of POLE on the surface of AgNPs. This
capping of POLE onto the AgNPs may be helpful in stabilizing
nanoparticles and preventing agglomeration and leaching in the
medium (Awwad et al., 2012; Chung et al., 2016). Furthermore,
complementary studies on the capping of plant extract on
the AgNPs surface were also carried out using SERS (surface
enhanced Raman spectroscopy) studies. Figure 1E shows the
SERS spectra of pristine plant extract (POLE) and AgNPs with
POLE. SERS spectra displayed the characteristic signals of POLE
with the enhanced intensity for AgNPs indicating the capping of
POLE on the surface of AgNPs (Guo et al., 2016).

Morphology and Stability of AgNPs
The detailed morphology of AgNPs were investigated by
analyzing HRTEM (high-resolution transmission electron
microscopy) images. HRTEM images of AgNPs synthesized
freshly using 8 mM AgNO3 with MWI for 90 s and after
4 months storage was taken and presented in Figures 1F–H
and Supplementary Figure S2, respectively. As shown in
Figures 1F–H, AgNPs of 5 to 9 nm in size were uniformly
dispersed. Moreover, the HRTEM images in Supplementary
Figure S2 clearly demonstrated the stability of the particles even
after a period of 4 months. Although, the stability of AgNPs
remains a vital factor in determining the anti-microbial activity
of AgNPs, there are only a few attempts in improving their
stability. It has been recently reported that the stability of AgNPs
and hence their biological activity can be improved manifolds
by using plant extract as reducing agent and stabilizer (Qu et al.,
2014). All these results indicate the successful preparation and
stability of AgNPs.

X-Ray Diffraction (XRD) Determine the
Crystalline Structure of ANPs
The crystalline phase of the synthesized AgNPs was determined
by evaluating the X-ray diffraction (XRD) pattern. Figure 1C
shows a typical XRD patterns of AgNPs, template hybrids
(dried precursor, POLE) at room temperature and sintered
AgNPs product after 4 months to demonstrate the stability of
AgNPs. The XRD data show diffraction peaks at 2θ = 37.2,
43.4, 63.5, and 76.6◦ corresponding to the [111], [200], [220],
and [311] planes of silver, respectively. Collectively the XRD
data and pattern confirmed the crystalline structure of AgNPs.
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MTT and Scratch Assay Establish the
Anti-cancer Activity of AgNPs
After confirming the quality of the synthesized nanoparticles,
we were asked to check the biological features of the AgNPs.
Therefore, we assessed the cytotoxicity of AgNPs, using a
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colorimetric method based on MTT [3-(4,5-dimethylthiazol2-yl)-2,5-diphenyl tetrazolium bromide]. The assay indirectly
measures the mitochondrial activity of viable cells as a function
of cell growth and proliferation. MTT salt gets reduced by
reducing enzymes such as mitochondrial dehydrogenases of
biologically active cells into water-insoluble formazan. In this
study, MTT assay was performed to evaluate the cytotoxic
effect of AgNPs on RBL cells (Figures 2A,B). The results
indicate that AgNPs were cytotoxic toward these cells in
a concentration dependent manner with an IC50 value of
3.40 µg/mL. The cytotoxicity of AgNPs is well-established and
depends on nature of cell types and size of nanopartilces (Park
et al., 2011). Cytotoxicity of AgNPs has been reported on
many cancer cell lines including MDA-MB-231 breast cancer
cells (Franco-Molina et al., 2010), and human Chang liver
cells (Piao et al., 2011). It is interesting to note that similar
IC50 values have been reported for AgNPs on human-derived
keratinocyte HaCaT cell line (IC50 6.8 ± 1 µM) (Zanette et al.,
2011) and MDA-MB-231 cells (IC50 8.7 µg/mL) (Gurunathan
et al., 2013). Furthermore, it is reported that AgNPs are
selectively more toxic toward cancerous cells than normal cells
(Gopinath et al., 2008; Arora et al., 2009; Faedmaleki et al.,
2014, 2016). Gopinath et al. (2008) investigated the molecular
mechanism of AgNP (10–15 nm size) mediated cytotoxicity
in BHK21 (non-cancer) and HT29 (cancer) cells, and they
observed that AgNPs were selectively cytotoxic toward cancer
cells. Faedmaleki and co-workers have reported that the IC50
of AgNPs on liver primary cells of mice was 121.7 µg/mL
(Faedmaleki et al., 2014), while the same NPs were highly
cytotoxic toward HepG2 cells (IC50 2.8 µg/mL) (Faedmaleki
et al., 2016). While Arora et al. (2009) has found that AgNPs were
not-cytotoxic toward primary mouse fibroblasts (IC50 61 µg/mL)
and primary liver cells (IC50 449 µg/mL). Keeping this in
mind, we evaluated the cytotoxic effect of POLE-capped AgNPs
on RBL cell line only and found that these NPs were highly
cytotoxic (IC50 3.40 µg/mL). The lower IC50 value in this study
might be due to smaller size and different surface properties of
AgNPs.
Cell migration plays an indispensable role in the progression
of cancer. In this study, we have used in vitro scratch assay
on RBL cells as it’s a robust and most commonly used
method to probe cell migration (Liang et al., 2007). We have
observed that AgNPs at 3 µg/mL concentration were effective in
inhibiting cell migration in scratch plate assay (Figure 2C). As
cytoskeleton rearrangements are crucial for cell migration, it is
worth to speculate that AgNPs might interfere with this process
supporting previously published data (Xu et al., 2013; Cooper
and Spitzer, 2015). Also, cell division requires cytoskeleton
rearrangement, and AgNPs effect on cell proliferation can also
be seen in Figure 2Cvii,viii images, where a number of cells
compared to control are diminished. The synthesized AgNPs
show the notable effect on cell proliferation and migration.
Owing to its effect at low concentrations this could be a
candidate for further experiments in vivo on cancer models.
Our results agree with previous literature where they have
reported nanoparticles inhibit the migration of cancer cells
(Shruti et al., 2015; Buranasukhon et al., 2017).
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FIGURE 4 | Inhibition of biofilm of E. coli, P. aeruginosa, C. violaceum,
K. pneumoniae, and S. aureus by AgNPs under scanning electron microscope
(SEM). Biofilm formation by different bacterial agents were assessed by SEM.
The biofilm treated by 1/2 × MIC of AgNPs showed reduction in the biofilm
mass production compared with control untreated (scale bar 10 µm).

