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Mechanistic insight into the rapid one-step facile
biofabrication of antibacterial silver nanoparticles
from bacterial release and their biogenicity and
concentration-dependent in vitro cytotoxicity to
colon cells¥
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Progress in the research and development of green synthesis of silver nanoparticles and their applications
has reached new heights in the last decade. In this study, one-step rapid facile biosynthesis of silver
nanoparticles is reported, and in vitro cytotoxicity of these nanoparticles has been investigated in an
HCT116 cell line. Biogenic silver nanoparticles were synthesized from the culture supernatant of Gram-
positive (B. thuringiensis and S. aureus) and Gram-negative bacteria (E. coli and S. typhimurium) using UV
light, termed as BTAgNP, SAAgNP, ECAgNP, and STAgNP, respectively. The synthesized silver
nanoparticles were characterised by standard characterisation methods such as field emission scanning
electron microscopy (FESEM), dynamic light scattering (DLS), UV-visible spectroscopy, and Fourier
transform infrared spectroscopy (FTIR). An in silico investigation was performed to elucidate the
mechanism of their synthesis. Uniformly distributed ECAgNP, SAAgNP, STAgNP, and BTAgNP with stable
zeta potentials were synthesized with the sizes 22.6 + 5.2 nm, 21.2 + 4.8 nm, 23.3 + 6.8 nm, and 29.3 +

5.2 nm, respectively. The synthesized silver nanoparticles were found to exhibit significant antibacterial
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Introduction

In recent decades, silver nanoparticles have gained significant
popularity because of their impeccable application in many
fields such as in electronics, engineering, textiles, paints, the
food industry, cosmetics, biosensing, chronic wound treatment,
and medicine.”” These nanoparticles have been extensively
studied due to their unique physiochemical characteristics such
as their optical, electronic, and catalytic activities.>* Significant
emphasis has also been given to these nanoparticles because of
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insight into the biogenic differences in the biological effects of silver nanoparticles.

their antibacterial properties. Silver nanoparticles have become
a focus in biomedical technology and are considered as alter-
natives to conventional antibiotics and therapeutics based on
combinatorial chemistry for medical purposes.> Extensive
studies and applications have increased the demands for the
rapid and facile synthesis of silver nanoparticles.® Many
methods, such as chemical,”® biological,>® and physical
methods,' have been explored using different types of reducing
and stabilising agents. However, the enormous growth in their
exploration and synthesis has raised concerns over their envi-
ronmental impact and toxicity issues. Hence, it has become
essential to evaluate the biological effects of silver nanoparticles
synthesized via different means.

The biological effects, such as the antibacterial activity and
cytotoxicity, of silver nanoparticles depend on the physi-
ochemical parameters, such as size,'” shape," charge," and the
stabilising agent® used in their production, which are deter-
mined by their synthesis route.'® Biological synthesis route has
gained a favourable reputation because it is a green method that
is less cytotoxic and more biocompatible in comparison with
other methods used for the synthesis of nanoparticles;'”*® this

This journal is © The Royal Society of Chemistry 2017
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synthesis route can further be classified on the basis of the
source of the reducing agent, which can be a plant® or
a bacteria.?® To date, several bacterial strains have been used in
vitro and in vivo to synthesize silver nanoparticles,* which have
been proven to be beneficial and biocompatible antibacterial
agents.”

