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The emergence of multidrug resistance in pathogenic bacteria limits the utilization of available antibi-
otics. The development of alternate options to treat infectious diseases is the need of the day.The present
study was aimed to synthesize, characterize and evaluate the bioactive properties of silver nanoparticles.
Endophytic bacterium Bacillus cereus (MT193718) isolated from Berberis lycium was used to synthesize
biocompatible silver nanoparticles. Antibacterial properties of AgNPs were evaluated against clinically
isolated multidrug-resistant strains of Staphylococcus aureus, Pseudomonas aeruginosa, Acinetobacter bau-
mannii and Klebsiella pneumoniae. AgNPs indicated significant antibacterial activity against S. aureus and
K. pneumoniae fwith a zone of inhibition of 17 and 18 mm at a concentration of 1000 mg/ mL with min-
imum inhibitory concentration of 15.6 and 62.5 mg/mL respectively. Significant antioxidant activity with
an IC50 value of 9.5 mg/mL was recorded. Biosynthesized AgNPs were found compatible with red blood
cells at a concentration of 31.5 mg/ml with no clumping of erythrocytes. The study suggested that
AgNPs synthesized by the endophytic bacterium Bacillus cereus are biologically active and can be used
as antioxidant and antibacterial agents against drug-resistant bacteria.
� 2021 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open access

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

Multidrug resistance (MDRs) is a phenomenon, where a single
bacterium develops resistance to more than one antibiotic (Orsi
et al., 2011). Infections caused by MDRs are hard to treat due to
limited choice of available antibiotics and prolonged stay at hospi-
tals leading to economical burden. Antibiotic resistance is a signif-
icant threat to human health and is responsible for approximately
0.7 million annual deaths worldwide (Clifford et al., 2018;
Alexander and MacLean, 2020). Antibiotic resistant bacteria harbor
plasmids coding for antibiotic resistant genes that can be trans-
ferred to other bacteria and hence can also make them antibiotic
resistant. In recent years, an alarming rise in bacterial infections
has been observed owing to MDRs (Rosenberger et al., 2011; Lin
et al., 2015). Antibiotic-resistant mechanisms include increased
expression of genes coding for multidrug efflux, changed cell per-
meability, enzymes inactivation, protection of target sites, biofilm
formation, and quorum sensing (Munita and Arias, 2016). Numer-
ous bacterial strains have been isolated that have adopted resis-
tance to several antibiotics. Among them, Methicillin-Resistant
Staphylococcus aureus (MRSA), Pseudomonas aeruginosa, Klebsiella
pneumoniae, Acinetobacter baumannii and Escherichia coli are of
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major concern (Basak et al., 2016). According to an estimate, these
drug-resistant infections would cause a loss of up to 100 trillion US
dollars per year (Aidara-Kane et al., 2018). To prevent the spread of
antibiotic-resistant strains, efforts should be diverted for the devel-
opment and discovery of new antibacterial agents (Qiao et al.,
2018). Many investigations have suggested silver nanoparticles
(AgNPs) as an alternative to cope with the problem of antibiotic
resistance as their efficiency has been reported against various
Gram-positive and Gram-negative bacteria (Liu et al., 2015).

AgNPs have various applications in nanotechnology, nanomedi-
cine, biosensing, nano-medical imaging, skin burns, and cancer
treatment (Zhang et al., 2016). Physicochemical binding of silver
nanoparticles on the cell surface leads to membrane damage
resulting inmembrane destabilization and leakage of cytoplasm.
The release of free radicals and the generation of reactive oxygen
species (ROS) cause subcellular structure damage and inactivation
of microbialenzymes, proteins, and nucleotides (Akter et al., 2018;
Zheng et al., 2018).