AgNPs Show the Anti-microbial Activity
Very first we determined the MIC of AgNPs against pathogenic
bacteria by micro-broth dilution method, and the results
were interpreted according to CLSI, 2017 (Clinical and
Laboratory Standards Institute) (CLSI, 2017) guidelines with
some modifications (Andrews, 2001). Lowest concentration
showed complete inhibition of visible microbial growth was
considered as the MIC. In the present study, the MICs of
AgNPs against C. violaceum CV12472, P. aeruginosa PAO1,
K. pneumoniae ATCC 700603, E. coli ATCC 25922, and S. aureus
ATCC 25923 strains were determined, and the results are
presented in Table 1. The effect of AgNPs on the growth
kinetics of test pathogens was determined using both growth
curves and colony forming unit (CFU) values at 1/2 × MIC
values. Selected sub-inhibitory concentrations did not show
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FIGURE 5 | In vivo effect of AgNPs on the toxicity of liver and kidney enzymes. Effect of AgNPs on liver and kidney enzymes were assessed to determine, whether
synthesized nanoparticle has any cellular toxicity. Data showed (A) reduced alanine aminotransferase (ALT) activity, (B) aspartate aminotransferase (AST) activity,
(C) urea level, (D) creatinine level in response to the treatment of nanoparticles. (E) Comet assay performed to see the effect of synthesized nanoparticles in
nuclear-DNA damage. The liver cells treated showed a decrease in the length of DNA damage tail by 32.84 and 23.95% at two different dosage (1 and 2 mg/kg
respectively) with respect to positive control. (F) Kidney cells, also showed the same effect of the reduction (31.75 and 20.34%) at two different dosage (1 and
2 mg/kg respectively) in olive tail movement indicative of DNA damage (P < 0.05, one-way ANOVA with Dunnet post-test in comparison between positive control
and nanoparticle treatments). ∗∗∗ indicate the significant differences in comparison to negative control (CN−), with p vale < 0.005. ### indicate the significant
differences in comparison to positive control (CN+), with p vale < 0.005; ## indicates significantly different from control positive (CN+) at p < 0.05.

anti-QS potential of AgNPs was accessed on C. violaceum
CV12472 strain by observing the inhibition of QS-induced
violacein (violet color pigment) formation. Quantification
of violacein was performed spectrophotometrically using
microtiter plate at 585 nm optical density (Figure 3A). Different
concentrations of AgNPs exhibited a statistically significant
reduction in the purple colored violacein production without
inhibiting bacterial growth. At the lowest concentration
(0.5 µg/mL), nanoparticles inhibited violacein production
up to 32.9% as compared to control (P < 0.05). Violacein
production decreased gradually with increasing concentration

significant effect on the growth of the pathogens as shown in
Supplementary Figures S3, S4.

AgNPs Exhibit Anti-quorum Sensing (QS)
Activity
Quorum sensing (QS) is a bacterial cell–cell communication
process, in which bacteria response to extracellular signaling
molecules to control microbial virulence. We were interested
to determine the effect of synthesized AgNPs in relation
to quorum sensing activity and biofilm formation. The
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of AgNPs to a maximum of 89.6% at the concentration
of 4 µg/mL (P < 0.001) (Figure 3A). The production
of violacein pigment by C. violaceum (CV12472) was
mediated by AHL-mediated QS system. The quantitative
assessment of violacein pigment production in biosensor
strain C. violaceum CV12472 clearly indicated that the
anti-QS activity of AgNPs was dosage dependent. This QSmediated inhibition of violacein by AgNPs does not affect
the bacterial growth, indicating least possibility of bacterial
resistance development. Previous studies have also reported
the reduced violacein production by silver nanowires (80%
reduction) (Pal et al., 2007) and microfabricated AgNPs (100%
inhibition) (Singh et al., 2015).

AgNPs Inhibit Exopolysaccharide (EPS)
and Alginate Production
Formation of biofilm plays an important role during the
bacterial pathogenesis. Here, we found that AgNPs have antiQS activity and that known to regulate biofilm formation.
Therefore, we further explored the potential of AgNPs as
anti-biofilm agents against different bacterial strains by
estimating the inhibition of EPS and alginate production.
Biofilms are enclosed in a complex EPS network, which
facilitates the initial attachment of bacteria to the surface
and enhances microbial resistance to antibiotics (Albus
et al., 1997). Thus, reduction of EPS production may expose
pathogens to antibiotics, thus making them susceptible and
hence help in the removal of biofilms. In the present study,
we found that EPS extracted from treated and untreated
cultures showed concentration dependent decrease, i.e., EPS
production was reduced with increasing AgNPs concentration
(Figure 3B). The Gram −ve bacteria P. aeruginosa, E. coli,
C. violaceum, and K. pneumoniae exhibited 12–71, 21–
75, 9–61, and 15–79% (P < 0.05) inhibition of EPS in
the presence of AgNPs respectively, whereas Gram +ve
pathogen S. aureus showed 31–84% (P < 0.05) decrease in
EPS production at different sub-MICs (Figure 3B). Our results
corroborate well with earlier reports on copper nanoparticles
that reduced EPS production by 92% in clinical strains of
P. aeruginosa (LewisOscar et al., 2015).
Alginate is a major constituent of EPS, and its production
protects bacteria from the harsh environment. It helps
the attachment of bacteria to the surface and protects
them from host immune response and thus making them
resistant to antimicrobials. Thus, reduction in alginate
production is bound to decrease resistance among the
pathogens. Here, we extracted alginate from treated and
untreated cultures of bacterial strains and quantified by
taking OD at 530 nm. As shown in Figure 3C, AgNPs
reduced the alginate production of P. aeruginosa in a
concentration-dependent
manner.
Synthesized
AgNPs
showed 26.3–75.6% reduction in alginate production of P.
aeruginosa at concentrations of 1–8 µg/mL (Figure 3C). In
an earlier study, significant inhibition of alginate by AgNPs
synthesized from metabolites of Rhizopus arrhizus has been
reported (Cooper and Spitzer, 2015).
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FIGURE 6 | Synthesized AgNPs inhibit DNA damage. Representative images
of the comet assay to estimate the DNA damage in cells treated with
nanoparticles. Different groups were assigned as negative control (CN–),
positive control (CN+), nanoparticle treated; dosage 1 mg/kg (NP-1), and
nanoparticle treated; dosage 2 mg/kg (NP-2) in liver and kidney cells.

