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Purpose: In this study, silver nanoparticles (AgNPs) were biosynthesized using culture 
supernatant of strain Shewanella sp. ARY1, characterized and their antibacterial activity was 
investigated against Gram-negative bacteria Escherichia coli and Klebsiella pneumoniae.
Methods: The strain Shewanella sp. ARY1 was isolated from river Yamuna, Delhi and used 
for biosynthesis of AgNPs via extracellular approach. Biosynthesized AgNPs were charac-
terized by UV-Visible (UV-Vis) spectrophotometer, fourier transform infrared (FTIR) spec-
troscopy, X-ray diffraction (XRD), energy dispersive X-ray (EDX), transmission electron 
microscopy (TEM) and scanning electron microscopy (SEM). Antibacterial activity of 
AgNPs was determined by well diffusion, broth microdilution and streaking plate assay to 
determine the zone of inhibition (ZOI), minimum inhibitory concentration (MIC) and mini-
mum bactericidal concentration (MBC), respectively. The effect of AgNPs on treated 
bacteria was investigated by electron microscopy analysis. Further, the biocompatibility of 
AgNPs was tested against mice erythrocytes (RBC) by hemolytic assay.
Results: The UV-Vis spectral analysis revealed absorption maxima at 450 nm which confirmed 
the formation of AgNPs. The FTIR analysis suggested the involvement of various supernatant 
biomolecules, as reducing and capping agents in the synthesis of AgNPs. The XRD and EDX 
analysis confirmed the crystalline and metallic nature of AgNPs, respectively. The TEM and 
SEM analysis showed nanoparticles were spherical with an average size of 38 nm. The 
biosynthesized AgNPs inhibited the growth and formed a clear zone of inhibition (ZOI) against 
tested Gram-negative strains. The MIC and MBC were determined as 8-16 µg/mL and 32 µg/ 
mL, respectively. Further, electron microscopy analysis of treated cells showed that AgNPs can 
damage the outer membrane, release of cytoplasmic contents, and alter the normal morphology 
of Gram-negative bacteria, leading to cell death. The hemolytic assay indicated that the bio-
synthesized AgNPs were biocompatible at low dose concentrations.
Conclusion: This study demonstrates an eco-friendly process for extracellular synthesis of 
AgNPs using Shewanella sp. ARY1 and these AgNPs exhibited excellent antibacterial 
activity, which may be used to combat Gram-negative pathogens.
Keywords: extracellular synthesis, eco-friendly process, AgNPs, antibacterial, Gram- 
negative bacteria, hemolytic activity

Introduction
Metal nanoparticles (1-100 nm) have gained significant interest in research due 
to their wide application in various fields of science and technology. Studies 
have reported several kinds of metal nanoparticles including silver, gold, tita-
nium, zinc, copper, iron, etc., with unique properties compared to their bulk 
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counterparts.1–4 Metal nanoparticles have vast applica-
tion in biomedical and biotechnological fields as anti-
bacterial, antifungal, anticancer, antioxidant, anti- 
inflammatory, larvicidal, pesticide, drug delivery, tumor 
detection, biodeterioration, bioremediation, wastewater 
treatment, etc.5–8 This has been observed in recent stu-
dies, where biosynthesized copper nanoparticles 
(CuNPs) and silver nanoparticles (AgNPs) were exhib-
ited antibacterial, antifungal, antioxidant, insecticidal 
and larvicidal activity.9,10 Moreover, the biosynthesized 
AgNPs were effective against the biodeterioration of 
cellulose-based materials, can thus be applied for the 
conservation of archaeological manuscripts.11,12 Among 
them, AgNPs have garnered interest owing to their wide 
application in biomedical fields including drug delivery, 
biosensors, gene therapy, diagnostic, catalysis, wound 
dressings, anti-microbial, anti-inflammatory and anti- 
cancer, etc.13–17 The AgNPs also have huge applications 
in biotechnological fields such as water filtration, food 
preservation, sanitization, finished fabrics and dressings 
for injuries, cosmetics, room sprays, clothing, dye 
removal, nanopesticides, nanoinsecticides, etc.5,14,18 

Moreover, AgNPs are well known for antibacterial 
activity against a broad range of Gram-positive and 
Gram-negative bacteria.15,19,20 Recent studies reported 
the antibacterial activity of AgNPs against a broad 
range of clinically significant pathogenic bacterial 
strains including Escherichia coli, Klebsiella pneumo-
niae, Staphylococcus aureus, Bacillus subtilis, Bacillus 
vallismortis and Pseudomonas aeruginosa.10,13,17,21–23 

The AgNPs have been also reported as potential anti-
bacterial against multidrug-resistant bacteria like E. coli, 
S. aureus, Bacillus cereus, Enterobacter hormaechei, K. 
pneumoniae and P. aeruginosa.1,19,24,25 The mode of 
antibacterial activity of AgNPs has been proposed by 
various authors as its ability to act on multiple target 
sites including outer LPS, cell wall, cell membrane, 
proteins and DNA, leading to cell death.15,20,24,26,27

