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KEYWORDS Abstract The advanced research and development of silver nanoparticles (AgNPs) is vast due to
Biosynthesis; their incredible applications today. In this work, AgNPs were synthesized using soil derived
Pseudomonas putida; Pseudomonas putida MVP2. The AgNPs formation on the P. putida cell membrane and its cell free
Antimicrobial activity; supernatant was studied. The synthesized AgNPs were characterized by UV-visible spectroscopy,
Cytotoxicity; scanning transmission electron microscopy (STEM), X-ray diffraction (XRD), energy dispersive
Biocompatibility; X-ray (EDAX) and Fourier transform infrared (FTIR) spectrum analysis. The mode of action of
Silver nanoparticles AgNPs on the bacteria was studied against clinically isolated bacterial pathogens, Staphylococcus

aureus, Escherichia coli, Bacillus cereus, Pseudomonas aeruginosa and Helicobacter pylori by
membrane integrity, and protein leakage using confocal and electron microscopy. Interestingly,
AgNPs had no cytotoxicity under 25 pg/mL and it was toxic at above 50 pg/mL on human
epidermoid larynx carcinoma (HEp-2) cells. This study evidenced that biogenic nanoparticles could
affect the bacterial replication, protein leakage and eventually cell death. This might be used for
active antimicrobial agents for the chronic infections.

© 2015 The Authors. Production and hosting by Elsevier B.V. on behalf of King Saud University. Thisis
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 1 UV-Vis spectra of AgNPs synthesized using cell-free supernatant at increasing time for 0-20 min and 90 days at 37 °C (A),

HRTEM images of AgNPs using cell free supernatant showed in the size ranges of 5-16 nm (B). TEM images of AgNPs synthesized using

cell membrane (C and D).
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Figure 2 X-ray diffraction spectrum of biogenic AgNPs (A),
EDAX spectrum showed elemental signals of silver (B).

(AgNPs) biosynthesis, Bacillus flexus was used as the reducing and sta-
bilizing agent (Priyadarshini et al., 2013). Most of the biological aeti-
ology has been used to generate metal nanoparticles (MubarakAli
et al., 2011, 2013; Gopinath et al., 2013; Gajbhiye et al., 2009; Xie
et al., 2007). On the other hand, the kinetics of the biosynthesis is much
faster when cell-free extracts were used (Tamboli and Lee, 2013;
Kalpana and Lee, 2013). Recently electrochemically active biofilm
mediated silver nanocomposite has been synthesized with higher
antibacterial and photocatalytic activity (Ansari et al., 2014; Khan
et al., 2013, 2014).

The AgNPs are superior disinfectants that can significantly reduce
many bacterial infections for longer period compared to usage of com-
mon biocides, penicillin, and tetracycline. AgNPs are very effective
since they are potent biocides against various microorganisms such
as bacteria, fungi, and viruses. Certain bacteria are resistant to antibi-
otics, and some have developed resistance. For examples, Neisseria
gonorrhoeae, Staphylococcus aureus and Helicobacter pylori are resis-
tant to penicillin and metronidazole (Teh et al., 2014; Madhavan
et al., 2014). H. pylori infection is considered to be a primary risk fac-
tor for the development of gastric ulcer and gastric cancer. However,
H. pylori resistance to most of the commonly used antibiotics is
increasing worldwide and alternate approaches have been proposed
to overcome the side-effects associated with antibiotic treatment for
H. pylori (Iwanczak and Iwanczak, 2012; Chang et al., 2011). It has
been proposed that the antibacterial activity is based on the electro-
static attraction between negative charged cell membrane of microor-
ganism and positive charged Ag ion. Therefore, Ag™ can cause
bacterial cell death by damaging the cell membrane, strongly interacts
with thiol groups of vital enzymes and destroying DNA replication
ability (Shao et al., 2015).