Swarming Mobility Suppressed by
AgNPs
Swarming motility plays a key role in the attachment of cells
to the surface during biofilm formation and is an important
virulence factor of many human and foodborne pathogens.
Therefore, impairment of motility will certainly affect biofilm
formation adversely. Results of the swarming motility assay
have been summarized in Table 2. Concentration dependent
decrease in swarming diameter was recorded, and maximum
inhibition was recorded at respective 1/2 × MIC against all the
test bacterial pathogens. The synthesized AgNPs demonstrated
32–76, 42–81, 18–65, and 40–68% reduction in motility behavior
of C. violaceum, P. aeruginosa PAO1, E. coli, and K. pneumoniae,
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the CN− whiles the groups- NP-1 and NP-2 showed a decrease
in activity by 42.15 and 38.82% with respect to CN+ group
(Figure 5B). The decrease in the activity of both liver function
markers indicates that the tolerability of AgNPs. It’s known, if the
liver function markers are slightly higher after the treatment of
synthesized compound or drug, then such compound or drug is
considered as tolerable.
Similarly, urea and creatinine are considered as the key
kidney function markers for assessment of the toxicity of any
compound or drug in vivo. In the present study, the level
of urea was raised by 69.56% in CN+ group as compared
to the negative control (CN−) group. However, groups- NP1 and NP-2 showed a decline in its level by 34.19 and 27.96%
respectively in comparison to CN+ group (Figure 5C). Similarly,
the creatinine level was also enhanced in CN+ by 80.58%
with respect to the CN− group. Hitherto, groups- NP-1 and
2 showed low level as of 36.26 and 23.23%, compared to
the CN+ group (Figure 5D). It is widely accepted that any
drug/chemical after undergoing metabolized in the body are
excreted out by the kidneys with the urine. If the agent is
toxic, then the renal function markers (urea and creatinine) are
elevated that is functional to its toxicity. The decrease in both the
studied markers post-treatment with the NPs as compared CN+
indicates that these particles exert a very low degree of toxicity in
the kidneys.
Sharma et al. (2012) have documented that NPs generate
reactive oxygen species in vivo that can further damage the target
organs and various cellular components including mitochondria.
In the present study, none of the treated animals was dead
after completion of the treatment at the taken doses. Besides,
there was not any significant decrease in body weight or
physical appearance (data not shown) in the NPs-treated animals.
Furthermore, the liver and renal function tests also showed mild
toxicity with increasing the dose of NPs as compared to CN−
group. Also, the decrease in both the organ function markers
with the CN+ group indicates that the NPs are quite tolerable
in the rats. It is believed that if any chemical/compound doesn’t
affect the function of liver and kidney, then such compound is
suitable as a drug-carrier or as an adjuvant (Hassan et al., 2010).
Besides, improvement in liver and renal markers in the NPstreated groups as compared to CN+ entails healing property of
the particles.

respectively at concentrations ranging from 1/16 × MIC1/2 × MIC (Table 2). It is also evident from Table 2 that
the flagellar driven migration of AgNPs treated test pathogens
was impaired considerably as compared to untreated control.
Hence, it is envisaged that the biosynthesized AgNPs tend to
reduce the biofilm formation in test pathogens by interfering
with bacterial ability to reach substratum. Results obtained
in the present study are in accordance with the findings
on green zinc oxide nanostructures synthesized from Nigella
sativa seed extract (Al-Shabib et al., 2016). They demonstrated
broad-spectrum, statically significant reduction in swarming
migration of human and food-borne pathogens viz. C. violaceum,
P. aeruginosa PAO1, E. coli and L. monocytogenes at tested
sub-MICs (Al-Shabib et al., 2016).

Anti-biofilm Properties of AgNPs
So far, we have observed that AgNPs inhibited QS-regulated
violacein production, alginate, and EPS production, and
swarming motility of bacteria. Biofilm formation plays a very
crucial role in the pathogenicity of bacteria. In most of the
cases, biofilm formation in pathogenic bacteria is regulated by
the QS. Thereby, any interference with QS system may regulate
the extent of biofilm formation by the pathogen. Furthermore,
the biofilm formation was quantified in the presence of AgNPs
by measuring absorbance at 470 nm. Data show that AgNPs
reduced the biofilm formation in different pathogens at respective
sub-MICs (Figure 3D). In the microtiter plate assay, AgNPs
exhibited a dose-dependent reduction in the biofilm biomass of
pathogens. AgNPs exhibited 22–79, 29–87, 12–59, 22–63, and
17–81% reduction in biofilm biomass of P. aeruginosa, E. coli,
C. violaceum, K. pneumoniae, and S. aureus respectively at subMICs ranging from 1/16 × MIC-1/2 × MIC (Figure 3D).
Furthermore, the SEM images also demonstrating the biofilm
inhibition by synthesize nanoparticles, grown by different
bacterial strains (Figure 4).
Our findings are in the agreement with previous report on
polysaccharide-capped AgNPs that demonstrated complete
biofilm inhibition in Bacillus and E. coli at sub-lethal
concentrations (Sanyasi et al., 2016). Other studies have
also documented biofilm inhibitory properties of AgNPs against
bacterial pathogens (Pal et al., 2007).

AgNPs Attenuate the Toxicity of Liver
and Kidney Enzymes in vivo

AgNPs Inhibit DNA Damage
We further evaluated the effect of AgNPs-induced nuclear DNA
damage by comet assay (Figures 5E,F, 6). In the liver cells, the
olive tail length of CN+ group was found to be increased by
62.97% as compared to the CN− group. However, groups- NP1 and NP-2 showed a decrease in the length by 32.84 and 23.95%
with respect to CN+ (Figures 5E, 6). Similarly, in kidney cells,
CN+ group showed an increase in its olive tail length by 62.13%
with respect to the control. Hitherto, groups- NP-1 and NP-2
exhibited a decline in the length by 31.75 and 20.34% respectively
as compared to the CN+ (Figures 5F, 6). Comet assay results
supported the biochemical toxicity profiling of the nanoparticles.
It is also noteworthy that the nanoparticles were more of the
hepatotoxicant than the nephrotoxic. Also, the toxicity of the

To check the suitability of AgNPs as a drug or drug adjuvant,
we were interested to know, weather the synthesized nanoparticle
has any toxic insult or not. Therefore, we determined the effect of
AgNPs on liver and kidney enzymes. Alanine transaminase (ALT)
and aspartate transaminase (AST) are chief toxicity markers
for the liver. In the present study, ALT activity was elevated
by 90.17% in the positive control (CCl4 - treated animals) with
respect to the control, while CCl4 used as a positive control (Boll
et al., 2001; Ebaid et al., 2014). However, groups- NP-1 and NP-2
demonstrated a decrease in its activity by 46.64 and 37.93% with
respect to the positive control (CN+) group (Figure 5A). AST
activity was also enhanced in CN+ by 88.07% as compared to
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FIGURE 7 | Molecular docking determine the AgNP’s binidng capacity to various enzymes. Molecular docking was performed to idnetify the interaction of
synthesized nanoparticles with amino acid residues. The docking model show an interaction of Ag to LasR through Val83 and Vfr through Tyr65, Asp127, and
Lys131. further RhlR interacted with Ag through Ile124, Ala126, Pro127, Glu160, Thr163, and Gln164. Similarly the docking of Ag with (A) LasR, (B) Vfr, (C) QscR,
(D) RhlR, and (E) PqsA.