AgNPs also plays important role in minimizing oxidative stress
in the human body (Nagaich et al., 2016). Free radicals are also
responsible for various kinds of degenerative ailments in body like
cardiovascular diseases, mutations, aging, and carcinogenesis. The
utilization of AgNPs as an alternative to antibiotics can be benefi-
cial as they also scavenge free radicals (Moteriya et al., 2017;
Moteriya and Chanda, 2014). Different chemical, physical and bio-
logical methods have been used for the synthesis of AgNPs. These
methods have various limitations such as consumption of high
energy, toxicity, high cost, heat generation, and use of expensive
chemicals (Iravani et al., 2014). Therefore biological/green meth-
ods for nanoparticle synthesis are more preferable as they result
in the synthesis of less toxic, stable, and soluble nanoparticles
(Gurunathan et al., 2015). Green synthesis involves the use of var-
ious biological entities ranging from prokaryotes to eukaryotic
fungi and plants (Mohanpuria et al., 2008). Problems associated
with plant utilization are harvesting the endangered species that
pose a risk to plant diversity (Baker and Satish, 2012). Bacteria
can be alternate for the most stable synthesis of silver nanoparti-
cles that lead to the reduction of silver ions to NPs in an aqueous
solution (Singh et al., 2020). The use of stabilizing and reducing
agents can be avoided while working with bacteria. Biomolecules
and pathways intermediates can act as capping and reducing
agents (Liu et al., 2015).

Many studies have been conducted for the synthesis of AgNPs
using bacterial culture but few studies are available for the synthe-
sis of silver nanoparticles, using endophytic bacteria (Syed et al.,
2016; Singh et al., 2017; Silambarasan and Abraham, 2012;
Sunkar and Nachiyar, 2012). Endophytic bacteria are microorgan-
isms that live inside the living tissues of plants without any obvi-
ous negative effect (Afzal et al., 2019). Endophytic bacteria can
produce a variety of antibacterial, antifungal, anticancer, and
antioxidant compounds like alkaloids, flavonoids, isoprenoids and
indoles (Barman and Bhattacharjee, 2020; Monnanda et al., 2020).

Based on the importance of green synthesized silver nanoparti-
cles present study was aimed to develop AgNPs as an alternative to
conventional antibiotics, using endophytic bacterium Bacillus cer-
eus isolated from a medicinally important plant Berberis lyceum.
B. cereus was selected on the base of production of bioactive sec-
ondary metabolites and pharmaceutical potential (Unpublished
data). The antibacterial activity of AgNPs was evaluated against
multidrug-resistant bacterial strains. Moreover antioxidant prop-
erties of AgNPs were also investigated. Despite of pharmaceutical
properties of AgNPs there is a need to analyze their biocompatibil-
ity through in vitro experiments to ensure biosafety thus toxicity of
biosynthesized AgNPs was investigated against human red blood
cells.
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2. Materials and methods

2.1. Propagation of endophytic bacteria

Bacillus cereus (MT193718) identified earlier was collected from
Plant Microbiology Lab, The University of Haripur. The strain was
inoculated on nutrient agar (Merck) and incubated at 37 �C for col-
ony formation. After 24 hr a single colony was sub-cultured in
nutrient broth (Merck) and incubated in a rotating shaker at
37 �C for 24 hr. Bacterial culture was then centrifuged at
12000 rpm (Remi RM12C) for 10 min to separate the biomass from
the supernatant.

2.2. Synthesis of silver nanoparticles

Bacterial biomass was used for the intracellular synthesis of sil-
ver nanoparticles as initial experiments conducted on intercellular
and intracellular biosynthesis indicated better peak intensity for
intracellular synthesis. A standard method of silver nanoparticle
synthesis was adopted as reported earlier with little modification
(Silambarasan and Abraham, 2012). Bacterial biomass was washed
twice with autoclaved distilled water to remove impurities and
media adhered to bacterial biomass. Biomass (2 g) was added to
20 mL of silver nitrate (2.5 mM) solution and incubated for 72 h
at 37 �C in a rotating shaker at 200 rpm. The synthesis of silver
nanoparticles was monitored by a change in the color of the solu-
tion. Nanoparticles were separated by centrifugation at 10000 rpm
for 15 min followed by washing with sterile deionized water. Silver
nanoparticles were dried under vacuum and stored till further use.

2.3. Characterization of green synthesized silver nanoparticles

Characterization of nanoparticles was carried out using differ-
ent analytical techniques such as UV–Vis spectrophotometer, Four-
ier transform infrared (FTIR) (Schimadzu Fourier transform
infrared spectrophotometer, model 270), X-Ray Diffraction (X’pert
PRO of PANalytical company), and Scanning Electron Microscopy
(JOEL-JSM-6490LATM SEM). Nanoparticles were suspended in 1 mL
of distilled water and absorbance was recorded from 200 to
800 nm.

