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Abstract

The main emphasis herein is on the eco-friendly synthesis and assessment of the anti-
microbial potential of silver nanoparticles (AgNPs) and a cytotoxicity study. Silver
nanoparticles were synthesised by an extracellular method using bacterial supernatant.
Biosynthesised silver nanoparticles were characterised by UV-vis spectroscopy, trans-
mission electron microscopy (TEM), Fourier transform infrared spectroscopy, dynamic
light scattering, and zeta potential analysis. The synthesised silver nanoparticles exhibited
a characteristic peak at 420 nm. TEM analysis depicted the spherical shape and
approximately 20 nm size of nanoparticles. Silver nanoparticles carry a charge of
—33.75 mV, which confirms their stability. Biogenic polyvinyl pyrrolidone-coated AgNPs
exhibited significant antimicrobial effects against all opportunistic pathogens (Gram-
positive and Gram-negative bacteria, and fungi). Silver nanoparticles equally affect the
growth of both Gram-positive and Gram-negative bacteria, with a maximum inhibition
zone observed at 22 mm and a minimum at 13 mm against Pseudomonas aeruginosa and
Fusarium graminearum, respectively. The minimum inhibitory concentration (MIC) of
AgNPs against P. aeruginosa and Staphylococcus aureus was recorded at between 15 and
20 pg/ml. Synthesised nanoparticles exhibited a significant synergistic effect in combi-
nation with conventional antibiotics. Cytotoxicity estimates using C2C12 skeletal muscle
cell line via 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) test and
lactate dehydrogenase assay were directly related to the concentration of AgNPs and
length of exposure. On the basis of the MTT test, the IC50 of AgNPs for the C2C12 cell
line was approximately 5.45 pug/ml concentration after 4 h exposure.

significantly from those of the larger particles [1]. Nanoparticles
possess unique physiochemical properties owing to their high

In recent decades, antimicrobial resistance has become a widely
recognised and emerging problem wotldwide. Excessive use of
antibiotics and the emergence of new resistance mechanisms are
imposing a challenge to the existing strategies to treat infections.
This is a serious call to develop novel products to treat
life-threatening infections. To cope with this issue, nanotech-
nology is emerging as a propitious approach. Over the last few
decades, nanotechnology has been rapidly flourishing by
producing nanomaterials with novel properties differing

surface-area-to-volume ratio. The application of metal nano-
particles has revolutionised vatious areas such as physics,
chemistry, material science, and biological science. Among the
metal nanoparticles, silver nanoparticles (AgNPs) are the most
captivating because of their huge industrial potential [2]. Silver
has been regularly used in food and medicine since ancient
times, but nanosize silver may have diverse applications. Silver
nanoparticles also exhibit improved broad-spectrum antimi-
crobial activity against various bacterial and fungal pathogens.
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Various physical, chemical, and biological methods have
been employed for the synthesis of nanoparticles [3-0].
Physical and chemical methods have limitations due to use
of toxic chemicals, and high pressure and temperature.
There is a serious need for the development of an
eco-friendly and economic process for the synthesis of
AgNPs. Green nanotechnology, based on the integration of
green chemistry and engineering, has significantly contrib-
uted to overcoming the limitations associated with existing
processes. employ
different biological resources such as plants, bacteria, and

synthesis Green synthesis methods
fungi for the fabrication of nanomaterials. Biological mate-

rial acts as a reducing agent for the fabrication of
nanoparticles [7].

Recently, bacteria-mediated nanomaterial synthesis has
been gaining increasing attention due to the easy handling
and maintenance. The first bacteria-mediated synthesis was
reported in 1984 using Pseudomonas stutzeri [8]. Since then,
several bacteria and fungi have been explored for silver
nanoparticle synthesis. Despite the availability of extensive
research related to the biomediated synthesis of nano-
particles, the synthesis of stable, monodispersed nano-
particles with controlled size and shape remains a challenge.
Bacterial synthesis of metal nanoparticles can be performed
by both intracellular and extracellular methods [9]. The
intracellular approach for nanoparticle synthesis is costly and
time consuming, as it includes some additional steps for
purification of nanoparticles [10]. Therefore, extracellular
biosynthesis is favoured over the intracellular method due
to the
requirements.

economic and simpler downstream processing

Recently, AgNPs have been frequently used in catheters
[11], wound dressings [12], and the textiles and food in-
dustries [13] owing to their efficacy as broad-spectrum anti-
microbial agents. Silver nanoparticles exhibit an oligodynamic
effect on pathogens owing to their ability to penetrate the cell
membrane, bind with biomolecules, and generate free radicals
[14]. Despite their broad applications, there is a setious
concern about the silver nanoparticle-associated risks to
health and the environment. The nanometre size of particles
permits their easy entry into the cells of living organisms,
leading to cell death [15, 16]. Different factors including
particle size, shape, capping agent, agglomeration, type of
reducing agents used, and cell type can influence the asso-
ciated cytotoxicity [17].
particles, being eco-friendly, are less toxic than chemically

However, biosynthesised nano-

synthesised ones [11].