The generated models were verified for their accuracy by
Ramachandran plot using RAMPAGE and also by SAVES and
QMEAN tools (Pontius et al., 1996; Lovell et al., 2003). The
three-dimensional structures of RhlR and PqsA after modeling
with I-TASSER have been shown in Supplementary Figure
S5. I-TASSER had predicted that the C-score of proteins RhlR
and PqsA were 1.23 and 1.32, respectively (Supplementary
Table S1). For a good prediction, the C-score usually varies
between +2 and −5 wherein the higher value of C-score
represents a good quality of the structure prediction. Similarly,
the estimated RMSD and TM-score of RhlR and PqsA were
4.8 ± 3.1 and 0.88 ± 0.07 and 3.1 ± 2.2 and 0.90 ± 0.06,
respectively (Supplementary Table S1). The Ramachandran
plot of RhlR showed that 87.4% of the residues occupied the
favored region and 10.1% residues occupied allowed region
while only 2.5% of the residues were in the outlier region
(Supplementary Figure S6A). Similarly, the Ramachandran plot
of PqsA showed that the residues in the favorable, allowed
and outlier regions were 84.7, 11.7, and 3.6%, respectively
(Supplementary Figure S6B). Together these results show
that the modeled structures of RhlR and PqsA produced
by I-TASSER had a good three-dimensional structure. The
quality of the modeled structures was also accessed by
ERRAT plots wherein Supplementary Figures S7A,B represent
the ERRAT plots of RhlR and PqsA, respectively. A good
resolution structure has overall quality factor around 95% or
higher. Supplementary Figure S8 shows that 95.279% of the
residues of RhlR and 94.466% of the residues of PqsA fall
below 95% rejection limit thereby confirming that they have

nanoparticles was not dose-dependent that entails the NPs are
suitable to be used as an adjuvant even at the higher doses with
the established or the new drugs. These results are harmonious
with the liver and renal function tests in which also the NPs
demonstrated mild toxicity under the tolerable range in both the
target organs.
Previous studies reported that AgNPs have excellent
antibacterial, antiviral and anti-inflammatory properties.
Furthermore, recently their anticancer activity is among the hot
springs of contemporary research (Zhang et al., 2016; Rónavári
et al., 2017). The present preliminary toxicity profiling of these
particles are aimed at exploring their therapeutic window against
various challenges in healthcare and environmental problems.
In the present work, it is crystal clear that the nanoparticles are
mildly toxic in vivo those were found tolerable at the moderate
dose in the living system.

Homology Modeling and Structure
Assessment of Enzymes Involved in QS
The molecular docking studies were employed to gain an
insight into the mechanism involved in the inhibitory action
of Ag on the crucial enzymes of QS. The information about
the three-dimensional structure of a protein is essential to
visualize its biological function in the native environment
(Rehman et al., 2015). In the present study, we have modeled
the three-dimensional structures of RhlR and PqsA using
I-TASSER (Roy et al., 2010) as the query sequences have
similarity index of less than 25% with the target sequence.
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FIGURE 8 | Model showing the systematic approch for the synthesis of nanoparticle (AgNPs) and their characterization. Three stages of the model showing the
basic steps for the synthesis of silver nanoparticles (AgNPs), their characterization to confirm the nature of nanoparticles and biologcal functions. As the AgNPs have
anti-biofilm and anti-cancer propertise, the synthesized AgNPs could be further tested for many therapeutics options and clinical managements.

a three-dimensional structure whose resolution matches the
experimentally determined structures (resolution below 2.5 Å)
by X-ray crystallography. Moreover, we also determined the
ability of the primary amino acid sequence to attain a
correct three-dimensional structure by analyzing Verify 3D
plots (Supplementary Figure S8). Our results indicate that

Frontiers in Microbiology | www.frontiersin.org

86.31 and 97.49% of the residues of RhlR and PqsA have
successfully attained proper three-dimensional structure. The
quality of the modeled structures of RhlR and PqsA were also
accessed by QMEAN tools, and the results are presented in
Supplementary Table S2. We found that the Z-score of a
total QMEAN parameter of RhlR and PqsA were −1.79 and
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−0.70
signifying
a
(Supplementary Table S2).
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good

quality

AgNPs exerted low degree of toxicity in vivo and were found
well-tolerable at a moderate dose. Hence, they are suitable to be
used in the form of adjuvants or drug–carrier as highly promising
anti-microbial and anti-cancer candidates. Moreover, these NPs
showed excellent anti-bacterial properties against various Gram
+ve and Gram −ve bacterial strains. The prepared AgNPs
showed anti-QS activity by inhibiting violacein and alginate
productions by 89.6 and 75.6% respectively. Further the EPS
production and swarming mobility were significantly decreased
in the presence of AgNPs. These are the key factors involved
in the initial attachment and maturation of biofilm. In silico
molecular modeling and docking studies further confirmed the
inhibition of key enzymes involved in QS. The POLE-capped
AgNPs synthesized in this study can be further evaluated for
their anti-cancer and anti-bacterial activities and optimized for
industrial scale production. Further studies are also warranted to
determine the efficacy and dose response of POLE-capped AgNPs
for clinical applications. Moreover, these AgNPs can be tapped
for the development and fabrication against colonization of drugresistant pathogenic micro-organisms on medical devices such as
catheters, tubes, probes, dressings, etc.

structure

Molecular Docking Determine the
AgNP’s Binidng Capacity to Various
Enzymes
In the next step, to assess and predict the biological interaction of
nanoparticles, we performed the molecular docking using Patch
Dock server for the three-dimensional structures of LasR, Vfr,
QscR, RhlR, and PqsA for (Hassan et al., 2012). The amino
acid residues that interact with Ag and the type of interactions
are presented in Figure 7. It is clear that Ag interacted to
LasR through Val83 while it was bound to Vfr through Tyr65,
Asp127, and Lys131 (Figure 7). An electrostatic interaction
(5.35 Å) between Ag and Asp127 of Vfr played a significant
role in stabilizing the complex. Moreover, Asp75, Phe101, and
Trp102 of QscR were found to interact favorably with Ag. The
QscR-Ag complex was stabilized by an electrostatic interaction
between Ag and Asp75 (Figure 7). Similarly, RhlR interacted
with Ag through Ile124, Ala126, Pro127, Glu160, Thr163, and
Gln164. The RhlR-Ag complex was stabilized by an electrostatic
interaction between Ag and Glu160 (5.33 Å). On the other hand,
hydrophobic interactions were crucial for stabilizing complex
between Ag and PqsA. The amino acid residues that participate
in the hydrophobic interactions were Val104, Arg106, Ser114,
Ala118, and Arg123 (Figure 7). We infer from the molecular
modeling and docking studies that Ag can effectively bind to
various enzymes that are crucial for mediating QS-controlled
bacterial pathogenesis.