Metallic Ag ions are inert but when it becomes ionized, it is highly
reactive in water. lonized silver causes structural changes to the bacte-
rial cell wall and nuclear membrane, leading to cell distortion and
death (Rai et al., 2009). In this study, we report on the extracellular
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synthesis of AgNPs using Pseudomonas putida MVP2 derived from
soil. The biosynthesized AgNPs exhibited considerable antibacterial
activity against clinically isolated bacterial pathogens, S. aureus, Pseu-
domonas aeruginosa, Escherichia coli and Bacillus cereus and H. pylori
strains (J99, NCTC 11637 and UMO066).

2. Materials and methods

2.1. Chemicals

Analytical grade Silver nitrate (AgNO;3) was purchased from
Sigma Aldrich (St. Louis, USA). The media components
Mueller Hinton agar and Luria-Bertani agar were purchased
from Himedia Laboratories, Mumbai, India, and Blood Agar
media was purchased from Oxoid, UK.

2.2. Bacterial pathogens and cancer cell line maintenance

The bacterial clinical isolates S. aureus, E. coli, B. cereus and P.
aeruginosa were obtained from SRM University Hospital,
Tamil Nadu, India. The clinical isolate H. pylori UM066 was
obtained from the Helicobacter Research laboratory, Univer-
sity of Malaya, Kuala Lumpur, Malaysia. H. pylori J99
(ATCC 700824) and NCTC 11637 (ATCC 43504) were
obtained from American Type Culture Collection (ATCC,
USA). The human epidermoid larynx carcinoma cell line
(HEp-2) was obtained from the National Centre for Cell
Sciences (NCCS), Pune, India. The HEp-2 cell lines were
cultured in 25cm? of a tissue culture flask with Minimum
Essential Medium Eagle (MEM) supplemented with 10%
foetal bovine serum (FBS), Earle’s salts, L-glutamine, sodium

STEM images of AgNPs: monodispersed, spherical AgNPs with the size range from 6 to 16 nm (A and B); size distribution of

bicarbonate, and antibiotic solution containing penicillin
(100 pg/mL), streptomycin (100 pg/mL), kanamycin (50 pg/mL),
and amphotericin B (25 pg/mL). The cultured cell lines were
incubated at 37 °C in a humidified incubator containing 5%
CO; (RS Biotech, UK).

2.3. Isolation, screening and identification of an efficient
bacterial strain for AgNPs

The soil samples were collected from the waste dump sites of
silver mining areas in Salem, Tamil Nadu, India. The serially
diluted soil samples were plated on Luria—Bertani (LB) agar
media and incubated at 37 °C for 24 h. After the incubation
period, the bacterial colonies were observed and subcultured
further in the same medium to obtain pure colonies. In a pilot
scale screening, a total of 73 bacterial strains were isolated and
named MPV1 to MPV73. All the isolates were freshly inocu-
lated in LB broth and kept in a rotary shaker incubator for
37°C at 160 rpm. The culture was then centrifuged at
8000 rpm and the supernatant was mixed with AgNOj to
adjust the final volume concentration to 1 mM. Based on the
rapid reduction of metallic silver (Ag™) ions, one effective syn-
thesizer was selected and identified as P. putida by 16S rRNA
sequencing. This isolate was named P. putida MPV2
(Priyadarshini et al., 2013).

2.4. Extracellular synthesis of AgNPs

The 24 h grown fresh culture of P. putida MPV2 in the LB
broth was centrifuged at 8000 RPM for 10 min to obtain the
supernatant. The supernatant was mixed with AgNO; solution
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Table 1 Antibacterial activity of synthesized silver nanopar-
ticles: diameter of zone of inhibition against P. aeruginosa,
E. coli, S. aureus, B. cereus, H. pylori 199, H. pylori NCTC
11637 and H. pylori UMG66.