It is well known that green-synthesized silver nanoparticles
from a bacterial source exhibit antibacterial activity. However, it
is interesting to note that the physiochemical nature of the
nanoparticles depends on the strain and culture conditions.
Bacteria release a number of different biomolecules during
their growth in a culture medium; these biomolecules can be
utilised as reducing and capping agents to synthesize silver
nanoparticles although their mechanism of action still remains
unknown.?** Das et al.>* and Fayaz et al.>* have demonstrated
the syntheses of silver nanoparticles from bacterial strains,
such as Bacillus and Klebsiella, and their antibacterial activity
against pathogenic strains such as E. coli and S. aureus.
However, the effect of the synthesized nanoparticles against
their source bacterial strain still remained to be discovered. In
this study, the hidden mechanism has been revealed via
experimental and computational verification. Silver nano-
particles were synthesized using the supernatants of two Gram-
negative (E. coli and S. typhimurium) and two Gram-positive
bacterial cultures (B. thuringiensis and S. aureus) by a novel
green method, and their synthesis mechanism was investigated
in silico. In addition, the probable mechanism of the antibac-
terial activity of these synthesized silver nanoparticles was
determined.

From antibacterial activity, the focus of research has shifted
towards the synthesis of non-toxic and biocompatible nano-
materials. Silver ions are being used for treating burns and as
an antibacterial agent in clinical prospects to fight infections.>
Previous studies have reported the size- and concentration-
dependent cytotoxicity of silver nanoparticles***” and high-
lighted the mechanism of cytotoxicity as a consequence of
reactive oxygen species (ROS) stress® in normal cells as well as
in cancer cell lines. Keeping these studies in consideration, it is
necessary to assess the cytotoxicity of synthesized silver nano-
particles in vitro and in vivo.

The detailed assessment of the variations in the physi-
ochemical properties and biological effects of biocompatible,
rapidly synthesized silver nanoparticles from different bacterial
cultures was carried out using a novel green method. We
developed a protocol for the biological synthesis of silver
nanoparticles within 5 min from bacterial cultures and ana-
lysed the cytotoxicity of these nanoparticles via different
experimental assays in human colon cells (HCT116) taken as an
in vitro model.

Materials and methods
Microbial synthesis of silver nanoparticles

The silver nanoparticles used in this study were synthesized by
a novel method using the bacterial supernatant of two Gram-
positive (B. thuringiensis and S. aureus) and two Gram-negative
strains (E. coli and S. typhimurium) (Fig. S1t). The bacterial
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strains were cultured in Luria-Bertani (LB) broth at 35 + 2 °C
using an orbital shaker incubator (New Brunswick Scientific,
USA) at 160 rpm. The supernatants of overnight cultures were
extracted via centrifugation of the cultures at 10 000 rpm for
5 min. Silver nitrate (AgNO3) solution (1 mM) was then mixed
with the supernatant of each bacterial culture in a ratioof 1 : 2,
and the mixture was exposed to UV light for 3-5 min. The
synthesized silver nanoparticles were then obtained by centri-
fugation at 10 000 rpm for 10 min. The concentrated nano-
particles were resuspended in MQ water and lyophilized. A
stock solution for each analysis was prepared by suspending the
nanoparticles in the corresponding medium. The solutions
were characterised for their physiochemical properties by
different methods. The synthesized silver nanoparticles were
termed as BTAgNP, ECAgNP, SAAgNP, and STAgNP, obtained
from the B. thuringiensis, E. coli, S. aureus, and S. typhimurium
culture supernatants, respectively.

Characterisation of silver nanoparticles

The synthesized silver nanoparticles were characterised for
their physiochemical properties by different standard tech-
niques. The size of the nanoparticles was determined by field
emission scanning electron microscopy (FESEM) using a Zeiss
EVO 60 microscope equipped with an Oxford Inca energy-
dispersive X-ray spectrometer (EDS); the hydrodynamic size
and zeta potential (as a measure of stability) of BTAgNP,
SAAgNP, STAgNP, and ECAgNP were measured by dynamic light
scattering (Zetasizer, Malvern, UK) in water, DMEM cell culture
medium, and Holtfreter buffer. Fourier transform infrared
(FTIR) spectroscopy measurements were performed using
a Perkin Elmer RXI FTIR spectrometer with an ATR attachment.
All measurements were carried out in the range of 400-4000
em ! at a resolution of 4 cm™ . Optical properties were deter-
mined via UV-visible spectra obtained using a UV-vis spectro-
photometer (Agilent Cary 60, USA) at 200-800 nm.