Due to the wide application of metal nanoparticles in 
various fields, the research on the synthesis of various metal 
nanoparticles has increased significantly during the last dec-
ade. Physical and chemical methods are mainly applied for the 
production of metal nanoparticles, but they are not eco- 
friendly approaches due to drawbacks like expensiveness, 
enormous consumption of energy, involvement of hazardous 
chemicals, and generation of toxic byproducts.2,28,29 

Fortunately, the synthesis of nanoparticles can also be 
achieved by green biological process which has various 

advantages like easy, cost-effective, non-toxic, eco-friendly 
and easy to scale-up, and hence can be an alternative to 
conventional methods.5,30 Therefore, the development of 
such a biological method for nanoparticles synthesis using 
plants, vitamins, enzymes, and microorganisms (bacteria, 
algae and fungi) is an emerging research area of 
nanotechnology.15,18,22,31,32 Among them, bacteria are mostly 
preferred for biosynthesis due to their high growth rate, simple 
handling, and the possibility of genetic engineering.33 The 
biosynthesis of metal nanoparticles using bacteria can be 
achieved by either intra or extracellular processes. Although 
intracellular synthesis accomplishes better control over the 
size and shape distribution, the required additional down-
stream steps in the isolation of nanoparticles make it tedious 
and costly compared to the extracellular process.34 Therefore, 
extracellular synthesis is mostly used for rapid scale-up and 
easy downstream processing of nanoparticles.35 Studies have 
reported the extracellular synthesis of AgNPs using different 
bacteria such as E. coli, Pseudoduganella eburnea, Bacillus 
licheniformis, Bacillus flexus, Pseudomonas sp., Shewanella 
oneidensis, Serratia nematodiphila, etc.31,35–40 Among them, 
the genus Shewanella is well known for metal reduction as 
well as biomineralization and has been reported for biofabri-
cation of various nanoparticles like silver, gold and copper, 
and might be a better choice for the biogenic synthesis of small 
monodispersed nanoparticles.38,41,42

The increasing prevalence of infectious diseases caused 
by Gram-negative bacteria creates a serious threat to pub-
lic health worldwide. Among Gram-negative bacteria, E. 
coli is the most common and is mainly responsible for 
urinary tract infection, while K. pneumoniae leads to pneu-
monia and bloodstream infection.43 The fast development 
of drug-resistance among pathogens increases the morbid-
ity and mortality rates throughout the world and is highly 
concerning.44 The World Health Organization (WHO) 
listed multidrug-resistant E. coli and K. pneumoniae 
among the most critical group of bacteria for which new 
therapies are urgently needed and AgNPs can be used as a 
potential therapeutic against such pathogens.

Herein, we demonstrated the biosynthesis of AgNPs 
utilizing strain Shewanella sp. ARY1 culture supernatant. 
Biosynthesized AgNPs were characterized using various 
techniques including UV-Vis, FTIR, XRD, EDX, TEM, 
and SEM. Antibacterial efficacy of the biosynthesized 
AgNPs was evaluated against the Gram-negative patho-
gens E. coli and K. pneumoniae. Further, the effect of 
AgNPs on K. pneumoniae was investigated by SEM and 
TEM analysis. Finally, the hemolytic activity of the 
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biosynthesized AgNPs was evaluated against mice RBCs 
to determine their biocompatibility.

Materials and Methods
Materials
Silver nitrate (AgNO3) was purchased from Merck Ltd., 
India. Bacterial culture media including Luria agar (LA), 
Mueller-Hinton agar (MHA), Luria broth (LB) and 
Mueller-Hinton broth (MHB), and standard antibiotics 
were purchased from Himedia, India. All the glassware 
and deionized water were sterilized before being used for 
the experiments.

Gram-negative bacterial strains E. coli ATCC 25922 
and K. pneumoniae ATCC 700603 were used for the anti-
bacterial study. The ATCC strains were gifted by Dr. Benu 
Dhawan, AIIMS, New Delhi, India.

Isolation and Identification of Bacterial 
Isolate ARY1
Bacterial isolate ARY1 was isolated from the collected 
water sample of the Delhi stretch of river Yamuna, India. 
Briefly, a serially diluted water sample was spread on LA 
plates and overnight incubated at 37°C. Then, colonies 
showing different morphology were selected and sub-cul-
tured on the same medium plates for getting a pure isolate. 
Further, all the obtained isolates were screened for extra-
cellular synthesis of AgNPs, as previously described 
elsewhere.35,45 Based on their efficiency in the reduction 
of AgNO3 to AgNPs, isolate ARY1 was selected and 
identified by 16S rRNA gene sequence analysis. The 
obtained 16S rRNA gene sequence was aligned and ana-
lyzed using BioEdit program. This sequence was used for 
similarity search using BLAST in NCBI. The obtained 
sequence data of strain ARY1 were submitted to 
GeneBank, NCBI. Further, comparative analyses of 16S 
rRNA gene sequences obtained in this study and retrieved 
from NCBI were done using ClustalW in MEGA6 pro-
gram. The analyzed sequences were used for the construc-
tion of phylogenetic tree by MEGA6 program with the 
neighbor joining method, to represent the phylogenetic 
position of strain ARY1.