For Fourier transform, infrared NPs were mixed with potassium
bromide (KBr) at the ratio of 1:100. Absorbance was recorded from
400 to 4000 cm�1. Different modes of vibration predict different
functional groups. The size of nanoparticles was analyzed using
an X-Ray diffractometer at 40 KV and 30 mA at 37 �C. Silver
nanoparticles were coated on an X-Ray grid and analyzed by an
X-Ray diffractometer. Peaks’ width and length were used to calcu-
late the diameter and size of silver nanoparticles. X-Ray analysis
was done in a different range of Bragg angles U at a rate of 2U
angles/min. The morphology of the synthesized AgNPs was per-
formed using scanning electron microscopy operating at 20 kV
with a counting rate of 2838 cps.

2.4. Antibacterial activity

The AgNPs were tested against clinically isolated human patho-
genic MDR strains of Klebsiella pneumoniae, Acinetobacter bauman-
nii, Methicillin-resistant Staphylococcus aureus, and Pseudomonas
aeruginosa by agar well diffusion method (Sikder et al., 2018). In
short MDR strains were inoculated in nutrient broth for 24 hr at
37 �C. Each of the MDR strains was maintained at OD of 600 nm
and then swabbed on an agar plate. Wells (5 mm) were made in
each plate with the aid of a sterilized cork borer. Two concentra-
tions of nanoparticles 500 and 1000 mg/mL were loaded in wells
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and then incubated at 37 �C for 24 hr. Bactericidal activity was
determined by measuring the zone of inhibition against tested bac-
terial strains.

2.5. Minimum inhibitory concentration

MIC of AgNPs was evaluated by performing a 96-well microtiter
plate assay. Different concentrations (250, 125, 62.5, 31.2, 7.8, and
3.9 lg/ml) of nanoparticles were made in DMSO and further two-
fold serial dilution was made and tested against different MDR
strains (Yu et al., 2019). Briefly, 5 lL of bacterial suspension was
inoculated in each well of the microplate. This plate was incubated
at 37 �C for 24 hr. The optical density of each plate was measured
at 600 nm by a multi-detection microplate reader.

2.6. Antioxidant activity by DPPH free radical scavenging assay

The antioxidant activity of biosynthesized nanoparticles was
evaluated using DPPH (2,2-diphenyl-1-picryl-hydrazyl) free radical
scavenging assay as it is easy, fast, reliable and does not require
special device (Aksoy et al., 2013; Qasim et al., 2018). Different
dilutions of silver nanoparticles (10–100 mg/mL) were prepared
in DMSO. Silver nanoparticles solution (1 mL) from each tube
was mixed with 1 mL of DPPH and vortexed. The solution was then
incubated in darkness at 37 �C for 30 min. The absorbance of the
reaction mixture was recorded at 517 nm using a UV–Vis spec-
trophotometer. DPPH was used as negative control while different
concentrations of ascorbic acid were used as a positive control. The
free radical scavenging activity was calculated as follow

Free radical scavenging activity (%) = absorbance of control-
absorbance of sample/absorbance of control � 100

2.7. Hemolytic activity

The biocompatibility of silver nanoparticles was evaluated by
performing a hemolytic assay (Loo et al., 2018). Fresh human blood
was mixed with phosphate buffer solution (PBS) and centrifuged at
9000 rpm for 10 min. Red blood cells were washed three times
with PBS at 9000 rpm. Washed red blood cells were diluted with
PBS at the ratio of 1:10.