In silico investigation of the synthesis of silver nanoparticles

To understand the probable mechanism of the synthesis of
nanoparticles from bacterial supernatants, a molecular docking
approach was employed to recognize the capping of Ag nano-
particles by the Gram-positive and Gram-negative bacterial
supernatant proteins. Supernatants contain the majority of
biofilm proteins released by bacteria in a culture medium.
Biofilm-associated protein A (bapA) of Salmonella typhimurium
(3824 residues) and biofilm-associated surface protein (bap) of
S. aureus (2276 residues) were considered for the molecular
docking approach. Since the structures of both these proteins
were unavailable, molecular modelling of these two proteins
was carried out using ModBase,” which is a database of
comparative protein structure models. For bapA protein, PDB
ID: 4AQ1,* structure of the SbsB S-layer protein of S. typhimu-
rium PV72p2 in complex with the nanobody KB6 from the
region 371-1026 was chosen as a template, whereas for bap
protein, PDB ID: 1D2P,** crystal structure of two b repeating
units (b1b2) of the collagen-binding protein (cna) of S. aureus
was taken as a template from the region 1809-2113 for
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structural modelling. Furthermore, these proteins were sub-
jected to molecular docking as receptors using AutoDock 4.2,
whereas Ag was used as the ligand. The grid dimensions were
set to 90 x 90 x 90 with a spacing of 1 A. Lamarckian genetic
algorithms (LGA) were used for the grid dimensions, and
a genetic algorithm was used for docking runs using a pop-
ulation size of 150, with the maximum number of evaluations
set to 2 500 000 and the maximum number of generations. Post-
docking analysis was performed using AutoDock 4.2 analysis
tools using conformations and clustering, and the results were
visualized using Chimera.*® Further 2D plots of interactive

regions were shown using LigPot".**

Assessment of the antibacterial effect of silver nanoparticles

The antibacterial activities of the different as-synthesized
AgNPs were assessed via a well diffusion assay and growth
curve analysis of bacterial strains in the presence of the
synthesized silver nanoparticles. The detailed protocol is
described in the ESIf sheet.

Analysis of morphology change in silver nanoparticle-treated
bacteria

Changes in bacterial morphology were investigated by FESEM.
The processing of samples is described in the ESI} sheet.

Analysis of reactive oxygen species (ROS)

The analysis of the ROS production in bacterial strains upon
treatment with BTAgNP, SAAgNP, STAgNP, and ECAgNP was
performed by detecting the green signal of 2/,7'-dichlorodihy-
drofluorescein (DCF) using the BL1 filter (530/30) of a flow
cytometer. The green signal corresponds to the number of DCF
molecules produced by the oxidation of DCFDA dye by ROS
produced by cells.*® Forward- and side-scatter dot plots were
used to gate out cellular debris.

Treatment of silver nanoparticles with HCT116 cells

A human colon cancer cell line (HCT116) was procured from the
national animal cell repository, the National Centre for Cell
Science (NCCS), Pune, India. HCT116 cells were seeded in a 24-
well plate at a density of 1.0 x 10 cells per well in complete
DMEM medium and allowed to adhere for 24 h. After adhesion,
the medium was replaced with a medium containing silver
nanoparticles with the desired concentration, and the cells were
incubated for 24 h and 48 h under an atmosphere of 5% CO, at
37 °C. The cells were observed for morphological changes using
an inverted microscope.