Biosynthesis of AgNPs
The biosynthesis of AgNPs was performed using the 
method as described previously with slight modifications.-
37,45 In brief, the pure colonies of selected bacterial isolate 
(ARY1) were inoculated into LB medium (100 mL) and 

incubated in an automated rotary shaker incubator at 37°C 
for 24 h at 180 rpm. Then, the supernatant was collected 
by centrifugation at 8000 rcf for 10 min at 4°C. Finally, 90 
mL of supernatant was added into freshly made aqueous 
AgNO3 solution in a 250 mL reaction vessel and the final 
volume concentration was adjusted to 1 mM. Culture 
supernatant alone, 1 mM AgNO3 solution and un-inocu-
lated LB medium with 1 mM AgNO3 solution were taken 
as controls. All reaction vessels were incubated at 35°C for 
6 h for the complete formation of AgNPs. Initially, the 
synthesis of AgNPs was monitored by visual examination 
for color change of the reaction mixture. Finally, bio-
synthesized AgNPs were collected from the solution 
through centrifugation at high speed (10,000 rpm) for 30 
min at 4°C, as described earlier.46 The obtained AgNPs 
were dried at 37°C to get the powder form and were used 
for characterization as well as antibacterial studies.

Characterization of AgNPs
The biosynthesis of AgNPs was confirmed by measuring 
the absorbance of the colloidal suspension using a UV-Vis 
spectrophotometer (UV-2450 Spectrophotometer, 
Shimadzu) at different intervals of reaction times, as 
described elsewhere.16 FTIR spectroscopy (Bruker 
Tensor 37 FTIR) was used in the range between 4000 
and 600 cm−1 to determine the functional groups of super-
natant biomolecules associated with AgNPs.35,47 The XRD 
(PANalytical X’PertPro) was performed using Cu-Kα 
radiation (k=1.54 Å) generated at 45 kV with 40 mA to 
determine the crystalline nature of powdered AgNPs.48 

The EDX spectrum was performed to analyze the metallic 
nature of AgNPs using the detector attached with SEM 
(ZEISS FE-SEM). The shape and size of AgNPs were 
characterized by TEM (Jeol-JEM 2100, Japan), operating 
at 200 kV. The AgNPs were dispersed in deionized water 
and a drop of suspension was placed on carbon-coated 
copper grids as well as evaporated before being used to 
take TEM images.25 The surface morphology of powdered 
AgNPs was confirmed by SEM analysis (ZEISS FE-SEM). 
Further, TEM and SEM micrographs were analyzed by 
Image J software (National Institutes of Health, 
Bethesda, MD, USA) to determine the size range and 
average size of nanoparticles.

Antibacterial Activity of AgNPs
Well Diffusion Assay
The well diffusion method was used to determine the 
antibacterial activity of the biosynthesized AgNPs, as 

Dovepress                                                                                                                                                          Mondal et al

International Journal of Nanomedicine 2020:15                                                                          submit your manuscript | www.dovepress.com                                                                                                                                                                                                                       

DovePress                                                                                                                       
8297

http://www.dovepress.com
http://www.dovepress.com


described earlier with slight modifications.8,49 In brief, a 
pure colony of E. coli ATCC 25922 and K. pneumoniae 
ATCC 700603 each was grown in MHB medium for over-
night at 37°C (180 rpm), and then sub-cultured in the same 
medium to an adjusted optical density of 0.13 at 600 nm. 
The prepared inocula were uniformly spread on MHA 
plates and wells (6 mm) were made in these plates by a 
sterile cork borer. Then, 20 μL of different concentrations 
(20, 30 and 40 μg/mL) of AgNPs solution was poured into 
3 wells on each culture-loaded MHA plate. At the same 
time, bacterial culture supernatant and antibiotic cefotax-
ime (10 μg/mL) was used in 2 separate wells on each plate 
as controls. All the sample loaded plates were incubated at 
37ºC for 18 h. After incubation, the ZOI was measured 
and recorded in millimeters.