Herein, the eco-friendly and cost-effective synthesis of
stable nanoparticles in a shorter time is reported, along with
the antimicrobial potential of biogenic nanoparticles. To
minimise the time and costs of the synthesis process, bacterial
cell-free supernatant was used for the synthesis of nano-
particles. This is the first report to test the cytotoxic effect of
silver nanoparticles on the muscle cell line. To the best of the
authors’ knowledge, no study yet has reported testing the
cytotoxicity of biogenic silver nanoparticles against a muscle
cell line.

2 | MATERIALS AND METHODS

2.1 | Isolation, characterisation, and
screening of bacteria for silver nanoparticle
synthesis

The isolation of bacteria for silver nanoparticle synthesis was
carried out by the serial dilution of soil [18]. Purified bacteria
for silver nanoparticle synthesis were identified by BLAST
analysis of 16S rRNA sequencing from the Institute of Mi-
crobial Technology, Chandigarh (India). A phylogenetic tree
was constructed by the neighbour-joining method.

2.2 | Optimisation of extracellular
biosynthesis of silver nanoparticles

AgNPs were synthesised using the extracellular method [18].
Bacterial supernatant with 2 mM silver nitrate (in the ratio of 1:1)
and polyvinyl pyrrolidone (0.1% PVP) as a stabilising agent, and
supernatant with 2 mM silver nitrate (in the ratio of 1:1) without
stabilising agent were incubated under bright and dark condi-
tions for 30 min. Supernatant and silver nitrate were also incu-
bated separately under the same conditions. The effect of silver
nitrate concentration and incubation time on silver nanoparticle
synthesis was observed by UV-—visible spectral analysis. The
effect of incubation time on silver nanoparticle synthesis was
observed at different time intervals (2, 5, 10, 15, 20, and 30 min).
The silver nitrate (2 mM) and supernatant were mixed in
different ratios, that is 2:3, 1:1, 3:2, 7:3, 4:1, and 9:1, and the final
concentrations of silver nitrate were 0.8, 1.0, 1.2, 1.4, 1.6, and
1.8 mM, respectively. Then, the resulting solutions were incu-
bated for an optimum time under bright conditions for the
synthesis of AgNPs. The silver nitrate (2 mM) and supernatant
were mixed in the optimum ratio and incubated at different
temperatures (20, room temperature [under sunlight], 37°C, 40°
C, 50°C, and 60°C for the optimum time). The synthesis process
of AgNPs was examined visually by observing a change in the
colour of the culture supernatant from a clear solution to brown.

2.3 | Characterisation of biologically
synthesised silver nanoparticles

The silver nanoparticle synthesis was primarily analysed by
UV=—visible spectroscopy between 300 and 900 nm (Shimadzu,
UV Pharma spec 2550 with a resolution of 0.72 nm). Deion-
ised water was considered as a blank for all experiments. The
phase structure and material identification were carried out on
the basis of X-ray diffraction (XRD) analysis. The size and
morphology of silver nanoparticles were characterised by
transmission electron microscopy (TEM) (Hitachi H-750,
electron kinetic energy 120 Kv) from CIL, Panjab University,
Chandigarh, India. The zeta potential and the size distribution
profile of AgNPs were measured using dynamic light scat-
tering (DLS) analysis. Biosynthesised silver nanoparticles
were further analysed by foutier transform infrared (FTIR)
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spectrophotometry (spectral range of 4000—400 cm™ at a scan
speed of 16 cm/s) to identify the functional molecules
involved in the reduction of silver nitrate. The elemental dis-
tribution of biologically synthesised silver nanoparticles was
identified by energy dispersive X-ray spectroscopy (EDX).

2.4 |
AgNPs

The antimicrobial effect of biosynthesised silver nanoparticles

Analysis of the antimicrobial activity of

was evaluated against 10 different test pathogens (seven bac-
teria and three fungi) by agar well diffusion assay, as reported
catlier [18]. The test microorganisms used were Escherichia
coli (MTCC No. 40), Bacillus subtilis (MTCC No. 441),
Pseudomonas aeruginosa (MTCC No. 424), Pseudomonas
Sfluorescens (MTCC No. 1748), Staphylococcus anreus (MTCC
No. 87), Streptococcus mutans (MTCC No. 497), Streptococcus
pyogenes (MTCC No. 1924), Fusarium graminearum (MTCC
No. 2089), Candida albicans (MTCC No. 3017), and Candida
glabrata (MTCC No. 3019). The cultures were procured from
MTCC, Institute of Microbial Technology, Chandigarh, India.
After incubation, a zone of inhibition was measured and
recorded as mean + SD of the triplicate experiment. Different
concentrations (19.5, 39, 78.1, 156.2, 312.5, 625, 1250, and
2500 pg) of silver nanoparticles were used to calculate the
minimum inhibitory concentration (MIC). The minimum
concentration of AgNPs that inhibits the growth of test
pathogens was considered as the MIC.