SI. no. bacteria Parameters

Zone of inhibition
(mm)

Concentration of
AgNPs (pg/ml)

Mean of three

replicates
1. P. aeruginosa 5 7.5
10 8.6
15 10.5
20 12.2
2. E. coli 5 6.8
10 7.7
15 10.2
20 12.1
3. S. aureus 5 6.7
10 7.4
15 8.9
20 11.2
4. B. cereus 5 6.5
10 7.8
15 9.8
20 11
S. H. pylori J99 5 0
10 6.7
15 7.5
20 8.8
6. H. pylori NCTC 5 0
11637 10 0
15 6.8
20 8.2
7. H. pylori UM66 5 0
10 6.9
15 7.2
20 8.4

to make a final volume concentration of 1 mM. The super-
natant without addition of AgNO; was maintained as a con-
trol. In another set of experiments the 24 h grown culture of
P. putida was directly mixed with AgNO; to adjust the final
concentration of 1 mM. The bacterial culture without addition
of AgNO; was maintained as a control. Subsequently, the
bioreduction of silver ions was monitored by the visual colour
change and UV-visible spectrum analysis of the reaction
mixture.

2.5. Physical characterization of the synthesized AgNPs

The UV-Vis spectrum analysis was recorded for the AgNO;—
bacteria reaction mixture by Perkin—Elmer double beam spec-
trophotometer (Lambda 45, Perkin—Elmer, USA). The sam-
ples were scanned in the range of 200-700 nm at a resolution
of 1 nm. The functional association of the AgNPs was anal-
ysed by FTIR spectrum (Cary 660, Agilent technologies,
USA) by the samples mixed with KBr to make a pellet and

Table 2 MIC values of synthesized AgNPs against tested
bacterial strains.

Parameters

MIC (pg/ml)

SI. no. bacteria

MBC (ug/ml)

1. P. aeruginosa 7.5 9

2. E. coli 6.75 8

3. S. aureus 9 12.5
4. B. cereus 10.25 14
S. H. pylori 199 15 18.5
6. H. pylori NCTC 11673 25 25
7. H. pylori UM66 14.5 18

the spectrum was recorded at a resolution of 4cm™' at the
range of 500-4000 cm~'. The crystalline nature of the synthe-
sized nanoparticles was characterized by X’Pert Pro A Analyt-
ical X-ray diffractometer instrument operated at 40 keV with
Cu Ka radiation in a 0-20 configuration. The topographical
image of the nanoparticles was recorded by STEM. The sam-
ple was prepared by loading a drop of the nanoparticles solu-
tion on a carbon-coated copper grid followed by air-drying for
30 min.

2.6. Antibacterial investigation of biogenic AgN Ps

2.6.1. Disc diffusion assay

Antibacterial activity of the biosynthesized AgNPs was evalu-
ated by standard disc diffusion method according to National
Committee for Clinical Laboratory Standards (NCCLS).
About 10* colony forming units (CFUs) of bacterial cells such
as S. aureus, E. coli, P. aeruginosa and B. cereus were spread on
Mueller Hinton Agar (MHA) plates to create a confluent lawn
of bacterial growth. The paper disc at 6 mm dimension was
impregnated with different concentrations of AgNPs (5, 10,
15 and 20 pg/mL). The plates were incubated at 37 °C for
24 h and the diameter of the clear zone of inhibition around
the disc was measured in mm. To test antibacterial activity
for H. pylori strains of J99, NCTC 11637 and UMO066, 72 h
grown culture (about 10* CFUs) was inoculated in chocolate
blood agar media supplemented with 7% of lysed horse blood.
The plates were incubated at 37 °C for 72 h under microaero-
philic conditions and the diameter of the clear ZOI around the
disc was measured in mm and the triplicate mean value was
calculated.