AUTHOR CONTRIBUTIONS
AH and MA conceived and designed the experiments. AH,
SP, MAK, MR, IH, FH, MSK, RK, FA, and GS performed the
experiments and analyzed the data. MA, AH, MR, SA, MAK, and
SP wrote the manuscript. All authors reviewed and approved the
final version of the manuscript.

CONCLUSION
ACKNOWLEDGMENTS
The POLE-capped silver nanoparticles have been successfully
synthesized from AgNO3 and P. odorifer leaf extract using
microwave irradiation method and were evaluated for antimetastasis and anti-biofilm potentials. The overall synthesis
procedure and different aspect to characterize the AgNPs and
their functionality are shown in study model Figure 8. These
AgNPs were highly crystalline in nature with FCC structure
of 5–9 nm size. MTT assay of synthesized AgNPs displayed
significant anti-cancer activity for RBL cancer cells. Moreover,
scratch assay re-affirmed their anti-metastasis potential by
inhibiting the migration of cancer cells. The POLE-capped

The authors would like to extend their sincere appreciation to the
Deanship of Scientific Research at King Saud University, Riyadh,
Saudi Arabia for funding this research group No. RGP-215.

SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fmicb.
2019.00008/full#supplementary-material

REFERENCES

irradiation technique. Funct. Mater. Lett. 4, 1–5. doi: 10.1142/S179360471100
1531
Alajmi, M. F., Ahmed, J., Hussain, A., Ahamad, T., Alhokbany, N., Amir, S., et al.
(2018). Green synthesis of ultrafine Fe3O4 nanoparticles using aqueous extracts
of plant leaves for efficient bifunctional electro-catalytic activity. Appl. Nanosci.
8, 1427–1435. doi: 10.1007/s13204-018-0795-8
Albus, A. M., Pesci, E. C., Runyen-Janecky, L., West, S. E., and Iglewski, B. H.
(1997). Vfr controls quorum sensing in Pseudomonas aeruginosa. J. Bacteriol.
179, 3928–3935. doi: 10.1128/jb.179.12.3928-3935.1997
Ali, K., Ahmed, B., Dwivedi, S., Saquib, Q., Al-Khedhairy, A. A., and Musarrat, J.
(2015). Microwave accelerated green synthesis of stable silver nanoparticles
with Eucalyptus globulus leaf extract and their antibacterial and antibiofilm

Accelrys Software Inc. (2013). Discovery Studio Modeling Environment, Release 4.0.
San Diego, CA: Author.
Adkar, P. P., and Bhaskar, V. H. (2014). Pandanus odoratissimus (Kewda): a
review on ethnopharmacology, phytochemistry, and nutritional aspects. Adv.
Pharmacol. Sci. 2014:120895. doi: 10.1155/2014/120895
Ahluwalia, V. K., and Kidwai, M. (2004). “Microwave induced green synthesis,” in
New Trends in Green Chemistry, eds V. K. Ahluwalia and M. Kidwai (Dordrecht:
Springer), 59–72. doi: 10.1007/978-1-4020-3175-5_9
Ahmed, F., Kumar, S., Arshi, N., Anwar, M. S., Koo, B. H., and Lee, C. G.
(2011). Rapid and cost effective synthesis of ZnO nanorods using microwave

Frontiers in Microbiology | www.frontiersin.org

16

February 2019 | Volume 10 | Article 8

Hussain et al.

Anti-cancer/Anti-biofilm Properties of Biosynthesized AgNPs

activity on clinical isolates. PLoS One 10:e0131178. doi: 10.1371/journal.pone.
0131178
Al-Shabib, N. A., Husain, F. M., Ahmed, F., Khan, R. A., Ahmad, I., Alsharaeh, E.,
et al. (2016). Biogenic synthesis of Zinc oxide nanostructures from Nigella
sativa seed: prospective role as food packaging material inhibiting broadspectrum quorum sensing and biofilm. Sci. Rep. 6:36761. doi: 10.1038/srep
36761
Anandalakshmi, K., Venugobal, J., and Ramasamy, V. (2016). Characterization
of silver nanoparticles by green synthesis method using Pedalium murex leaf
extract and their antibacterial activity. Appl. Nanosci. 6, 399–408. doi: 10.1007/
s13204-015-0449-z
Andrews, J. M. (2001). Determination of minimum inhibitory concentrations.
J. Antimicrob. Chemother. 48, 5–16. doi: 10.1093/jac/48.suppl_1.5
Arora, S., Jain, J., Rajwade, J. M., and Paknikar, K. M. (2009). Interactions
of silver nanoparticles with primary mouse fibroblasts and liver cells.
Toxicol. Appl. Pharmacol. 236, 310–318. doi: 10.1016/j.taap.2009.
02.020
Atwan, Z. W., and Saiwan, F. (2010). The antibacterial activity of cold aqueous and
pigment of Hibiscus rosa siensis extracts against Gram -positive and negative
bacteria. Bas. J. Vet. Res. 10, 109–118.
Awwad, A. M., Salem, N. M., and Abdeen, A. O. (2012). Biosynthesis of silver
nanoparticles using Olea europaea leaves extract and its antibacterial activity.
Nanosci. Nanotech. 2, 164–170. doi: 10.5923/j.nn.20120206.03
Boll, M., Weber, L. W., Becker, E., and Stampfl, A. (2001). Mechanism
of carbon tetrachloride-induced hepatotoxicity. Hepatocellular damage by
reactive carbon tetrachloride metabolites. Z. Naturforsch. C 56, 649–659. doi:
10.1515/znc-2001-7-826
Buranasukhon, W., Athikomkulchai, S., Tadtong, S., and Chittasupho, C. (2017).
Wound healing activity of Pluchea indica leaf extract in oral mucosal cell line
and oral spray formulation containing nanoparticles of the extract. Pharm. Biol.
55, 1767–1774. doi: 10.1080/13880209.2017.1326511
Calderón-Jiménez, B., Johnson, M. E., Montoro Bustos, A. R., Murphy, K. E.,
Winchester, M. R., and Vega Baudrit, J. R. (2017). Silver nanoparticles:
technological advances, societal impacts, and metrological challenges. Front.
Chem. 5:6. doi: 10.3389/fchem.2017.00006
Choi, O., Deng, K. K., Kim, N. J., Ross, L. Jr., Surampalli, R. Y., and Hu, Z. (2008).
The inhibitory effects of silver nanoparticles, silver ions, and silver chloride
colloids on microbial growth. Water Res. 42, 3066–3074. doi: 10.1016/j.watres.
2008.02.021
Chung, I. M., Park, I., Seung-Hyun, K., Thiruvengadam, M., and Rajakumar, G.
(2016). Plant-mediated synthesis of silver nanoparticles: their characteristic
properties and therapeutic applications. Nanoscale Res. Lett. 11:40. doi: 10.1186/
s11671-016-1257-4
CLSI (2017). Performance Standards for Antimicrobial Susceptibility Testing, 27th
Edn. Wayne, PA: Clinical and Laboratory Standards Institute.
Cooper, R. J., and Spitzer, N. (2015). Silver nanoparticles at sub-lethal
concentrations disrupt cytoskeleton and neurite dynamics in cultured adult
neural stem cells. Neurotoxicology 48, 231–238. doi: 10.1016/j.neuro.2015.
04.008
Draberova, L., and Draber, P. (1991). Functional expression of the endogenous
Thy-1 gene and the transfected murine Thy-1.2 gene in rat basophilic leukemia
cells. Eur. J. Immunol. 21, 1583–1590. doi: 10.1002/eji.1830210703
Dubois, M. K., Gils, J. K., Hanniton, P. A., and Smith, F. (1956). Use of phenol
reagent for the determination of total sugar. Anal. Chem. 28, 350–356. doi:
10.1021/ac60111a017
Ebaid, H., Al-Tamimi, J., Hassan, I., Alhazza, I., and Al-Khalifa, M. (2014).
Antioxidant bioactivity of Samsum ant (Pachycondyla sennaarensis) venom
protects against CCL4-induced nephrotoxicity in mice. Oxid. Med. Cell Longev.
2014:763061. doi: 10.1155/2014/763061
Faedmaleki, F., Shirazi, F. H., Ejtemaeimehr, S., Anjarani, S., Salarian, A. A.,
Ahmadi Ashtiani, H., et al. (2016). Study of Silymarin and Vitamin E protective
effects on silver nanoparticle toxicity on mice liver primary cell culture. Acta
Med. Iran. 54, 85–95.
Faedmaleki, F., Shirazi, F. H., Salarian, A. A., Ashtiani, H. A., and Rastegar, H.
(2014). Toxicity effect of silver nanoparticles on mice liver primary cell culture
and HepG2 cell line. Iran. J. Pharm. Res. 13, 235–242.
Franco-Molina, M. A., Mendoza-Gamboa, E., Sierra-Rivera, C. A., Gómez-Flores,
R. A., Zapata-Benavides, P., Castillo-Tello, P., et al. (2010). Antitumor activity