Cytotoxicity assays

To measure the cytotoxicity effect of silver nanoparticles on
HCT116 cells, the MTT assay was used. Cells in the exponential
growth phase were seeded at a density of 1.0 x 10” cells per well
into 96-well plates in 100 puL. DMEM containing 10% (vol/vol) NC
serum. The cells were allowed to adhere for 24 h at 37 °C. After
24 h, the medium was replaced by fresh DMEM containing 10%
(vol/vol) NC serum with the addition of silver nanoparticle
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samples in a series of increasing concentrations from 50 ug mL ™"
to 3000 ug mL~'. After incubation for 24-48 h, the medium
was removed and the wells were washed three times with
1x phosphate buffered saline (PBS). After washing, 150 pL
of 01 mg mL' MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide) in PBS was added to each well,
and the plate was incubated for 4 h. Finally, the medium was
replaced by a 150 uL MTT solvent (11 g SDS in 50 mL of 0.02 M
HCI and 50 mL isopropanol) to dissolve the formazan crystals
formed by live cells. The absorbance (OD value) was then ob-
tained at 570 nm using an ELISA reader (Epoch, Biotek, Ger-
many). The cytotoxicity was estimated by calculating the
percentage of the OD value with respect to that in a control
experiment without the sample. A graphical representation was
then created to compare the effects of different concentrations.
All the experiments were performed at least three times in
triplicate.

Analysis of the uptake of nanoparticles by flow cytometry

Uptake analysis was performed by flow cytometry. A brief
description of the protocol is given in the ESI} sheet.

Analysis of the production of reactive oxygen species (ROS) in
HCT cells

The production of reactive oxygen species (ROS) was analysed by
flow cytometry using 2',7'-dichlorofluorescein diacetate
(DCFDA). DCFDA is a dye that gets converted into 2/,7'-
dichlorofluorescein (DCF) in the presence of ROS. Thus, via
estimating the amount of DCF formed, the production of ROS
induced by the nanoparticles can be determined.*® To estimate
the production of ROS induced in HCT116 cells on exposure to
silver nanoparticles, cells were seeded and treated as described
in the treatment protocol. After the treatment, the cells were
washed three times with 1x phosphate buffer solution (PBS)
and scraped. The scraped cells were then stained with DCFDA
(2 ug mL~" in DMSO) for 15 min in the dark. After incubation,
the cells were analysed using a attune acoustic focusing
cytometer (Applied Biosystems, Life Technologies) equipped
with a 488 nm argon laser. The cytometer was set up to loga-
rithmically measure FSC and SSC. The data were processed
using FCS Express 5 (DeNovo, Los Angeles, CA). The mean
fluorescence intensity of each sample was measured and is
presented in the form of a histogram.

Acridine orange (AO)/EtBr staining for apoptosis analysis

Apoptosis analysis was performed according to the standard
protocol described by Kasibhatla et al.>** The HCT116 cells were
seeded in a 24-well plate at a density of 1.0 x 10 cells per well
in a complete DMEM medium and allowed to adhere to the
surface via incubation for 24 h under 5% CO, at 37 °C. After
incubation, the medium was replaced by a 500 uL. DMEM
medium containing different synthesized AgNPs with the
concentrations of 50 pg mL ™" and 250 pg mL ™" (v/v), and the
cells were exposed for 24 h and 48 h. After treatment, the
medium was replaced by 1 x PBS and the mixture was washed 3
times. After being washed, the cells were processed and

This journal is © The Royal Society of Chemistry 2017
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stained with AO and EtBr. Images were obtained using an
EVOS inverted fluorescence microscope (Thermo Scientific,
USA). The images were processed in Image] to adjust their
brightness and contrast.

Cell cycle analysis

Cell cycle analysis of the HCT116 cell line was performed via
propidium iodide staining of the nucleus, as mentioned in
the ESLt
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Results and discussion