Different serial dilutions of silver nanoparticles (7–250 mg/mL)
were prepared in DMSO and gently mixed with red blood cells
(1 mL). The solution was then incubated at 37 �C for 1 hr and cen-
Fig. 1. Synthesis of silver nanoparticles by endophytic bacteria i
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trifuged at 1000 rpm for 5 min. The supernatant was separated and
absorbance was checked at 540 nm. Triton x100 and PBS were used
as positive and negative control respectively.
2.8. Statistical analysis

All the experiments were performed in triplicate and acquired
data were expressed as mean SD. The data were analyzed by
one-way analysis of variance using IBM SPSS for Windows, Version
20. Results were considered statistically significant at p � 0.05.
3. Results

3.1. UV–Vis spectrophotometer analysis

Silver nanoparticle synthesis was preliminarily confirmed by a
color change from yellow to deep brown. A UV–Visible spectrum
of the aqueous medium containing silver nanoparticles indicated
a peak at 425 nm corresponding to the plasmon absorbance of sil-
ver nanoparticles (Figs. 1 and 2).
3.2. XRD analysis

XRD diffraction analysis indicated major peaks at 31.7, 32.8,
33.6, 34.3, 36.1, 38.1�, 45.71� and 64.64� corresponding to different
planes as reported in the literature. The number of peaks indicates
that NPs synthesized were diverse in size but crystalline in nature.
The average size calculated by the Scherrer equation was 21.5 nm
(Fig. 3).
3.3. FTIR analysis

FTIR analysis showed a broad characteristic peak at 3278 cm�1

which is assigned to OAH and NAH vibrations. The peak observed
at 2958 cm�1 indicated CH2 symmetric and asymmetric stretching.
FTIR spectra of AgNPs showed sharp peaks at 1635 cm�1 which
were assigned to C@O stretching and indicator of amide. A stretch
at 1727 cm�1 indicated presence of C@O and band at 1542 cm�1

corresponded to the presence of carboxylic acid chain (Fig. 4).
.e. Control (A); Nanoparticles indicated by color change (B).
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3.4. SEM analysis

Results of SEM analysis are indicated in Fig. 5. The SEM analysis
of biosynthesized AgNPs indicated the spherical shape and small
size of the nanoparticles corresponding to the results of XRD
analysis.
Fig. 3. XRD spectrum of biosy

Fig. 2. UV–Vis spectrophotometric a
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3.5. Antibacterial activity

Antibacterial sensitivity test of bacterial strainswasperformed to
confirm their resistance profile. The results of antibiotic sensitivity
are presented in Table 1. Results confirmed themultidrug resistance
status as theywere found resistant tomost of the antibiotics tested.
nthesized nanoparticles.

nalysis of silver nanoparticles.



Fig. 4. Fourier Transform Infrared (FTIR) spectra of green synthesized AgNPs.

Fig. 5. Scanning Electron Micrograph (SEM) of biosynthesized silver nanoparticles.
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Nanoparticles exhibited a different range of activities against
tested MDR strains with varying zones of inhibition (mm). Dose-
dependent response of bacterial strains was observed on exposure
to different concentrations of nanoparticles. Among these MDR
strains, Klebsiella pneumoniae and MRSA were found most sensitive
by exhibiting zones of inhibition of 18 mm. Moderate antibacterial
effects were recorded against Pseudomonas aeruginosa with a zone
of inhibition of 14 mm (Fig. 6).
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3.6. Minimum inhibitory concentration

The minimum inhibitory concentration of biosynthesized silver
nanoparticleswas determined andmarked as the least diluted silver
nanoparticles at which no visible microbial growth was detected
(Gunturet al., 2018;Laloyetal., 2014). Silvernanoparticles exhibited
antibacterial effects against Acinetobacter baumannii with MIC of
15.6lg/mL.WhileagainstKlebsiellapneumoniaeMICwasrecordedat



Table 1
Antibiotic sensitivity pattern of clinical isolates of bacteria.

S.
No.

Name of organism Antibiotic sensitivity pattern

Ampicillin Gentamicin Ciprofloxacin Cotrimoxazole Imipenem Minocycline Aztreonam Augmentin Chloramphenicol

1 Methicillin Resistant
Staphylococcus aureus

R R R S R – R R S

2 Klebsiella pneumoniae R R R R R – R R –
3 Pseudomonas

aeruginosa
– R R – R R R – –

4 Acinetobacter
baumannii

R R R R R – R R –

5 Escherichia coli – R R – R R R – –

The Abbreviations: R = Resistant, S = Sensitive.