Frontiers in Microbiology | www.frontiersin.org

of colloidal silver on MCF-7 human breast cancer cells. J. Exp. Clin. Cancer Res.
29, 148. doi: 10.1186/1756-9966-29-148
Gengan, R. M., Anand, K., Phulukdaree, A., and Chuturgoon, A. (2013). A549
lung cell line activity of biosynthesized silver nanoparticles using Albizia
adianthifolia leaf. Colloids Surf. B Biointerfaces 105, 87–91. doi: 10.1016/j.
colsurfb.2012.12.044
Ghosh, S., Patil, S., Ahire, M., Kitture, R., Kale, S., Pardesi, K., et al. (2012). Synthesis
of silver nanoparticles using Dioscorea bulbifera tuber extract and evaluation
of its synergistic potential in combination with antimicrobial agents. Int. J.
Nanomed. 7, 483–496. doi: 10.2147/IJN.S24793
Gopinath, P., Gogoi, S. K., Chattopadhyay, A., and Ghosh, S. S. (2008).
Implications of silver nanoparticle induced cell apoptosis for in vitro
gene therapy. Nanotechnology 19:075104. doi: 10.1088/0957-4484/19/7/
075104
Gopu, V., Meena, C. K., and Shetty, P. H. (2015). Quercetin influences quorum
sensing in food borne bacteria: in-vitro and in-silico evidence. PLoS One
10:e0134684. doi: 10.1371/journal.pone.0134684
Guo, H., Xing, B., Hamlet, L. C., Chica, A., and He, L. (2016). Surface-enhanced
Raman scattering detection of silver nanoparticles in environmental and
biological samples. Sci. Total Environ. 55, 246–252. doi: 10.1016/j.scitotenv.
2016.02.084
Gurunathan, S., Han, J. W., Eppakayala, V., Jeyaraj, M., and Kim, J. H. (2013).
Cytotoxicity of biologically synthesized silver nanoparticles in MDA-MB-231
human breast cancer cells. Biomed. Res. Int. 2013:535796. doi: 10.1155/2013/
535796
Hassan, I., Chibber, S., Khan, A. A., and Naseem, I. (2012). Riboflavin ameliorates
cisplatin induced toxicities under photoillumination. PLoS One 7:e36273. doi:
10.1371/journal.pone.0036273
Hassan, I., Chibber, S., and Naseem, I. (2010). Ameliorative effect of
riboflavin on the cisplatin induced nephrotoxicity and hepatotoxicity under
photoillumination. Food Chem. Toxicol. 48, 2052–2058. doi: 10.1016/j.fct.2010.
05.004
Husain, F. M., and Ahmad, I. (2013). Doxycycline interferes with quorum
sensing-mediated virulence factors and biofilm formation in Gram -negative
bacteria. World J. Microbiol. Biotechnol. 29, 949–957. doi: 10.1007/s11274-0131252-1
Iravani, S., and Zolfaghari, B. (2013). Green synthesis of silver nanoparticles using
Pinus eldarica bark extract. Biomed. Res. Int. 2013:639725. doi: 10.1155/2013/
639725
Jeyaraj, M., Rajesh, M., Arun, R., MubarakAli, D., Sathishkumar, G.,
Sivanandhan, G., et al. (2013a). An investigation on the cytotoxicity
and caspase-3-mediated apoptotic effect of biologically synthesized
silver nanoparticles using Podophyllum hexandrum on human cervical
carcinoma cells. Colloids Surf. B Biointerfaces 102, 708–717. doi:
10.1016/j.colsurfb.2012.09.042
Jeyaraj, M., Sathishkumar, G., Sivanandhan, G., MubarakAli, D., Rajesh, M.,
Arun, R., et al. (2013b). Biogenic under for cancer treatment: an experimental
report. Colloids Surf. B Biointerfaces 106, 86–92. doi: 10.1016/j.colsurfb.2013.
01.027
Jha, A. K., Prasad, K., Prasad, K., and Kulakarni, A. R. (2009). Plant system: nature’s
nanofactory. Colloids Surf. B Biointerfaces 73, 219–223. doi: 10.1016/j.colsurfb.
2009.05.018
Khan, A. U., and Rehman, M. T. (2016). Significance of Trp-93 in the structure and
function of New Delhi metallo-β-lactamase-1 (NDM-1). Antimicrob. Agents
Chemother. 60, 356–360. doi: 10.1128/AAC.01194-15
Kothari, V., Sharma, S., and Padia, D. (2017). Recent research advances on
Chromobacterium violaceum. Asian Pacif. J. Trop. Med. 10, 744–752. doi: 10.
1016/j.apjtm.2017.07.022
LewisOscar, F., MubarakAli, D., Nithya, C., Priyanka, R., Gopinath, V., Alharbi,
N. S., et al. (2015). One pot synthesis and anti-biofilm potential of copper
nanoparticles [CuNPs] against clinical strains of Pseudomonas aeruginosa.
Biofouling 31, 379–391. doi: 10.1080/08927014.2015.1048686
Liang, C. C., Park, A. Y., and Guan, J. L. (2007). In vitro scratch assay: a convenient
and inexpensive method for analysis of cell migration in vitro. Nat. Protoc. 2,
329–333. doi: 10.1038/nprot.2007.30
Lovell, S. C., Davis, I. W., Arendall, W. B., de Bakker, P. I., Word, J. M., Prisant,
M. G., et al. (2003). Structure validation by Cα geometry: φ, ψ and Cβ deviation.
Proteins Struct. Funct. Genet. 50, 437–450. doi: 10.1002/prot.10286