Determination of minimum inhibitory (MIC) and 
minimum bactericidal concentrations (MBC)
The MIC of biosynthesized AgNPs against test strains was 
determined by the broth microdilution method using 96-well 
microtiter plates, as per CLSI guidelines (CLSI, 2018).50 

Briefly, strains were grown overnight in MHB medium at 
37ºC with shaking (180 rpm) and then subcultured in the 
same medium to obtain ~106 CFU/mL. The AgNPs solution 
was two-fold diluted with MHB up to 10 columns and 100 
μL of inoculum (~106 CFU/mL) was added into to the first 
11thcolumns, and 12thcolumn containing only medium was 
maintained as control. The culture loaded microtiter plate 
was incubated at 37°C (180 rpm) for 16–18 h. After incuba-
tion, the lowest concentration of AgNPs which completely 
inhibited the growth of the test strains was considered as 
MIC. The MBC of AgNPs was determined by streaking the 
suspension taken from MIC wells and the wells before them 
with no visible growth on MHA plates and incubating at 
37°C for 24 h. After incubation, the minimum concentration 
of AgNPs showing no bacterial growth on MHA plates was 
recorded as the MBC.

Tolerance level
Tolerance level of tested bacterial strains against AgNPs 
was determined using the following formula:51

Tolerance = MBC/MIC

The characteristic of the antibacterial activity of AgNPs 
was determined by the tolerance level indicating the bacter-
icidal or bacteriostatic action against the tested strains. When 
the ratio of MBC/MIC is ≥16, the antibacterial efficacy of the 

test agent is considered as bacteriostatic, whereas MBC/MIC 
≤4 indicates bactericidal activity.21

SEM Analysis of AgNPs-Treated Cells
The morphological change of AgNPs-treated K. pneumo-
niae was observed by SEM analysis using a previously 
described sample preparation method.52 Briefly, log-phase 
cells (~108 CFU/mL) were treated with biosynthesized 
AgNPs at MBC concentration for 4 h at 37°C. At the 
same time, untreated cells were maintained as control. 
The cells were washed three times with PB buffer (10 
mM sodium phosphate, pH 7.4) and fixed in 2.5% glutar-
aldehyde for overnight at 4°C. After fixation, the cells 
were washed with PB buffer and successively dehydrated 
with ethanol (30% to 100%) for 10 min each. Finally, cells 
were dried and coated with gold for viewing the images by 
SEM (EVO 40, Carl Zeiss, Germany).

TEM Analysis of AgNPs-Treated Cells
For TEM analysis of AgNPs-treated cells, we followed a 
previously described sample preparation protocol.53 The 
sample preparation was almost the same as SEM analy-
sis except for the post-fixation of cells with 1% Osmium 
tetroxide. The cells were dehydrated and fixed in epoxy 
resin for fine sectioning by a microtome. The section 
was placed on copper grids and stained with uranyl 
acetate as well as lead citrate. Finally, dried samples 
were observed, and images were taken by TEM (Jeol- 
JEM 2100, Japan).

Hemolytic Activity of AgNPs
The hemolytic activity of biosynthesized AgNPs was 
determined as described in our earlier publication.52 In 
brief, fresh blood was collected from mice and centrifuged 
(1500 rpm for 10 min). The isolated RBCs were washed 3 
times with 35 mM phosphate-buffered saline (PBS, 150 
mM NaCl, pH 7.4) and resuspended in the same buffer to 
4% (v/v) concentration. The AgNPs were serially two-fold 
diluted in PBS (100 μL) and added to 100 μL of the RBCs 
suspension in a 96-well plate. At the same time, 0.1% 
Triton X-100 treated and untreated RBCs were kept as 
positive and negative controls, respectively. The plate 
was incubated at 37°C for 1 h and centrifuged at 1500 
rpm for 10 min. Further, 20 μL of supernatant from each 
well was transferred to 80 μL of PBS in a new microtiter 
plate. The absorbance of released hemoglobin was 
recorded by a multimode microplate reader at 414 nm 
(Molecular Devices, Sunnyvale, CA, USA).
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Percentage hemolysis was calculated as:
[(Absorbance of AgNPs-treated sample - Absorbance 

of PBS)/(Absorbance of positive control - Absorbance of 
PBS)] × 100

For this experiment, we followed guidelines of CPCSEA 
(Committee for the Purpose of Control and Supervision of 
Experiments on Animals) and Institutional Animal Ethics 
Committee (IAEC-17/2019) JNU, New Delhi, India.

Statistical Analysis
All the results presented in the present study are the means 
of three independent replicates and standard error was 
calculated by Prism 8 program (GraphPad Software Inc., 
La Jolla, CA, USA).

Results
Identification of Bacterial Strain ARY1
Bacterial isolate ARY1 was isolated from the river Yamuna 
and selected for the biosynthesis of AgNPs based on its 
efficiency. The analysis of 16S rRNA gene sequence data 
revealed that strain ARY1 had maximum similarity with 
Shewanella sp. in the NCBI database and was thereafter 
referred to as Shewanella sp. ARY1. The 16S rRNA gene 
sequence data was submitted in GeneBanK (NCBI) with an 

accession number MT559806. Also, neighbor joining phylo-
genetic tree showed cluster with Shewanella sp. (Figure 1).