2.5 | The growth curve in the presence of
silver nanoparticles

The effect of synthesised silver nanoparticles on bacterial
growth (P. aeruginosa and S. aureus) was analysed in liquid
broth by measuring the optical density at a regular interval of 2 h
(up to 20 h) at 600 nm. Bacteria were grown in NB medium up to
2 x 108 CFU/ml and further transferred to respective liquid NB
media supplemented with 5, 10, 15, 20, 25, and 50 pg/ml of
AgNPs. All flasks were incubated at 30°C under shaking con-
ditions (150 rpm). The nutrient broth without silver nano-
particles was used as a control. The interactions between test
pathogens (P. aeruginosa and S. awureus) and biologically
synthesised AgNPs were examined by TEM analysis.

2.6 | Synergistic effect of AgNPs with
antibiotics

The combined effect of synthesised silver nanoparticles and
antibiotics was evaluated by disc diffusion assay. Five different
classes of antibiotics, that is (1) quinolone (norfloxacin 10 pg),
(2) macrolide (erythromycin 15 pg), (3) rifamycin (rifampicin
5 pg), (4) aminoglycoside (kanamycin 30 pg), and (5) B-lactam
(amoxyclav 30 pg) were selected to measure the synergistic ef-
fect of silver nanoparticles. Antibiotic discs were impregnated

with 30 pl biologically synthesised AgNPs (0.1 mg/ml). The
antibiotic discs without silver nanoparticles were considered as a
control. The antibiotic discs were placed on nutrient agar plates
spread with test pathogens and incubated at 30°C for 24 h. The
zone of inhibition was measured and calculated as the
mean + SD of the triplicate experiment. An independent #-test
analysis was performed to confirm the statistically significant
difference between the antimicrobial effect of antibiotics alone
and in combination with silver nanoparticles. The level of sig-
nificance was set at a P-value of <0.05.

2.7 | Cytotoxicity study of silver
nanoparticles on the C2C12 skeletal muscle
cell line

The cytotoxic effect of silver nanoparticles was evaluated by
measuring cell viability, using the 3(4,5-dimethylthiazol2yl)2,5-
diphenyltetrazolium bromide (MTT) dye reduction assay and
lactate dehydrogenase (LDH) leaking out of the cell. The C2C12
myoblast cells (approximately ~ 30,000/ well) were grown in 48-
well plates for 24 h in a CO, incubator at 5% CO, and 37°C. In
MTT assay, cells were incubated with different concentrations of
silver nanoparticles (0.25, 0.5, 1.0, 2.0, 4.0, 6.0, 8.0, 10.0, 12, and
15 pug/ml) for 4 h and with concentrations (1,2, 4, 6 and 8 pg/ml)
for 24 h. In the LDH assay, the cells were treated with different
concentrations (1,2, 4, 6,and 8 ug/ml) of silver nanoparticles for
4 h. The cells without the treatment of silver nanoparticles were
considered as a control. All the experiments were carried out in
triplicate. The half MIC (IC50), the concentration required to
inhibit the growth of cells by 50%, was measured.

3 | RESULTS

Pure bacterial colonies isolated from soil samples were
screened for their ability to grow over nutrient agar plates
containing silver nitrate (AgNO3). An isolated bacteria,
DNP20, was selected for the extracellular synthesis of silver
nanoparticles. The 16S rDNA sequence of DNP20 was ana-
lysed by BLAST and the result indicated 100% identity to
Lysinibacillus boronirolerans (Figure 1). The 16S rDNA
sequence of DNP20 was submitted to NCBI with the acces-
sion number KU557448.

The flasks containing supernatant of selected bacterial
isolates with silver nitrate (2 mM) (with and without PVP)
incubated under bright conditions exhibited a colour change
from transparent to dark brown. However, the colour change
was not observed in the control and flasks incubated under
dark conditions even after 5 days

3.1 | Optimisation of the extracellular
biosynthesis of silver nanoparticles

The UV-visible spectrum analysis of silver nanoparticles at
different time intervals is shown in Figure 2a. The progress



430

BHATIA ET AL.

‘fmnicutes and bacteria | 62 leaves

—Q
‘ 9 il firmicutes | 17 leaves
]

——llfirmicutes | 4 leaves

=l firmicutes | 7 leaves

‘ I Lysinibacillus sp. YS11 chromosome, complete genome

ODNP20 16SIDNA
| 0.001 | ‘ ’

9 Lysinibacillus macroides strain KMA2 16S ribosomal RNA gene, partial sequence

FIGURE 1
the neighbour joining method

Phylogenetic tree constructed by

@Lysinibacillus sp. strain LI75 168 ribosomal RNA gene, partial sequence
QLysinibacillus xylanilyticus partial 16S tRNA gene, isolate KWW 64
OLysinibacillus macroides partial 16S tRNA gene, isolate AVS1

OLysinibacillus macroides strain fwzyl 168 ribosomal RNA gene, partial sequence
Lysinibacillus fusiformis strain AsdS 168 ribosomal RNA gene, partial sequence
% Bacillus fusiformis isolate 1484 165 ribosomal RNA gene, partial sequence

eLysiuibacillus boronitolerans strain DNP 20 16S ribosomal RNA gene, partial sequence

\:Lysiuibacillus boronitolerans strain 10a 16S ribosomal RNA, partial sequence

—_
[*Y)
~
Y

Absorbance (0.D.)