2.6.2. Determination of the minimum inhibitory concentration
(MIC)

MIC of AgNPs was determined according to Clinical and Lab-
oratory Standards Institute (CLSI) by the broth microdilution
method (Mohan et al., 2014). The test pathogens were subcul-
tured and then adjusted to 0.5 M McFarland standard to give
~108 CFU/mL. A 50 pL aliquot of the bacterial suspension
was dispersed in 96-well plate containing various concentra-
tions of AgNPs (2.5-50 pg/mL) resulting in 5 x 10 CFU/mL.
Microtitre plate wells containing the MHB served as a negative
control and the wells containing bacterial suspension served as
a positive control. To determine the MIC of AgNPs against
H. pylori strains J99, UMO066 and NCTC 11637 bacteria
were grown freshly for 72 h on brain heart infusion medium
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Figure 4 Live/dead cell staining confocal images of control bacterial cells P. aeruginosa (A 1), E. coli (B 1), S. aureus (C i) and B. cereus

(D 1); images (i) and (iii) were AgNPs treated bacteria after 30 and 60 min of incubation respectively for P. aeruginosa, E. coli, S. aureus
and B. cereus. (E). Viability percentage histogram of bacterial cells after nanoparticles treatment.
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Figure 5

FE-SEM study of bacteria treated and untreated with AgNPs: morphology of B. cereus, S. aureus, E. coli and P. aeruginosa

(A-D); bacterial cells treated with AgNPs showed membrane damage after 60 min of treatment (E-H).

Figure 6 Bacterial intracellular protein leakage study showing green fluorescence confirmed protein leakage from the bacterial cells,
E. coli, P. aeruginosa, S. aureus, B. cereus (E-H); untreated cells showing no fluorescence (A-D).

(BHI). The concentrations of the cultures were adjusted using
BHI medium to give ~10%¥ CFU/mL. MIC and minimum bac-
tericidal concentration (MBC) were determined based on the
bacterial growth.

2.6.3. Assessment of bacterial cell membrane damage

The ultrastructural changes in bacterial morphology caused by
AgNPs were examined by field emission scanning electron
microscopy (FESEM). The appropriate growth conditioned
bacterial suspension was mixed with AgNPs and incubated
for 30 min at 37 °C. The bacterial cells were then centrifuged
at 6000 rpm for 10 min at 4 °C. The pellets obtained were
washed twice with PBS at pH 7 before the samples were fixed
with 8% glutaraldehyde (1:1 v/v) and Sorensen’s phosphate
buffer (SPB) for 60 min. 1:1 (v/v) of SPB and water mixture

was applied before the samples were fixed with 4% Osmium
tetroxide (OsO,4) mixed with 1:1 (v/v) H,O. After overnight
incubation, samples were washed with deionized water for
15min and then dehydrated in increasing concentrations of
ethanol. Dehydration with ethanol-acetone mixture followed
by pure acetone was applied before critical point drying
(CPD). The samples were then assessed under FESEM (JEOL
JSM-7001F, Germany) to visualize the morphological changes
of bacterial cells before and after AgNPs treatment.

2.6.4. Live/dead bacterial (backlight) assay

Live and dead bacterial cells assessment was studied with Live/
Dead Backlight L-7012 (Invitrogen, SA, Spain) using confocal
laser scanning microscopy (CLSM). The overnight grown test
bacterial strains were adjusted to the concentration of
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In vitro cytotoxicity effect of synthesized AgNPs on HEp-2 cell lines. (A) Showing healthy control cells; non-toxicity observed

from concentrations of 6.25, 12.5, 25 pg/mL of AgNPs treatment (B-D); LDs, of AgNPs was determined at 50 or 100 pg/mL (E and F).
The cell viability percentage of AgNPs at various concentrations of AgNPs (G).

~10° CFU/mL. The bacterial cells were treated with the MBC
concentrations of AgNPs and treated for 30 and 60 min. The
cells were then collected by centrifugation at 6000 rpm for
S min at 4 °C. The obtained pellet was washed with PBS fol-
lowing which the cells were stained with SYTO 9 and propid-
ium iodide (PI) for 15 min under dark conditions. The stained
bacterial cells were observed under CLSM (Carl Zeiss; 710-
META, USA) to record fluorescent images. The fluorophores
were excited using an Argon laser at 488 nm and a HeNe laser
at 543 nm (Cai et al., 2011).