Biosynthesis of AgNPs
In this study, the culture supernatant of Shewanella sp. ARY1 
was incubated with AgNO3 solution at 35°C for the synthesis 
of AgNPs. Change in color of reaction mixture during incu-
bation was the primary indication for the formation of 
AgNPs. The color of reaction mixture turned to light brown 
after 1 h of incubation, and then the intensity of color steadily 
increased with reaction time and formed a dark brown solu-
tion at 6 h from its initial state (Figure 2). After 6 h of 
incubation, no significant color change was observed in the 
reaction mixture, indicating completion of reaction. In con-
trast, no color change was observed in the control flasks 
(alone culture supernatant and only 1 mM AgNO3 solution) 
under the same experimental condition, indicating no forma-
tion of AgNPs. However, the appearance of brown color was 
observed in the control flask containing LB medium with 1 
mM AgNO3 solution, indicating the formation of AgNPs 
(Figure S1).

Characterization of AgNPs
A strong UV-Vis absorbance peak was located at 450 nm 
after 6 h of reaction which confirmed the synthesis of 

Figure 1 Neighbor joining (NJ) tree showing the phylogenetic relationship of strain ARY1* obtained in this study with related strains of NCBI database using MEGA6 
software. The strain ARY1 formed cluster with Shewanella sp., scale bar representing 0.020 substitutions per nucleotide position.
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AgNPs (Figure 2). The formation of AgNPs increased as 
the reaction progressed and maximum synthesis occurred 
at 6 h (Figure 2). The UV-Vis spectral analysis of control 
suspension (LB with 1 mM AgNO3) showed broadening 
spectrum with two weak bands at 400 and 515 nm, indi-
cating the synthesis of bigger sizes with different shapes of 
AgNPs (Figure S1). The FTIR spectrum of AgNPs showed 
strong absorbance peaks at 3735, 3015, 2250, 1739, 1627, 
1527, 1368, 1217 and 1090 cm−1 (Figure 3) due to the 
association of different functional groups of supernatant 
biomolecules. In the XRD spectrum, four distinct peaks 
were located at 2θ values of 38.1, 46.18, 64 and 78.08º 
corresponding to the 111, 200, 220 and 311 Bragg’s reflec-
tion (Figure 4), confirmed the crystalline nature of AgNPs. 
The grain size of AgNPs was calculated using Debye– 
Scherrer’s equation:

D=0.94 λ/β cosθ, where D is the average crystallite 
domain size perpendicular to the reflecting planes, λ is the 
X-ray wavelength, β is the full width at half maximum 
(FWHM), and θ is the diffraction angle. The grain crystallite 

size at the most intense 2θ peak was determined as 32.97 nm. 
Further, EDX analysis was performed to determine the 
metallic nature of the synthesized nanoparticles, a strong 
signal was observed at 3 keV, confirming the synthesis of 
AgNPs (Figure 5). We also observed some other peaks for Cl, 
C and O in this EDX spectrum. The TEM image of bio-
synthesized AgNPs showed that the nanoparticles were sphe-
rical in shape and their size was in the range of 18.53–72.80 
nm, with an average size of 38 nm (Figure 6). Further, SEM 
image showed spherical nanoparticles with an average size of 
39.80 nm (Figure 7), which was in close agreement with the 
TEM data.

Antibacterial Activity of AgNPs
The antibacterial activity of biosynthesized AgNPs was 
determined by well diffusion method. A clear ZOI was 
observed around the wells containing AgNPs against 
Gram-negative bacteria E. coli and K. pneumoniae on 
MHA plates as shown in Figure 8A. The appearance of 
clear ZOI confirmed the complete growth inhibition of E. 

Figure 2 Color changes in the reaction mixture containing Shewanella sp. ARY1 culture supernatant along with AgNO3 (top panel) and UV-Vis absorption spectra of 
biosynthesized AgNPs with the progression of reaction time (bottom panel).
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coli and K. pneumoniae. The ZOI diameters of AgNPs and 
antibiotic cefotaxime were measured in millimeters and 
represented in Figure 8B. Further, antibacterial activity was 
evaluated by MIC and MBC assay. MIC was defined as the 
lowest concentration of AgNPs that inhibits the growth of 
test strains. The MIC values of AgNPs for E. coli and K. 
pneumoniae were 8 and 16 μg/mL, respectively. The MBC, 
considered as the lowest concentration of AgNPs that killed 
the test strains resulting in no growth on the LA plates, was 
determined as 32 μg/mL for both E. coli and K. pneumoniae. 
Further, the tolerance level of E. coli and K. pneumoniae 
towards AgNPs was determined as 4 and 2, respectively.

SEM Analysis of AgNPs-Treated Cells
The changes in morphology and surface integrity of K. 
pneumoniae cells were observed by SEM, after treatment 

with the biosynthesized AgNPs at MBC (32 µg/mL) for 4 
h, as shown in Figure 9C and D. The SEM images of 
untreated cells showed normal rod-shaped with intact cell 
surface (Figure 9A and B). However, the AgNPs treated 
cells displayed damaged, deformed, and porous outer sur-
faces with loss of cell wall integrity (Figure 9C and D).