——2min

—5min

10min

15 min
—20 min
——30 min

control
———AgNO3

Wavelength(nm)

0.8

0.6

Absorbance (0.D.)

0.1

Wavelength(nm)
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of the reaction was confirmed by monitoring the increment
in surface plasmon resonance (SPR) band intensity. Contin-
uation of the reaction was confirmed by monitoring the
increment in SPR band intensity. A continued increase in the
SPR peak intensity of AgNPs up to 30 min indicates that the
reduction of silver ions was in the process, whereas no sig-
nificant improvement in peak intensity after 30 min denoted
the completion of the reduction process. Based on this
observation, a 30 min exposure time was fixed for further
experiments. A continued increase in SPR peak intensity was

observed with an increase in the concentration of silver ni-
trate up to 1.6 mM, but at a higher concentration of silver
nitrate broadening of the peak occurred (Figure 2b). A broad
peak depicts large nanoparticles. The SPR peak was not
observed in the highest concentration (1.8 mM) of silver
nitrate. The observation revealed that a 1 mM concentration
was optimum for the synthesis of AgNPs. The incubation
temperature exhibited a direct impact on the reduction of
silver nitrate into silver nanoparticles. The flasks incubated at
room temperature (under sunlight) exhibited a colour change
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AgNPs. AgNPs, silver nanopatticles; DLS, dynamic light scattering; EDX, energy dispersive X-ray spectroscopy; FTIR, foutier transform infrared; TEM,

transmission electron microscopy; XRD, X-ray diffraction

from transparent to brown within 15 min of incubation. The
flasks incubated at 37°C and 40°C exhibited a slight colour
change after 24 h. However, the colour change was not
observed in flasks incubated at 20°C, 50°C, and 60°C even
after 48 h of incubation.

3.2 | Characterisation of silver nanoparticles
UV-—visible spectroscopy analysis of AgNPs exhibited a
characteristic sharp peak around 420 nm, which confirmed
the synthesis of AgNPs (Figure 3a). The absorbance peak
position was stable even after 30 days. This confirmed the
stability of silver nanoparticles. Based on TEM analysis, silver
nanoparticles were spherical, with size ranging from 10 to
30 nm (Figure 3b) and the estimated average size was
20.5 nm (based on 30 particles). In XRD analysis of PVP-
coated silver nanoparticles, four diffraction peaks were
observed at 20 values 38.14, 46.46, 64.64, and 77.43, that can
be respectively indexed to (111), (200), (220), and (311)
planes of pure silver, as shown in Figure 3c. However, silver
nanoparticles synthesised without PVP exhibited peaks cor-
responding to silver oxide. Based on the Debye—Scherer's
equation, the average calculated size of silver nanoparticles
was 23.24 nm.

Based on DLS analysis, the estimated size of silver
nanoparticles was between 130 and 200 nm, carrying a charge
of —33.75 mV (Figure 3d). The polydispersity index (PdI) for
silver nanoparticles was less than 0.282. Strong peaks at 3047,
2947, 1651 cm ™', 1535, 1288, and 1065 cm™" were observed
in the FTIR spectrum of AgNPs (Figure 3¢). The EDX
analysis revealed a strong signal in the silver region (at 3 keV)
because of SPR and confirmed the synthesis of silver
nanoparticles (Figure 3f). The EDX spectrum revealed the
silver (66.28%), chlorine (18.92%), and oxygen (14.8%),
respectively.

3.3 | Antimicrobial activity of biologically
synthesised silver nanoparticles against
pathogens

The clear zone of inhibition was observed against all test
pathogens in the wells containing silver nanoparticles and silver
nitrate but not in the wells containing only culture supernatant.
The highest antimicrobial activity was observed against P.
aeruginosa (22 + 1.32 mm) and the lowest activity was found
against F. graminearum (13.5 + 0.5 mm) (Figure 4a). How-
ever, silver nanoparticles exhibited significantly higher antimi-
crobial activity than silver nitrate against E. coli (8.82%), §.
aureus (10%), S. pyogenes (16.86%), and C. albicans (11.2%).
F. graminearum was sensitive to AgNPs but tresistant to silver
nitrate. In the described study, 39 pg concentrations of AgNPs
wete found to be the MIC for P. aeruginosa (15 mm), S.
pyogenes (15 mm), F. graminearum (12 mm), C. albicans
(11 mm), and C. glabrata (15 mm). The MIC for both E. coli
(14 mm) and S. aureus (11 mm) was recorded as 19.5 pg. The
MIC for B. subtilis was recorded as 78 and 156 pg for P.
fluorescens (13 mm) and S. mutans (15 mm) (Figure 4b).