2.6.5. Leakage of intracellular molecules

The intracellular leakage of molecules from the AgNPs treated
bacteria was studied using the fluorescent dye, FITC-I. The
AgNPs-treated four bacterial strains were centrifuged at
8000 rpm for 6 min at 4 °C. The supernatant was then mixed
with FITC-I (a green fluorescent dye) for 30 min at 37 °C
under dark conditions. Then 25 pL samples were placed
on a glass slide for CLSM imaging (Carl Zeiss; 710-META,
USA).

2.7. In vitro evaluation of biocompatibility of biogenic AgNPs

The cell viability of HEp-2 cells was evaluated using nanopar-
ticles by MTT assay (MubarakAli et al., 2015a.b). The 100 pL
cell suspension was seeded in a 96-well tissue culture plate
(5 x 10* cells/well) and incubated at 37 °C in a humidified
5% CO, incubator. After 24 h the growth medium was
removed. The freshly prepared AgNPs in 5% DMEM were
serially diluted eight times by a two-fold dilution (100-
0.8 pg/mL) and each concentration of 100 uL was added in
triplicate to the respective wells and incubated at 37 °C in a
humidified 5% CO, incubator. After 72h, the plate was
observed for any changes in morphology and cell density by
inverted phase contrast microscopy (Nikon, Japan). The con-
tent of the wells was then removed and 10 pL of the reconsti-
tuted MTT solution was added to all the test and control wells.
The plate was gently shaken and incubated at 37 °C in a
humidified 5% CO, incubator for 4 h, following which the
supernatant was removed and 100 pL of a MTT solubilization
solution (10% Triton X-100) in acidic isopropanol (0.1 N
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HCL) was added to the formazan crystals. The absorbance
was measured using a microplate reader at a wavelength of
570 nm.

3. Results and discussion

3.1. Biosynthesis of AgNPs in viable culture and cell free
supernatant

Total of 73 bacterial strains were isolated and named MPV1 to
MPV73. The cultures were then centrifuged at 8000 rpm and
the supernatant was mixed with AgNOj to adjust the final vol-
ume concentration to 1 mM. Based on the rapid reduction of
silver (Ag™) ions, one effective synthesizer was selected and
found to be MPV2 (data not shown). The strains were identi-
fied as P. putida by 16S rRNA sequencing. The colour change
of the reaction mixture was observed from its original pale yel-
low to dark brown which primarily indicates the formation of
AgNPs (Mukherjee et al., 2009). In parallel, P. putida broth
culture was treated with AgNO; after 20 min incubation
observed the colour change of dark brown from its original
state. It may be because the bacterial cell membrane protein
reduced the Ag ™ to Ag’. HRTEM image revealed that the for-
mation of AgNPs in the cell free supernatant (Fig. 1B) and
TEM images revealed the formation of AgNPs on the cell
membrane (Fig. 1C and D). Various magnification of AgNO;
treated bacteria showing number of black spots on the bacte-
rial membrane and cytoplasm. These results strongly proved
that AgNPs were mostly synthesized in the outer membrane
of the bacteria. The obtained results corroborate with the ear-
lier report of extracellular production of AgNPs on Verticilium
sp. and Chlamydomonas reinhardtii (Barwal et al., 2011; Sastry
et al., 2003). Based on this study, further investigation was per-
formed only with AgNPs prepared by cell free supernatant.

3.2. Physical characterization of biogenic AgNPs

The preliminary AgNPs synthesis reaction was monitored by
UV-Vis spectra scanning of the cell-free extract which had
been introduced with AgNOj;. After 20 min of incubation the
reaction mixture showed a broad spectrum of peak at
420 nm which is the characteristic of AgNPs (Fig. 1A). The
peak intensities increased at 5-20 min, which indicates growth
as well as the formation of AgNPs in the reaction mixture. In
the control sample of cell-free extract the peak was observed at
280 nm, which is characteristic of the biomolecules (Gopinath
and Velusamy, 2013). Interestingly there is no precipitation
observed for synthesized AgNPs solution over 90 days of stor-
age at 37 °C and the sample was scanned at the same wave-
length. The resultant spectrum showed no considerable
change in the peak position compared with earlier observation
of SPR peak at 420 nm, which indicated the biogenic AgNPs
were highly stable after three months (Muniyappan and
Nagarajan, 2014).