17

February 2019 | Volume 10 | Article 8

Hussain et al.

Anti-cancer/Anti-biofilm Properties of Biosynthesized AgNPs

Luximon-Ramma, A., Bahorun, T., Soobrattee, M. A., and Aruoma, O. I.
(2002). Antioxidant activities of phenolic, proanthocyanidin, and flavonoid
components in extracts of Cassia fistula. J. Agric. Food Chem. 50, 5042–5047.
doi: 10.1021/jf0201172
Mirgorod, Y. A., and Borodina, V. G. (2013). Preparation and bactericidal
properties of silver nanoparticles in aqueous tea leaf extract. Inorgan. Mater.
49, 980–983. doi: 10.1134/S0020168513090094
Mirgorod, Y. A., Borodina, V. G., and Borsch, N. A. (2013). Investigation of
interaction between silver Ions and rutin in water by physical methods.
Biophysics 58, 743–747. doi: 10.1134/S0006350913060146
Mody, V. V., Siwale, R., Singh, A., and Mody, H. R. (2010). Introduction to metallic
nanoparticles. J. Pharm. Bioallied. Sci. 2, 282–289. doi: 10.4103/0975-7406.
72127
Mosmann, T. (1983). Rapid colorimetric assay for cellular growth and survival:
application to proliferation and cytotoxicity assays. J. Immunol. Methods 65,
55–63. doi: 10.1016/0022-1759(83)90303-4
Mukherjee, S., Sushma, V., Patra, S., Barui, A. K., Bhadra, M. P., Sreedhar, B.,
et al. (2012). Green chemistry approach for the synthesis and stabilization of
biocompatible gold nanoparticles and their potential applications in cancer
therapy. Nanotechnology 23, 455103–455116. doi: 10.1088/0957-4484/23/45/
455103
Muteeb, G., Rehman, M. T., Ali, S. Z., Al-Shahrani, A. M., Kamal,
M. A., and Ashraf, G. M. (2017). Phage display technique: a novel
medicinal approach to overcome antibiotic resistance by using peptidebased inhibitors against β-lactamases. Curr. Drug Metab. 18, 90–95.
doi: 10.2174/1389200217666160727100434
O’Toole, G. A., and Kolter, R. (1998). Initiation of biofilm formation in
Pseudomonas fluorescens WCS365 proceeds via multiple, convergent signaling
pathways: a genetic analysis. Mol. Microbiol. 28, 449–461. doi: 10.1046/j.13652958.1998.00797.x
Oves, M., Aslam, M., Rauf, M. A., Qayyum, S., Qari, H. A., and Khan, M. S. (2018).
Antimicrobial and anticancer activities of silver nanoparticles synthesized from
the root hair extract of Phoenix dactylifera. Mater. Sci. Eng. C 89, 429–443.
doi: 10.1016/j.msec.2018.03.035
Pal, S., Tak, Y. K., and Song, J. M. (2007). does the antibacterial activity of silver
nanoparticles depend on the shape of the nanoparticle? a study of the gram negative bacterium Escherichia coli. Appl. Environ. Microbiol. 73, 1712–1720.
doi: 10.1128/AEM.02218-06
Panda, K. K., Achary, V. M., Krishnaveni, R., Padhi, B. K., Sarangi, S. N., Sahu,
S. N., et al. (2011). In vitro biosynthesis and genotoxicity bioassay of silver
nanoparticles using plants. Toxicol. In Vitro 25, 1097–1105. doi: 10.1016/j.tiv.
2011.03.008
Park, M. V., Neigh, A. M., Vermeulen, J. P., de la Fonteyne, L. J., Verharen,
H. W., Briedé, J. J., et al. (2011). The effectof particle size on the
cytotoxicity, inflammation, developmental toxicity and genotoxicity of silver
nanoparticles. Biomaterials 32, 9810–9817. doi: 10.1016/j.biomaterials.2011.
08.085
Piao, M. J., Kang, K. A., Lee, I. K., Kim, H. S., Kim, S., Choi, J. Y., et al.
(2011). Silver nanoparticles induce oxidative cell damage in human liver cells
through inhibition of reduced glutathione and induction of mitochondria
involved apoptosis. Toxicol. Lett. 201, 92–100. doi: 10.1016/j.toxlet.2010.
12.010
Pontius, J., Richelle, J., and Wodak, S. J. (1996). Deviations from standard atomic
volumes as a quality measure for protein crystal structures. J. Mol. Biol. 264,
121–136. doi: 10.1006/jmbi.1996.0628
Qu, D., Sun, W., Chen, Y., Zhou, J., and Liu, C. (2014). Synthesis and
in vitro antineoplastic evaluation of silver nanoparticles mediated by
Agrimoniae herba extract. Int. J. Nanomed. 9, 1871–1882. doi: 10.2147/IJN.
S58732
Rai, M., Yadav, A., and Gade, A. (2009). Silver nanoparticles as a new generation
of antimicrobials. Biotechnol. Adv. 27, 76–83. doi: 10.1016/j.biotechadv.2008.
09.002
Rehman, M. T., Faheem, M., and Khan, A. U. (2015). An insight into the
biophysical characterization of different states of Cefotaxime Hydrolyzing
β-Lactamase 15 (CTX-M-15). J. Biomol. Struct. Dyn. 33, 625–638. doi: 10.1080/
07391102.2014.899925
Rodriguez, L. G., Wu, X., and Guan, J. L. (2005). Wound-healing assay. Methods
Mol. Biol. 294, 23–29.