3.4 | Effect of silver nanoparticles on the
bacterial growth curve

In a case of P. aeruginosa, normal bacterial growth was
observed in a control flask (without silver nanoparticles). At
different concentrations of silver nanopatticles (2.5, 5, 10, and
15 pg/ml) the difference in initial growth delay was observed.
The delay in growth was proportional to the concentration of
AgNPs. However, no growth was observed even after 24 h at
higher concentrations (20, 25, and 50 pg/ml) of AgNPs.
Therefore, 20 ug/ml may be the MIC of AgNPs against P.
aeruginosa (Figure 52). Similarly, with S. aureus, normal bac-
terial growth was observed in a control flask (without silver
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nanoparticles). The biologically synthesised AgNPs delayed the
growth of S. aureus by 1 h when supplemented at a 2.5 pg/ml
concentration. The higher concentration (5-10 pg/ml) of silver
nanoparticles delayed bacterial growth by 6—7 h. However, no
growth was observed even after 24 h, when exposed to a
higher concentration (15-50 ug/ml) of silver nanoparticles.
The MIC of AgNPs against S. aureus can be considered as
15 pg/ml (Figure 5b).

P. aeruginosa cells without silver nanopatticle treatment
were of normal morphology with well-developed flagella
(Figure 6a). TEM images confirmed the adherence and entry
of silver nanoparticles inside the bacterial cells (Figure 6b,c).
The untreated S. aureus maintained their morphology and
appeared to be normal. The electron-dense particles adhered
to the cell membrane and morphological changes were
observed in cells exposed to silver nanoparticles (Figure 6d). In

treated S. aureus, cells become constricted in shape and were
ruptured after damage to the cell walls.

3.5 | Synergistic effect of AgNPs with
antibiotics

The synergistic interaction of AgNPs and norfloxacin was
observed against B. subtilis, E. coli, P. aeruginosa, S. mutans,
S. pyogenes, F. graminearum, C. albicans, and C. glabrata
(Figure 7a). The highest synergistic effect was detected against
B. subtilis, however, the synergistic effect was not observed
against S. aureus and P. fluorescens. The synergistic effect of
rifampicin and silver nanoparticles was observed against all the
test pathogens. A significant synergistic effect was observed
against S. pyogenes, P. fluorescens, F. graminearum, C.
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FIGURE 5 Growth curve of Pseudomonas
aeruginosa (a) and Staphylococcus aureus (b) treated
with different concentrations of silver nanoparticles

FIGURE 6 Transmission electron microscopy
images of (a) Pseudomonas aeruginosa untreated,
(b & ¢) P. aeruginosa treated with 50 pg/ml silver
nanoparticles (AgNPs), (d) Staphylococcus aureus
treated with 50 pg/ml AgNPs
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albicans, and C. glabrata, as shown in Figure 7b. The test
pathogens including P. fluorescens, F. graminearum, C. albi-
cans, and C. glabrata were resistant to tifampicin in the
absence of silver nanoparticles. However, the addition of silver
nanoparticles rendered the test strain sensitive to antibiotics.
The synergistic effect of erythromycin and AgNPs was
observed against B. subtilis, E. coli, P. aeruginosa, S. mutans,
S. pyogenes, C. albicans, and C. glabrata (Figure 7c). The
highest synergistic effect was recorded against S. pyogenes
followed by B. subtilis and C. albicans. Erythromycin did not
show any activity against S. pyogenes and C. albicans in the
absence of silver nanoparticles. However, no activity was
obsetved against F. graminearum even in combination with
silver nanoparticles.

The synergistic effect of amoxyclav with silver nano-
particles was observed against S. awreus, P. aeruginosa, S.
pyogenes, and C. albicans. Amoxyclav did not show any ac-
tivity against P. aeruginosa, S. pyogenes, and C. albicans in the
absence of silver nanoparticles (Figure 7d). The synergistic
effect was not observed against B. subrilis and E. coli. How-
evet, S. mutans, P. fluorescens, F. graminearum, and C.
glabrata were resistant to both amoxyclav and a combination
of amoxyclav and silver nanoparticles. The synergistic effect of
kanamycin with silver nanopatticles was obsetved against E.
coli, S. awreus, P. aeruginosa, P. fluorescens, S. mutans, S.
pyogenes, C. albicans, F. graminearum, and C. glabrata.
Kanamycin alone did not show any activity against P. aerugi-
nosa, S. pyogenes, and C. albicans but in combination with
AgNPs exhibited inhibitory effects, as shown in Figure 7d. The

synergistic effect was not observed against B. subtilis. There
was a statistically significant difference between the antimi-
crobial effect of antibiotics alone and in combination with
silver nanoparticles. The synergistic effect of silver nano-
particles was statistically significant with all antibiotic classes.

3.6 | Cytotoxicity effect of silver
nanoparticles on the C2C12 skeletal muscle
cell line

The control cells (without silver nanoparticles treatment) were
clongated star-shaped and intact, whereas alterations in cell
shape and morphology were observed in cells exposed to the
higher concentrations of silver nanoparticles. The low con-
centrations of AgNPs, that is, 0.25, 0.5, 1.0, and 2.0 pg/ml did
not show any effect on the morphology of C2C12 cells, even
after 24 h treatment. However, the morphology of cells treated
with high concentrations of silver nanoparticles was disturbed.
Dead cells with a round-shaped morphology were observed
when exposed to higher concentrations (4, 6, 8, 10, 12, and
15 ug/ml) of silver nanoparticles (Figure 8).