The FTIR spectrum of the cell-free extract alone showed
five distinct peaks at the range of 3695, 3496, 1451, 1292,
and 1166 cm™' (Fig. S1). The band at 3695, 3496 cm™' was
referred as the strong stretching vibrations of the OH- func-
tional group (Gopinath et al., 2012). The peak at 1451 cm™!
was due to the symmetric stretching vibrations of the COO-
functional group (Sanghi and Verma, 2009), and 1292 cm™"

was assigned to the amide functional groups present in the cell
free supernatant (Shivshankar et al.,, 2003). The band at
1166 cm™! was attributed to the C—O- stretching vibrations
(Angajala et al., 2014). The FTIR spectrum of biogenic AgNPs
showed five peaks in the range of 3701, 3496, 1444, 1306 1181
and 1134 cm™'. To compare the IR spectrum of the cell free
supernatant and synthesized AgNPs, the major shifts were
observed in the hydroxyl and carboxyl functional groups of
protein which may be responsible for AgNPs synthesis.

The crystalline structure of biogenic AgNPs was confirmed
by XRD. The diffraction spectrum of AgNPs showed face cen-
tred cubic (FCC) crystalline nature of four intense peaks
(Fig. 2A) at 38.95°, 45.12°, 65.39° and 78.12° 20 corresponding
to plane values of (111), (200), (220) and (311) which were
consistent with the standard data JCPDS file no. 01-087-
0717 (Khan et al., 2012). The chemical composition of bio-
genic AgNPs was obtained from EDAX spectrum analysis
(Fig. 2B). The resultant spectrum was observed with high
intensity signals of Ag which indicated the presence of AgNPs.
The signal showed at the Al peak which was used to load
AgNPs sample for analysis.

STEM images showed the biogenic AgNPs obtained from
the culture supernatant of P. putida were monodispersed,
spherical shaped AgNPs with the size ranging from 6 to
16 nm. The nanoparticles images obtained in the different
magnification ranges for the nanoparticle surface are shown
(Fig. 3A and B). The average size distribution histogram of
synthesized AgNPs is shown in Fig. 3C.

3.3. Antibacterial efficacy of biogenic AgNPs

3.3.1. Agar disc diffusion assay

In vitro antibacterial activity of biogenic AgNPs was deter-
mined by agar disc diffusion assay. The clear zone of inhibi-
tions (ZOI) was observed around discs loaded with AgNPs,
which clearly indicates that biogenic AgNPs showed a strong
antimicrobial effect (Fig. S2). The mean diameters of the
ZOI1 for the biogenic AgNPs were measured and tabulated
(Table 1). No ZOI was observed for the control disc. The most
possible antibacterial mechanism is due to Ag ™" released from
AgNPs, which strongly binds to thiol groups found in enzymes
and proteins on the cellular surface and can interfere with cell
division and lead to bacterial cell death (Faria et al., 2014).
Moreover, AgNPs can cause oxidative damage by producing
reactive oxygen species (ROS), leading to attack enzymes
and proteins resulting in irreversible damage to DNA replica-
tion (Markowska et al., 2013; MubarakAli et al., 2015a,b). The
present study clearly indicates antibacterial activity of AgNPs
against both Gram positive and Gram negative bacteria. Inter-
estingly the biogenic AgNPs showed a considerable inhibitory
pattern against H. pylori J99, H. pylori UM066 and H. pylori
NCTC 11637 under appropriate conditions (Pathak et al.,
2014). Comparatively, the H. pylori NCTC 11637 strain was
considered not effective, when the concentration was higher
than any other bacteria used in this study.