TEM Analysis of AgNPs-Treated Cells
Further, TEM analysis was performed to investigate the 
ultra-structural changes in the K. pneumoniae cells after 
treatment with AgNPs at MBC (32 μg/mL) for 4 h. TEM 
images of untreated cells showed an intact cell wall, cell 
membrane, and homogeneous electron density in the cyto-
plasm (Figure 10A and B). However, significant changes 
were observed in the treated cells (Figure 10C and D). The 
images of treated cells showed lysed cells with damaged 
outer membrane. The shrinking of protoplasm was also 
observed due to the leaking out of cytoplasm through a 
ruptured cell membrane.

Hemolytic Assay
The investigation of hemolytic activity is important to 
determine the biocompatibility of AgNPs with RBCs in 
the case of blood contacting AgNPs. Therefore, the hemo-
lytic activity of AgNPs at different concentrations (1–128 
µg/mL) was determined against mice RBCs. The percen-
tage of hemolysis was calculated and represented in 
Figure 11, which depicts that the hemolysis caused by 
the AgNPs increased with their increasing concentration. 
The biosynthesized AgNPs showed negligible hemolysis 
(<1%) till 8 µg/mL and then 6.83±0.75, 18.22±1.2, 34 
±0.11, 46.88±0.54% corresponding to 16, 32, 64, 128 µg/ 
mL, respectively. We used 0.1% Triton X-100, a non-ionic 
surfactant, as the positive control (100% hemolysis).

Discussion
The increasing prevalence of multidrug-resistant Gram- 
negative bacteria has compelled the scientific community 
to develop new alternative therapy to combat them. Silver 
has been extensively used since ancient times to prevent 
infection and silver ions also have antibacterial activity. 
However, both have some drawback like the effect of Ag+ 

ions remains for a short time and bacteria are developing 
resistance against silver due to the occurrence of metal 
resistant genes.54,55 These disadvantages of metal can be 
overcome by the application of AgNPs which have multi-
ple target sites in bacteria such as LPS, cell wall, cell 
membrane, proteins, and DNA. Hence, it’s challenging 

Figure 4 X-ray diffraction (XRD) pattern of biosynthesized AgNPs using culture 
supernatant of Shewanella sp. ARY1.

Figure 3 Fourier transform infrared (FTIR) spectrum of biosynthesized AgNPs 
using culture supernatant of Shewanella sp. ARY1.
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for bacteria to easily develop resistance against 
AgNPs.15,20,24,26,27 So, the scientific community shifted 
their interests on AgNPs, as an alternative strategy, to 
serve as a potent antibacterial agent. Therefore, in the 
present study, we have biosynthesized AgNPs using an 

efficient bacterial strain Shewanella sp. ARY1, isolated 
from the river Yamuna, Delhi. The genus Shewanella is 
well known for its metal reduction ability, and previously, 
it has been used for the synthesis of various metal nano-
particles, including AgNPs.38,56 A previous study reported 

Figure 6 Transmission electron microscopy (TEM) image of biosynthesized AgNPs.

Figure 5 Energy dispersive X-ray (EDX) spectrum analysis of biosynthesized AgNPs using culture supernatant of Shewanella sp. ARY1.
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Figure 7 Scanning electron microscopy (SEM) image of biosynthesized AgNPs.

Figure 8 Plates showing clear ZOI around the wells represent the antibacterial activity of biosynthesized AgNPs (A), mean diameter (mm) of ZOI for different 
concentrations of AgNPs against E. coli and K. pneumoniae (B). + C (positive control), antibiotic cefotaxime; - C (negative control), culture supernatant.
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the biosynthesis of AgNPs using wild type reference strain 
Shewanella oneidensis MR-1 within 48 h.38 In the present 
study, Shewanella sp. ARY1 culture supernatant mediated 
biosynthesis of AgNPs was completed within 6 h, indicat-
ing that the process was relatively faster than the previous 
report.38 The Shewanella genus are also capable of synthe-
sizing others metal nanoparticles like gold, copper, iron 
and palladium.41,42,56