The cell cytotoxicity of various concentrations of AgNPs
towards C2C12 cells after 4 and 24 h treatment is shown in
Figure 9a,b, respectively. The low concentrations (0.25, 0.50,
1.0, and 2.0 pg/ml) of AgNPs do not affect the viability of cells
significantly. A continuous increase was observed in percentage
cytotoxicity with an increase in the concentration of silver
nanoparticles. After 4 h treatment, the IC50 of AgNPs for the
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FIGURE 8 Bright field inverted microscopic images of the C2C12 cell
line treated with different concentrations of silver nanoparticles (AgNPs)
for 4 h: (a) without AgNPs; (b) 0.25 ug/ml; (c) 0.5 pg/ml; (d) 1 pg/ml;
() 2 pg/ml; (f) 4 pg/ml; (g) 6 pg/ml; () 8 pg/ml; () 10 pg/ml; () 12 pg/
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C2C12 cell line was estimated at 5.45 pg/ml concentration.
The cytotoxicity at a low concentration of silver nanoparticles
(1 and 2 pg/ml) was not increased with time of exposure. The
exposure of C2C12 cells with high (6 and 8 pg/ml) concen-
trations of AgNPs for 24 h increased the cytotoxicity to 77%
and 96%, respectively. Therefore, it can be inferred that the
cytotoxicity of silver nanopatticles is directly related to the
silver nanoparticle concentration and length of exposure. LDH
assay was used to evaluate the membrane integrity. Significant
toxicity in cells treated with higher concentrations (4.0, 6.0 and
8.0 pg/ml) of AgNPs was observed (Figure 9¢). When C2C12
cells were treated with 4 pug/ml concentration of silver nano-
particles, approximately 27% of cells were not viable. The
exposure of C2C12 cells with 6 and 8 pug/ml concentrations of
silver nanoparticles increased the cytotoxicity to 53% and 68%,
respectively. It can be inferred that the cell membrane integrity
in C2C12 cells was distorted in a dose-dependent manner by
biologically synthesised AgNPs. The observed results based on
the LDH assay were consistent with the results of the MTT
assay.

4 | DISCUSSION

Green synthesis performed at ambient conditions is a rela-
tively easier synthesis process, AND has gained preference
over physical and chemical methods [19]. Biogenic synthesis
of AgNPs using microorganisms is economical, safe, and eco-
friendly [20]. The extracellular method of biosynthesis is
favoured over the intracellular method due to the easy and
fast purification of nanoparticles. Herein, AgNPs were
synthesised extracellularly by DNP 20, identified as L. bor-
onitolerans. Other studies have already reported the synthesis
of silver nanoparticles by using Lysinibacillus fusiformis [21],
Lysinibacillus ~ sphaericus MR-1 [22], and Lysinibacillus
varians [18].

A colour change observation is considered as a base for the
screening of microbial isolates for silver nanoparticle synthesis
[23]. A transition in colour from transpatrent to a dark-brown
colour in the solution confirmed the synthesis of AgNPs.
The colour change occurs due to SPR, a characteristic property
of silver nanoparticles [24]. Silver nanoparticle synthesis was
initiated within 2 min and the process was completed within
30 min. The process adopted here for silver nanoparticle
synthesis is much faster than the already reported methods
[25]. The effective concentration of AgNOj is essential for the
maximum production of AgNPs. Consistent with the results
described here, several other studies have also reported 1 mM
concentration of silver nitrate as an optimum concentration
[26, 27]. The authors conclude that a slightly high temperature
accelerates nanoparticle synthesis. Extracellular synthesis of
silver nanoparticles by Bacillus licheniformis was carried out at
37°C [28]. However, in another study, a direct relationship
between the synthesis of nanoparticles and temperature has
been reported [20].
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FIGURE 9 Cytotoxicity study of AgNPs synthesised by DNP 20 on C2C12 cells: (a) after 4 h and (b) after 24 h treatment using MTT assay. (c) Cytotoxicity
study of AgNPs synthesised by DNP 20 on C2C12 after 4 h treatment using LDH assay. AgNPs, silver nanoparticles; LDH, lactate dehydrogenase; MTT, 3(4,5-

dimethylthiazol2yl)2,5-diphenyltetrazolium bromide

UV-—vis absorption peak in the visible region (420—450 nm) is
due to the SPR phenomenon of AgNPs [29]. The symmetric
peak shape with low full width half maximum corresponds to a

In UV-visible spectrophotometric analysis, a sharp peak at
420 nm, that is, the characteristic wavelength for AgNPs,
confirmed the synthesis of spherical silver nanoparticles. The
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narrow size distribution (monodispersity). Spherical nano-
particles exhibit a single characteristic SPR peak, whereas
anisotropic molecules show two or more peaks [30]. Particle
size, morphology, composition, and dielectric properties of
prepared nanoparticles are the key factors that determine the
width of SPR bands [31]. The authors observed only one SPR
band in UV-visible spectral analysis of synthesised silver
nanoparticles and the peak shape was symmetric. Therefore, it
can be inferred that synthesised silver nanoparticles were
monodisperse and spherical.