3.3.2. Minimum inhibitory concentration of AgNPs

To obtain the MIC values of biogenic AgNPs the broth culture
of E. coli, P. aeruginosa, S. aureus and B. cereus was used.
From the observed results AgNPs showed stronger bacterial
growth inhibitory activity towards the Gram negative bacterial
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strains of P. aeruginosa and E. coli (MIC 6.25 and 7 ug/mL)
which is lower than the Gram positive strains of B. cereus
and S. aureus (MIC 9 and 8.5 pg/mL) respectively. The absor-
bance (Amaxgno) decreased along with the increasing concen-
tration of nanoparticles for all the bacterial strains (Yang
et al., 2014). The average of three replicate values of AgNPs
against the tested strains is listed in Table 2. Recently
Tamboli et al., (2013) reported that biosynthesis of AgNPs
using bacterial isolate Exiguobacterium sp. KNU1 and MIC
of AgNPs against E. coli, P. aeruginosa and S. aureus was
6.25, 12.5 and 25 pg/mL whereas, Elbeshehy et al., (2015) syn-
thesized AgNPs using different isolates of Bacillus spp., and
they found Bacillus licheniformis exhibited lowest MIC value
when compared to those of Bacillus pumilus, Bacillus persicus
biogenic AgNPs. From the current study AgNPs inhibitory
effect was found to be consistent with the studies of
Elbeshehy et al., (2015). Biogenic AgNPs were also tested for
their in vitro anti H. pylori activity using three different strains
of H. pylori and the minimal inhibition concentration shown in
Table 2. The MIC results revealed H. pylori NCTC 11637 dis-
played lower activity (24 pg/mL) compared to H. pylori J99
(15 ug/mL) and H. pylori UMO066 (14.5 pg/mL) as shown in
Table 1. This agrees well with the disc diffusion assay result.
However, increasing the nanoparticle concentration (<24 ng/mL)
inhibits the growth of H. pylori NCTC 11637.

3.3.3. Bacteria viability assay

The bacterial viability assay was performed using the bacterial
strains of P. aeruginosa, E. coli, B. cereus and S. aureus after
30 min exposure with the AgNPs. The bacteria without addi-
tion of AgNPs served as the control. Syto 9 is the green fluo-
rescent dye which binds with the viable and healthy bacterial
cells, while the PI dye is membrane-impermeable and com-
monly used to stain cells with damaged or compromised mem-
branes and emits red fluorescence, which usually indicates
dead cells (Kang et al., 2007). The control bacteria bind with
the live cell binding dye SYTO 9 and visible green fluorescent
colour indicating the control cells were healthy and viable
(Fig. 4Ai-Di). The four bacterial strains of E. coli, P. aerugi-
nosa, S. aureus and B. cereus were mixed with their bactericidal
concentration (8, 11.5, 13.5, 14 pg/mL) of AgNPs; after 30 min
of incubation, visible fluorescent red colour indicated
(Fig. 4Aii—Dii) more than 20% of dead cells (Fig. 4E). Finally,
the fluorescent red colour witnessed after 60 min of incubation
with AgNPs showed near-complete cell death of bacterial cells
(Fig. 4Aiii-Diii). However, almost all the bacterial cells were
killed after treatment with nanoparticles, showing significant
bactericidal activity (Wu et al., 2010; Gallardo-Moreno
et al., 2010). From the observed results it is proposed that
AgNPs were effectively inducing membrane damage which
leads to leakage of intracellular metabolites through the per-
meabilized membranes (Humblot et al., 2009).