Fig. 6. Antibacterial activity of green synthesized silver nanoparticles.

Table 2
DPPH free radical scavenging activity of silver nanoparticles.

Sample Concentration
in lg/mL

DPPH free radial
scavenging activity %

IC 50 value
in lg/mL

Biosynthesized
AgNPS

100 65.50 9.5
75 64
50 62.20
40 60.30
30 57.60
20 56
10 53

Ascorbic acid 100 76.60 11.2
75 74.60
50 73.60
40 71
30 68.60
20 63
10 50
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aconcentrationof62.5lg/mL.MICvaluesof62.5and125lg/mLwere
recordedagainstPseudomonasaeruginosaandMRSA,respectively.

3.7. Antioxidant activity

Results of antioxidant activity indicated that bacterial-based
AgNPs had remarkable free radical scavenging activity. Maximum
scavenging activity (65.5 %) was observed at a concentration of
100 lg/mL followed by 64, 62.2, 60.3 and 57.6 % at a concentration
of 75, 50, 40 and 30 lg/mL concentrations respectively. The IC 50
value of AgNPS was 9.5 lg/mL in comparison to ascorbic acid that
showed an IC 50 value of 11.2 lg/mL (Table 2).

3.8. Hemolytic activity of silver nanoparticles

Different concentrations of AgNPs were used to determine
hemolysis of red blood cells. Results indicated dose-dependent
6437



Fig. 7. Hemolytic activity of silver nanoparticles.
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hemolytic activity with a maximum of 10.1 % hemolysis of red
blood cells at a concentration of 250 lg/mL followed by 9.2% at a
concentration of 125 lg/mL. At a concentration of 31.5 lg/mL
and below least hemolysis was observed as 1.23, 1, and 0.4 %
respectively (Fig. 7). The result of hemolysis indicates the biocom-
patibility of green synthesized silver nanoparticles at lower
concentrations.
4. Discussion

In the present era, great interest has been developed in the syn-
thesis and applications of nanoparticles. Biosynthesis of nanoparti-
cles using natural products is an environment-friendly technique.
Bacteria can synthesize metallic nanoparticles due to the presence
of biomolecules that reduce ions into particles. The use of bacterial
strains for nanoparticle synthesis is convenient as they are easy to
culture and undergo genetic modifications. The current study was
designed to use endophytic Bacillus cereus for the synthesis of sil-
ver nanoparticles and to check their effectiveness against
multidrug-resistant bacteria. The synthesis of silver nanoparticles
was confirmed by a color change from yellow to deep brown when
exposed to silver nitrate. The color change is the visual confirma-
tion of the synthesis of nanoparticles (Chen and Schluesener,
2008). Change in the color intensity can be linked with excitation
of surface plasmon resonance of synthesized nanoparticles (Kim
et al., 2007). The synthesis of silver nanoparticles was further con-
firmed by a characteristic peak at 430 nm, as indicated by the
results of UV visible spectroscopy (Saravanan et al., 2017;
Gopinath et al., 2012). Different studies report the utilization of
bacteria for the synthesis of biocompatible silver nanoparticles.
The endophytic Bacillus cereus isolated from Garcinia xanthochymus
has also been reported for the synthesis of nanoparticles
(Silambarasan and Abraham, 2012).
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XRD analysis of silver nanoparticles indicated three diffraction
peaks corresponding to 111, 200, and 202 planes. The presence
of peaks at these positions was consistent with earlier reports
where nanoparticles synthesized by endophytic bacteria exhibited
the same pattern. Data confirmed the crystalline nature of
nanoparticles with an average size of 21.5 nm (Elamawi et al.,
2018).

FTIR analysis was carried out to determine the capping agent,
functional groups, and possible mechanism behind AgNPs forma-
tion (Rahman et al., 2019; Netala et al., 2016). It showed broad
characteristic peaks at 3278 cm�1, 2958 cm�1 and 1635 cm�1 cor-
responding to O-H and N-H vibrations predicting the involvement
of protein molecules in the stabilization of nanoparticles. It has
been reported that biological molecules can perform dual functions
(formation and stabilization of silver nanoparticles) in an aqueous
medium (Adur et al., 2018). Results of the FTIR spectrogram are in
agreement with previous findings that bacterial proteins act as a
capping agent for nanoparticle synthesis (Siddiqi et al., 2018).
The shape and morphological characteristics of nanoparticles were
determined by SEM analysis. Results indicated the spherical shape
of nanoparticles with an average size of 20–40 nm. Results were
found to be consistent with the previous reports (Dong et al.,
2017; Spence et al., 2014).