The TEM analysis also depicted a spherical shape and
nanosize of synthesised particles. The similarity of the
observed XRD spectrum with diffraction standard JCPDS 04-
0783 confirmed the crystalline nature of synthesised AgNPs.
PVP-coated silver nanoparticles were stable, whereas without
surfactant, silver-oxide particles were formed. The protective
agents used to stabilise metal nanoparticles (NPs) may become
attached to nanoparticle surfaces, preventing their aggregation
[32]. The size estimated by DLS analysis was larger than that
measured by TEM and XRD analysis because DLS analysis not
only measures the particle size but also the hydrodynamic size
[33]. The PdI below 0.282 and a minimum of +30 mV charge
confirmed the stability of silver nanoparticles [34].

In the FTIR analysis, the peaks present at a position
1651 cm™" correspond to stretching of the C=O amide I band
and at 1288 cm ™" to stretching of CN amines and NH bending
of a peptide. The peak at 926 em™" was because of aliphatic
amines and the peak at 1065 cm™ " indicates bending of —CHj
in amino acids. The peaks at 1450 and 1535 cm™" correspond
to a change in NO asymmetric stretch due to the nitro com-
pound. The peaks at 2816 and 2878 cm ™" indicate C—H stretch
in the aldehyde. The peaks at 2947 and 3047 em™! were
observed because of the —CH saturated vibration of saturated
hydrocarbons. FTIR peaks of synthesised AgNPs confirmed
the role of protein in the synthesis that may attach to nano-
particles via either free NH, groups or cysteine residues [35].
Therefore, proteins present in cell-free supernatant may be
involved in the reduction and stabilisation of synthesised
AgNPs in this process.

In EDX analysis, the presence of a signature signal for
silver at 3 keV confirmed the reduction of silver ions to silver
element in a reaction mixture [29]. The stable position of an
absorbance peak up to 30 days indicated that the silver
nanoparticle colloidal solution can remain stable for around
1 month when stored at 4°C. PVP-coated silver nanoparticles
were stable for approximately 1 month. However, PVP- and
citrate-coated AgNPs are, respectively, reported as the
most and least stable NPs in Organisation for Economic
Co-operation and Development recommended media (chlo-
ride present) [36]. The biogenic AgNPs described herein
exhibited significant antimicrobial activity against all tested
pathogens (Gram-positive and Gram-negative bacterial strains
and fungal strains). The diameter of the inhibition zone
increased with an increase in the concentration of silver
nanoparticles. The MIC measured here was significantly less
than that reported elsewhere. However, the antimicrobial ac-
tivity depends not only on the silver nanoparticle concentration

but varies from species to species depending upon the type of
strain, cell wall composition acting as an obstruction to AgNP
entry, and microbial sensitivity [21, 37].

The growth curves of bacterial cells exposed to AgNPs
revealed inhibition of the growth and reproduction of bacterial
cells. As the concentration of silver nanoparticles increased, an
increase in lag phase time and a decrease in absorbance were
also found in both cases (P. aeruginosa and S. aureus). At a
higher concentration of silver nanoparticles the growth of
bacteria was completely inhibited. Similar results were
observed for Gram- positive (S. aureus) and Gram-negative
bacteria (P. aeruginosd). Therefore, it can be inferred that
silver nanoparticles are equally active against Gram-positive
and Gram-negative bacteria. Various other studies have also
reported broad-spectrum antibacterial activity of AgNPs
against both Gram-negative and Gram-positive bacteria (E.
coli, S. aureus, B. subtilis, S. mutans, and Staphylococcus epi-
dermidis) [38—41]. Thus, the maximum growth delay of bac-
teria in higher concentrations may be due to excess availability
of NPs in the media. The TEM analysis of P. aeruginosa and S.
aureus cells treated cells with AgNPs at 50 pg/ml confirmed
the attachment of AgNPs to the cell membrane.

The antimicrobial effect of biosynthesised nanoparticles
may be due to the nanosize of particles (9—130 nm). Nanosize
particles (size range 10-100 nm) exhibited higher antimicrobial
activity than large particles. The exact mechanism involved in
antimicrobial activity is not reported, but previous reports
suggest that ultrafine particles may cross the cell membrane
barrier, encourage the formation of free radicals, damage cell
membrane permeability, and damage the respiratory functions
of the cell [42, 43]. Strong physical contact between NPs and
the bacterial cell wall is crucial for cell damage [39]. The
binding of NPs to membrane may disturb the LPS and
membrane proteins, leading to a change in the membrane
permeability or membrane structure degradation [44—46]. This
has been already reported in negatively charged lipopolysac-
charides present in Gram-negative bacteria that may attract
positively charged AgNPs [47]. However, in herein, the silver
nanoparticles  synthesised were negatively charged as
confirmed by zeta potential measurement. These negatively
charged AgNPs may inhibit Gram-negative bacteria by metal
reduction [48].