3.3.4. SEM morphological study

The morphological changes of AgNPs-treated bacteria were
extensively studied by SEM. The test bacterial strains of
B. cereus, S. aureus, E. coli and P. aeruginosa control without
nanoparticles treatment showed smooth and damage-free cells
(Fig. 5A-D). In the four bacterial strains treated with AgNPs,
after 60 min of incubation, dramatic changes were observed in
the bacterial morphology. The membrane integrity of AgNPs

treated bacterial cells was lost. In the case of P. aeruginosa
the flagella, which were observed in untreated cells, were com-
pletely missing after the AgNPs treatment. After 60 min of
incubation almost all the cells showed rumples and had lost
their original morphological structure (Fig. SE-H). The forma-
tion of rumples and loss of membrane integrity of AgNPs-
treated bacterial cells were similar to the findings of a previous
report (Lu et al., 2003).

3.3.5. Release of intracellular protein — FITC

Remarkably, the AgNPs induced bacterial membrane damage
and leakage of amino acids from cells, which was confirmed by
FITC staining. FITC is widely used in biology and medicine as
a fluorescent marker for labelling various proteins. The AgNPs
treated bacterial strains of S. aureus, E. coli, B. cereus and P.
aeruginosa culture supernatant were stained with FITC-I and
the green fluorescent spots were observed under CLSM. The
green spots observed (Fig. 6E-H) suggested that the aminoa-
cids had leaked out from the bacterial cells following the
AgNPs treatment (Li et al., 2013). Green fluorescent spots
were not observed in the control sample which indicates
healthy and viable bacterial cells (Fig. 6A-D).

3.4. Cytotoxicity effect of AgNPs against HEp-2 cells

Despite its potent antibacterial activity and wide biological
applications, the use of AgNPs as therapeutic agent is limited
due to their potential for cytotoxic activity against mammalian
cells (Mohanty et al., 2012). In this study we tested the cyto-
toxicity of P. putida synthesized AgNPs against HEp-2 cells
by the MTT assay, which relies on the fact that metabolically
active cells reduce MTT to purple formazan. Hence, the inten-
sity of dye read at 570 nm is directly proportional to the num-
ber of viable cells. AgNPs exerted no significant cytotoxic
effect at 25 ng/mL concentration (Fig. 7) which was found to
be lethal for the bacteria tested in this study, indicating that
the biogenic AgNPs are able to display antibacterial activity
without being harmful to HEp-2 cells at this concentration.
Treatment with increasing dose (50 pg/mL AgNPs) resulted
in approximately 20% reduction in cell viability. However,
the higher dose 100 pg/mL leads to the cells losing approxi-
mately 70% of viability. The ICs, value of this assay was cal-
culated at 12.5 pg/mL concentration followed by Lokina et al.,
(2014). Earlier studies reported that the in vitro cytotoxic prop-
erty of AgNPs synthesized from Piper longum plant extract
against HEp-2 cancer cell line whereas 49% viability was
observed at 31.25 pg/mL concentration of AgNPs (Jacob
et al., 2012). It was also reported AgNPs showed dose depen-
dent toxicity to the Hep-2 cells (Satyavani et al., 2011). The
specific reason and mechanism for dose-dependent cytotoxicity
of AgNPs against HEp-2 cells at high concentrations will need
to be established for further study.

4. Conclusions

We summarize, AgNPs were synthesized using culture supernatant of
P. putida MPV?2 derived from silver mining soil. Synthesis and stability
characterized HRTEM and spectral analysis showed that bioreduction
occurred in both cell membrane and supernatant with good stability up
to three months with 6-16 nm size range. SEM analysis revealed the
interactions of AgNPs with bacterial membranes by either adhesion
and or penetration into the lipid bilayers. Antibacterial effect of
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biogenic AgNPs found that upon penetration of cell membrane,
AgNPs induce the excretion of intracellular metabolites and lead to
the considerable aberration of bacterial cells. Biogenic AgNPs are
owing to their low toxicity (25 pg/mL) to human adenocarcinoma
HEp-2 cell line. These preliminary antibacterial mechanisms would
pave a way to understand the effects on bacterial cells. The results
provide critical evidence of AgNPs to achieve designated goals in their
antibacterial and therapeutic applications.

Note

16S rRNA sequence of P. putida MPV2 was deposited in
GenBank (NCBI) with accession number JX237836.
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