The antibacterial activity of nanoparticles was determined
against drug-resistant clinical bacteria isolates. Results indicated
a dose-dependent response of bacteria towards nanoparticles. Var-
ious levels of antibacterial effects were observed with the highest
activity (18 mm) against K. pneumoniae and MRSA. These results
are following the previous finding where the broad-spectrum
antibacterial activity of biosynthesized silver nanoparticles from
endophyticBacillus cereus was observed against human pathogens
(Dong et al., 2017; Banu and Balasubramanian, 2015). Similarly, sil-
ver nanoparticles synthesized from Aloe vera exhibited antibacte-
rial activity against Gram-positive and Gram-negative bacterial
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strains (Sulaiman et al., 2015). However, the mechanism of
antibacterial activity of nanoparticles is not well documented.
Studies propose possible mechanisms of antibacterial effects
including damage to the cell wall, destabilization and rupture of
the plasma membrane, blockage of respiratory enzymes, and
DNA damage (Abalkhil et al., 2017; Manikprabhu and Lingappa,
2013). MIC of silver nanoparticles was recorded against
multidrug-resistant bacteria as 15.6 lg/mL against Acinetobacter
baumanni, 62.5 lg/mL against Pseudomonas aeruginosa and MRSA
while 125 lg/mL against Klebsiella pneumoniae. Results of the
study are in agreement with the previous finding where silver
nanoparticles exhibited MIC of 125 lg/mL is against MRSA
(Kumar et al., 2016).

Antioxidant activity of silver nanoparticles was conducted by
using DPPH free radical scavenging assay. Significant free radical
scavenging activity was observed ranging from 53 to 65 %. Strong
antioxidant activity of silver nanoparticles synthesized by Cestrum
nocturnum has been reported (Keshari et al., 2020). Antioxidant
activity is a phenomenon helping to reduce oxidative stress and
hence involved in the prevention of various degenerative diseases.
To neutralize the free radicals, antioxidants themselves donate
electrons and undergo oxidation. Silver nanoparticles are active
and stable enough to undergo the oxidation process hence can be
used for the treatment of many diseases caused by oxidative stress
(Mahmoud et al., 2017).

It is important to determine the biosafety and biocompatibility
of silver nanoparticles before their clinical applications. Various
features like the size and surface area of nanoparticles affect their
hemolytic ability. Hemolysis is caused by leakage of hemoglobin by
rupturing of erythrocyte membranes on exposure to nanoparticles
(Hamouda et al., 2019). Results indicate dose-dependent hemoly-
sis, with no or negligible hemolytic activity at low concentration.
Results of the present investigation are following previous reports
where green synthesized silver nanoparticles were found compat-
ible with red blood cells at lower concentrations (Shah et al., 2018;
Liu et al., 2013).
5. Conclusion

An environment-friendly, intracellular synthesis of silver
nanoparticles using endophytic bacterium Bacillus cereus was
reported. UV–visible spectrophotometer confirmed the synthesis
of silver nanoparticles. XRD analysis further confirmed the crys-
talline nature of nanoparticles. FTIR spectrum indicated the
involvement of biomolecules present in the extract of bacterial
endophyte as capping and reducing agents. Under experimental
conditions biosynthesized nanoparticles exhibited significant
antibacterial activity against multidrug-resistant pathogenic bac-
teria. The nanoparticles exhibited free radical scavenging activity,
comparable with ascorbic acid. Initial hemolytic analysis indicated
biosafety of nanoparticles at low concentrations. It is concluded
that bacterial endophyte Bacillus cereus, based nanoparticles have
the potential to be developed as promising antibacterial and
antioxidant agents. However further in vivo studies are required
to confirm their applications as a safe therapeutic agent in the cur-
rent era of developing multidrug resistance.
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