In the present study, biosynthesis of AgNPs occurred 
when the culture supernatant was mixed with AgNO3 solu-
tion at a final concentration of 1 mM and incubated at 35°C. 
The formation of AgNPs was initially indicated by the 
appearance of brown color during incubation (Figure 2), 
which occurs due to surface plasmon resonance (SPR), 
which is a characteristic feature of AgNPs.57 Further, UV- 
Vis spectroscopy analysis showed a strong absorbance peak 
centered at 450 nm, confirming the synthesis of AgNPs 
(Figure 2).10,23,58 Under similar condition, the UV-Vis 

spectrum analysis of control suspension (LB with 1 mM 
AgNO3) indicate the synthesis of bigger sizes with different 
shapes of AgNPs, may be due to aggregations and lack of 
capping agents (Figure S1). On the other hand, ARY1 culture 
supernatant exhibited more efficiency for reduction as well as 
better control over the synthesis of spherical nano-size 
AgNPs, which may due to the capping of nanoparticles by 
bacterial metabolites (Figure 2). Our observations are in line 
with a previous study by Luo et al., 2018, where different 
culture media was used to determine the effect on the synth-
esis of AgNPs.59 They reported that culture media like 
Nutrient broth (NB) and Mueller-Hinton broth (MHB) 
reduced the AgNO3 to AgNPs with different particles size 
but the involvement of bacterial culture metabolites 
increased the formation of well-characterized AgNPs. The 
exact mechanism behind the bacterial culture supernatant 
mediated biosynthesis of AgNPs is poorly understood. 
However, reports suggest that extracellular biomolecules 

Figure 9 Scanning electron microscopy images of K. pneumoniae showing morphological alteration after treatment with biosynthesized AgNPs for 4 h. Untreated control 
(A, B), and cells treated with 32 µg/mL of AgNPs (C, D).
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like enzymes, proteins, amino acids, and carbohydrates 
secreted by bacteria in their culture supernatant play an 
important role in the reduction of Ag+ ions to AgNPs and 
their subsequent stabilization by capping.37,38,48 Kalimuthu 
et al., in 2008, reported that bacteria secreted NADPH depen-
dent reductase in the medium that was responsible for the 
biosynthesis of AgNPs.40 Therefore, in the present study 
Shewanella sp. ARY1 culture supernatant was used for the 
biosynthesis of AgNPs.

The FTIR spectrum analysis gives an idea about the 
possible participation of supernatant biomolecules during 
the synthesis of AgNPs as the weak peaks observed at 3735 
and 3015 cm−1 may be due to C-H and O-H stretching 
vibration of fatty acids and proteins molecules respectively.-
60,61 The strong peaks at 2250 and 1739 cm−1 may results 
from the stretching of C-N and C=O groups, respectively.62 

The peaks at 1627 and 1527 cm−1 indicated the presence of 
N-H group associated with amide I and II of proteins.47,63,64 

The strong bands located at 1368 and 1217 cm−1 may arise 
from the stretching vibration of aromatic amines and ether 
linkages with AgNPs, respectively.65,66 A weak peak 
observed at 1090 cm−1 may indicate the bond vibration of 
the C-O group.67 Thus, this FTIR data confirmed the associa-
tion of various active biomolecules with AgNPs during 
synthesis (Figure 3). Based on FTIR data corroborated with 
earlier reports, we suggest that Shewanella sp. ARY1 super-
natant proteins could have possible significant role in the 
formation as well as capping of AgNPs.35,68

The crystalline nature of biosynthesized AgNPs was 
confirmed by XRD spectrum from four distinct Bragg’s 
reflection peaks (Figure 4). These values are following the 
reference data of the Joint Committee on Powder 
Diffraction Standards (JCPDS) file no. 04–0783. In this 
XRD spectrum, few unassigned peaks were also present, 
which may arise from supernatant biomolecules capping 
the AgNPs.46,69 The above FTIR analysis also confirmed 

Figure 10 Transmission electron microscopy images of K. pneumoniae showing structural alteration after treatment with biosynthesized AgNPs at 32 µg/mL for 4 h (C, D), 
and untreated control (A, B). Arrows indicate the cellular damage in K. pneumoniae cells treated with AgNPs.
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the association of various biomolecules with AgNPs, 
which may be responsible for the additional peaks in the 
XDR spectrum. Previous studies also reported similar 
kinds of XDR spectrum for extracellular synthesis of 
AgNPs.39,46 The XRD data analysis revealed the grain 
size of AgNPs as 32.97 nm, which was in agreement 
with the TEM data. Generally, the grain size obtained 
from XRD data is smaller than the particles size deter-
mined by the TEM analysis.70 Previous studies have also 
reported smaller crystallite size of the AgNPs than as seen 
in the TEM analysis.17,48,71 Further, a strong elemental 
signal at 3 keV was observed in the EDX spectrum for 
metallic silver (Figure 5), confirming the successful synth-
esis of AgNPs.72 The EDX spectrum also showed some 
other peaks for Cl, C and O, which may result due to 
emission from proteins or enzymes present in the bacterial 
culture supernatant. A similar kind of EDX spectrum has 
been reported in previous studies for the extracellular 
synthesis of AgNPs.73,74 In addition, the presence of Cl 
peak in the EDX spectrum was possibly due to emissions 
of bacterial metabolites like proteins, enzymes, carbohy-
drates, sugars and amino groups.75,76 These results are in 
line with other reports of bacteria-mediated biosynthesis of 
AgNPs.40,75 The biosynthesized AgNPs were spherical 
with an average size of 38 nm. The TEM and SEM data 
observed in this study have a good correlation with pre-
vious reports.36,46 Another study reported AgNPs with an 
average size of 4±1.5 nm using the Shewanella oneidensis 
MR-1.38 The variation in product size may be due to the 
use of bacterial biomass for the synthesis process instead 
of culture supernatant as used in the current study. Further, 
different species of Shewanella was used in that study, 
which may have different potential for the biosynthesis 
of AgNPs with another size.