Frontiers in Microbiology | www.frontiersin.org

Rónavári, A., Kovács, D., Igaz, N., Vágvölgyi, C., Boros, I. M., Kónya, Z., et al.
(2017). Biological activity of green-synthesized silver nanoparticles depends
on the applied natural extracts: a comprehensive study. Int. J. Nanomed. 12,
871–883. doi: 10.2147/IJN.S122842
Roy, A., Kucukural, A., and Zhang, Y. (2010). I-TASSER: a unified platform for
automated protein structure and function prediction. Nat. Protoc. 5, 725–738.
doi: 10.1038/nprot.2010.5
Salata, O. (2004). Applications of nanoparticles in biology and medicine.
J. Nanobiotechnol. 2:3. doi: 10.1186/1477-3155-2-3
Sanpui, P., Chattopadhyay, A., and Ghosh, S. S. (2011). Induction of apoptosis
in cancer cells at low silver nanoparticle concentrations using chitosan
nanocarrier. ACS Appl. Mater. Interfaces 3, 218–228. doi: 10.1021/am100
840c
Sanyasi, S., Majhi, R. K., Kumar, S., Mishra, M., Ghosh, A., Suar, M., et al.
(2016). Polysaccharide-capped silver Nanoparticles inhibit biofilm formation
and eliminate multi-drug-resistant bacteria by disrupting bacterial cytoskeleton
with reduced cytotoxicity towards mammalian cells. Sci. Rep. 6:24929. doi:
10.1038/srep24929
Schneidman-Duhovny, D., Inbar, Y., Nussinov, R., and Wolfson, H. J. (2005).
PatchDock and SymmDock: servers for rigid and symmetric docking. Nucleic
Acids Res. 33, W363–W367. doi: 10.1093/nar/gki481
Sharma, V., Singh, P., Pandey, A. K., and Dhawan, A. (2012). Induction of oxidative
stress, DNA damage and apoptosis in mouse liver after sub-acute oral exposure
to zinc oxide nanoparticles. Mutat. Res. 745, 84–91. doi: 10.1016/j.mrgentox.
2011.12.009
Shruti, S., Jain, D. S., Athawale, R. B., Bajaj, A. N., Goel, P., Kamran, Z., et al. (2015).
Evaluation of anti-metastatic potential of Cisplatin polymeric nanocarriers on
B16F10 melanoma cells. Saudi Pharm. J. 23, 341–351. doi: 10.1016/j.jsps.2014.
08.004
Siegel, R. L., Miller, K. D., and Jemal, A. (2017). Cancer statistics. CA Cancer J. Clin.
67, 7–30. doi: 10.3322/caac.21387
Singh, B. R., Singh, B. N., Singh, A., Khan, W., Naqvi, A. H., and Singh,
H. B. (2015). Mycofabricated biosilver nanoparticles interrupt Pseudomonas
aeruginosa quorum sensing systems. Sci. Rep. 5:13719. doi: 10.1038/srep
13719
Singh, N. P., McCoy, M. T., Tice, R. R., and Schneider, E. L. (1988).
A simple technique for quantification of low levels of DNA damage in
individual cells. Exp. Cell Res. 175, 184–191. doi: 10.1016/0014-4827(88)
90265-0
Siraganian, R. P., McGivney, A., Barsumian, E. L., Crews, F. T., Hirata, F., and
Axelrod, J. (1982). Variants of the rat basophilic leukemia cell line for the study
of histamine release. Fed. Proc. 41, 30–34.
Sun, N., Zhou, C., Zhou, X., Sun, L., and Che, H. (2015). Use of a rat basophil
leukemia (RBL) cell-based immunological assay for allergen identification,
clinical diagnosis of allergy, and identification of anti-allergy agents for use in
immunotherapy. J. Immunotoxicol. 12, 199–205. doi: 10.3109/1547691X.2014.
920063
Tsuji, M., Hashimoto, M., Nishizawa, Y., Kubokawa, M., and Tsuji, T. (2005).
Microwave-assisted synthesis of metallic nanostructures in solution. Chemistry
11, 440–452. doi: 10.1002/chem.200400417
Vijayabaskar, P., Babinastarlin, S., Shankar, T., Sivakumar, T., and Anandapandian,
K. T. K. (2011). Quantification and characterization of exopolysaccharides from
Bacillus subtilis (MTCC 121). Adv. Biol. Res. 5, 71–76.
Xu, F., Piett, C., Farkas, S., Qazzaz, M., and Syed, N. I. (2013). Silver
nanoparticles (AgNPs) cause degeneration of cytoskeleton and disrupt synaptic
machinery of cultured cortical neurons. Mol. Brain 6:29. doi: 10.1186/17566606-6-29
Yamaguchi, K., Hirakata, Y., Kobayashi, I., Ikedo, M., and Ohno, A. (2012).
A report from the committee on microbroth dilution antimicrobial
susceptibility testing: issues in antimicrobial susceptibility testing of
Haemophilus influenzae: a comparison of the Japanese Society of
Chemotherapy lysed horse blood and the CLSI HTM broth microdilution
methods. J. Infect. Chemother. 18, 134–143. doi: 10.1007/s10156-0110277-3
Zanette, C., Pelin, M., Crosera, M., Adami, G., Bovenzi, M., Larese, F. F., et al.
(2011). Silver nanoparticles exert a long-lasting antiproliferative effect on
human keratinocyte HaCaT cell line. Toxicol. In Vitro 25, 1053–1060. doi:
10.1016/j.tiv.2011.04.005

18

February 2019 | Volume 10 | Article 8

Hussain et al.

Anti-cancer/Anti-biofilm Properties of Biosynthesized AgNPs

Zhang, X. F., Liu, Z. G., Shen, W., and Gurunathan, S. (2016). Silver
nanoparticles: synthesis, acharacterization, properties, applications, and
therapeutic approaches. Int. J. Mol. Sci. 17:1534. doi: 10.3390/ijms1709
1534
Zhang, Y., Yang, D., Kong, Y., Wang, X., Pandoli, O., and Gao, G. (2010).
Synergetic antibacterial effects of silver nanoparticles @ Aloe vera prepared
via a green method. Nano Biomed. Eng. 2, 252–257. doi: 10.5101/nbe.v2i4.
252-257
Zuberi, R. I., Frigeri, L. G., and Liu, F. T. (1994). Activation of rat basophilic
leukemia cells by epsilon-bp, an ige-binding endogenous lectin. Cell Immunol.
156, 1–12. doi: 10.1006/cimm.1994.1148

Frontiers in Microbiology | www.frontiersin.org

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.
Copyright © 2019 Hussain, Alajmi, Khan, Pervez, Ahmed, Amir, Husain, Khan,
Shaik, Hassan, Khan and Rehman. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original publication
in this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.

19

February 2019 | Volume 10 | Article 8