The main reason behind the addition of PVP was to
provide stability to the silver nanoparticles. However, it has
been already reported that PVP-coated silver nanoparticles are
more effective than citrate or SDS-capped nanoparticles owing
to the steric stabilisation of nanoparticles by PVP. PVP-capped
silver nanoparticles are even stable with changes in pH and
ionic strength [49, 50].

The formation of larger zones of inhibition confirmed that
antibiotics, when combined with biosynthesised AgNPs,
exhibit an enhanced antimicrobial effect against test pathogens.
The synergistic effect was statistically significant at the 5%
level. Nanoparticles may enable cell wall penetration by the
antibiotic to execute an antimicrobial effect. Several other
studies have also reported that the amalgamation of silver
nanoparticles with different antibiotics leads to a stronger
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effect of antibiotics against various microorganisms [51, 52].
Depending on the class of antibiotic used, different levels of
activity increments were observed [21]. Nanoparticle antibiotic
conjugates may lower the amount of both drugs and nano-
particles needed, and may lead to reduced side effects of
medicines while increasing their efficacy [53].

The MTT assay measures cell viability through the
increased metabolisation of a tetrazolium salt [54] and LDH
assay quantifies the amount of released LDH and measures
membrane damage by cytoplasm [55]. Herein, silver nano-
particles at the lower concentration did not show any cytotoxic
effect and the viability, as well as morphology of target cells,
was at the same level as in the control. However, at higher
concentrations, cytotoxicity and altered morphology were
observed, proportional to the concentration of AgNPs and
time of exposure. In LDH assay, a higher concentration of
AgNPs leads to increased leakage of LDH in medium and
more cytotoxicity. It has been already reported that AgNP
exposure could affect the cell shape, cell viability, and lactate
dehydrogenase (LDH) release, and may lead to cell apoptosis
and necrosis [56, 57]. It can be inferred from both MTT and
LDH assay that silver nanoparticles reduce the cell viability of
C2C12 cells in a dose- and time-dependent manner. The
cytotoxicity of AgNPs on different cell lines such as human
(0.5-3 pg/ml) and rat (10-50 pg/ml) liver cells, alveolar
mactophages (10-75 pg/ml), mice dermal fibroblasts and liver
cells (30 pg/ml), or mouse germline stem cells (10 pg/ml) has
been reported [17, 42, 58—60]. Vatious studies have already
reported that cell viability was directly affected by culture time
as well as the AgNP concentration [61, 62].

It has been already reported that 5 nm size AgNPs were
more toxic than 20 and 50 nm particles in different cell lines
(A549, HepG2, MCF-7, and CGC-7901) [63]. Ultrafine parti-
cles, due to their nanosize, exhibit higher activity because of
the availability of a larger surface area for interaction [64].
However, in contrast, another study reported that the cells
were less viable when exposed to 100-nm AgNPs when
compared with small-sized nanoparticles [65]. Surfactant-
capped nanoparticles exhibited more damage to mammalian
cells than uncapped silver nanoparticles [62]. The size of PVP-
capped AgNPs is inversely related to the cell viability [43].
Small AgNPs induced higher toxicity than larger particles
(110 nm) [66]. With a few exceptions, capped silver nano-
particles exhibited less cytotoxicity against human cell lines
compared to mouse cell lines [67].

The accurate cause of cytotoxicity is not known, but
some reports have revealed that silver may interfere with the
electron transfer chain [68], produce free radicals [69], or
cause ATP leaking [70]. Silver nanoparticles have been re-
ported to disturb mitochondrial processes and enhance
membrane seepage and result in oxidative stress [58]. How-
ever, the extent of cytotoxicity depends on the size of the
AgNPs because AgNP size may affect their penetration
through cell membranes [71]. It can be inferred that particle
size, morphology nanoparticles, surface coating, culture time,
and cell type are the major contributing factors for the var-
iations in cytotoxicity.

5 | CONCLUSION

Herein, the process adopted for the formation of PVP-coated
silver nanoparticles was very rapid, economical, and eco-
friendly, and can be used as an efficient method for the syn-
thesis of nanoparticles. Silver nanoparticles exhibited broad-
spectrum antimicrobial activity and a synergistic effect in
combination with existing antibiotics. Therefore, it can be
concluded that biogenic AgNPs can be used as a potent
antimicrobial agent in various applications. However, prior to
their application in the pharmaceutical industry, it is imperative
to explain completely the action mechanism of the bio-
synthesised nanoparticles. PVP-coated silver nanoparticles
exhibited cytotoxicity against the C2C12 cell line. However, the
cytotoxicity of silvet nanopatticles was evaluated only under 7
vitro conditions against a single cell line. A detailed 7 vivo
study must be carried out before the commercial use of silver
nanoparticles. Further, silver nanopatticles can be modified to
increase the antimicrobial efficacy and to decrease the cyto-
toxic effect.
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