The potent antibacterial properties of AgNPs against E. 
coli and K. pneumoniae were confirmed by the appearance 
of clear ZOI in the well diffusion assay (Figure 8A). The 
diameter of ZOI increased with the increasing concentra-
tion of AgNPs in the wells. Generally, the size of ZOI is 
directly related to the susceptibility of the bacterial strain 
to the test agent, if any strain is sensitive towards any 
antibacterial agent, exhibits larger ZOI, whereas if the 
strain is resistant towards the test agent, exhibits smaller 
ZOI (CLSI-2018).50 Further, we determined the MIC and 
MBC of AgNPs against both E. coli and K. pneumoniae. 
The MIC values were in the range of 8–16 µg/mL, while 
MBC was the same i.e., 32 µg/mL for both the tested 
strains. The antibacterial results have good correlation 

with previous studies reporting the efficacy of AgNPs 
against Gram-negative bacteria.25,77,78 Further, the MBC/ 
MIC ratio, which may reflect the antibacterial spectrum 
capacity of the tested agent.79,80 In the present study, the 
tested strains have tolerance level ≤4 indicating the bacter-
icidal nature of biosynthesized AgNPs. Previously studies 
have also reported biosynthesized AgNPs as bactericidal 
agent against Gram-negative bacteria.21,80 The present 
results suggested that the biosynthesized AgNPs may be 
used to treat Gram-negative pathogens. Although AgNPs 
are well established for their antibacterial properties, their 
exact mode of action is poorly understood. Therefore, we 
studied the effect of AgNPs on K. pneumoniae by SEM 
and TEM analysis. The SEM images analysis revealed that 
AgNPs can damage the outer membrane of Gram-negative 
bacteria, leading to cell death (Figure 9C and D). Further, 
TEM images analysis suggested that AgNPs were respon-
sible for damaging the cell structure and release of cyto-
plasmic contents, leading to cell death (Figure 10C and D). 
Similar electron microscopy observations regarding the 
effect of AgNPs on Gram-negative bacteria have been 
reported earlier as well.24,26,27

The toxicity assessment of AgNPs is very essential due 
to its increasing demand in various biomedical fields for 
human welfare. The concentration dependent hemolytic 
activity of AgNPs has also been reported by previous 
studies.1,81 According to the American Society for Testing 
and Materials (ASTM E2524-08) standard guidelines, those 
materials causing <5% hemolysis are considered as hemo-
compatible. Our biosynthesized AgNPs showed 

Figure 11 Percentage hemolysis of mice RBCs caused by biosynthesized AgNPs. 
Triton-X-100 (0.1%) was used as positive control.
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hemocompatibility up to the concentration of 8 µg/mL 
(Figure 11). Hamouda et al., in 2019, also reported low 
concentrations of biosynthesized AgNPs to be nontoxic to 
RBC.1 Thus, the result of the present study indicating the 
safety of these biosynthesized AgNPs at low concentrations 
provides support for further investigations.

Conclusion
In the present study, AgNPs were biosynthesized using cul-
ture supernatant of Shewanella sp. ARY1 via an extracellular 
approach in an eco-friendly manner to avoid the toxicity of 
conventional methods. The FTIR analysis revealed the invol-
vement of various supernatant biomolecules, as reducing and 
capping agents in the synthesis of AgNPs. The biosynthe-
sized AgNPs were crystalline, metallic, and spherical with an 
average size of 38 nm confirmed by XRD, EDX, TEM, and 
SEM analysis. The biosynthesis of AgNPs was compara-
tively faster than the previous reports with the same genus 
of bacteria might be useful for industrial production. The 
biosynthesized AgNPs showed effective antibacterial activ-
ity against the Gram-negative bacteria E. coli and K. pneu-
moniae. Further, electron microscopy analysis of treated cells 
revealed that AgNPs can damage the outer membrane, sub-
sequent release of cytoplasmic contents, and alter the normal 
morphology of Gram-negative bacteria, leading to cell death. 
Encouragingly, the biosynthesized AgNPs were hemocom-
patible up to the concentration of 8 μg/mL and exhibited low 
hemolytic activity (6.83±0.75%) up to the concentration of 
16 μg/mL, suggesting that they may be used for further 
antimicrobial study. Thus, the eco-friendly approach estab-
lished in the present study could be used as an alternative to 
conventional methods for the synthesis of AgNPs. Further, 
biosynthesized AgNPs exhibited excellent antibacterial 
activity, which suggests their potential as candidates to com-
bat Gram-negative pathogens.
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