Synthesis and physiochemical characterization of silver
nanoparticles

The rapid one-pot biosynthesis of silver nanoparticles was
achieved using supernatants of overnight cultures of two Gram-
positive (B. thuringiensis and S. aureus) and two Gram-negative
(E. coli and S. typhimurium) bacterial strains, as shown in
Fig. S1.7 UV radiation was used to reduce silver nitrate, whereas
biomolecules released by the bacteria in the supernatant were
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Fig. 1 Size determination by FESEM and EDS analysis of silver nanoparticles: (A) ECAgNP, (B) SAAgNP, (C) STAgNP, and (D) BTAgNP.
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used to stabilize the silver nanoparticles. The synthesis of silver
nanoparticles was confirmed via a change in colour. As deter-
mined by FESEM (Fig. 1), the average sizes of ECAgNP, SAAgNP,
STAgNP, and BTAgNP were found to be 22.6 + 5.2 nm, 21.2 +
4.8 nm, 23.3 £ 6.8 nm, and 29.3 £ 5.2 nm, respectively. EDS
analysis showed the presence of silver nanoparticles with
a small amount of chlorine, which may be due to the presence
of sodium chloride in the bacterial culture medium (LB broth).
A small amount of carbon was also detected by EDS, which can
be attributed to the small amount of bacterial biomass present
in the solution. The synthesized silver nanoparticles (ECAgNP,
SAAgNP, STAgNP, and BTAgNP) were characterised for their
optical properties via UV-vis spectroscopy. UV-vis spectroscopy
is the most widely known technique for characterising nano-
particles via quantification of their light absorption phenom-
enon. As shown in Fig. 2A, the absorption spectra of all four
nanoparticles displayed a surface plasmon resonance (SPR)
peak at 400-420 nm, which was attributed to silver nano-
particles in previous reports.’” The presence of this peak in the
spectra of all four nanoparticles confirmed the presence of
silver nanoparticles. The hydrodynamic diameters of ECAgNP
and SAAgNP were found to be 139.2 +21.0 and 109.1 & 34.0 nm,
respectively, whereas those of STAgNP and BTAgNP were 73.6 +
32.0 and 86.8 + 32.0 nm, respectively (Fig. 2B and Table 1). The
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differences in the diameters of the nanoparticles, as determined
by FESEM and DLS, can be ascribed to the presence of water
molecules around the particles in solution.*® The hydrodynamic
diameter varied in different media used for biological assays
(Table 1). The zeta potential of the silver nanoparticles was
measured in different media to determine the degree of repul-
sion among the particles in different media.** As shown in
Fig. 2C, STAgNP and SAAgNP exhibited lower zeta potentials of
—42.8 + 3.2 mV and —38.3 £+ 4.3 mV as compared to ECAgNP
and BTAgNP (—22.3 £ 6.3 mV and —36.1 + 4.1 mV), respectively.
Thus, the results indicated the dispersed suspension of silver
nanoparticles in all the types of media. However, the variation
in values in different media can be attributed to the interaction
of nanoparticles with different types of molecules present in the
media.

Fig. 2D shows the FTIR spectra of the biosynthesized silver
nanoparticles. Distinct peaks were observed at 530-542 cm ™',
1630-1642 cm ™', 2060-2074 cm ™}, 2360-2362 cm ™!, and 3430-
3438 ecm™". This complexity of the peaks may be due to the
presence of different biomolecules released by the bacteria. The
broad peak observed at 3430-3438 cm ' corresponds to the
O-H and N-H bond stretching vibrations. The small peaks at
2360-2362 cm ' and 2060-2074 cm ' correspond to the
stretching vibrations of the compounds containing C=N
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Fig. 2 Physicochemical characterization of biogenic silver nanoparticles (ECAgNP, SAAgNP, STAgNP, and BTAgNP): (A) UV-vis spectra (inset
shows type of nanoparticles corresponding to the color of UV-vis spectra respectively), (B) hydrodynamic diameter, (C) zeta potential and (D)

FTIR spectra.
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Table 1 Size, zeta potential and SPR peak determined for ECAgNP, SAAgNP, STAgNP, and BTAgNP silver nanoparticles in different media

Hydrodynamic diameter (nm)

Zeta potential (mV)

Size (nm) DMEM DMEM SPR peak
Nanoparticles by FESEM Aq. PBS (complete) Aq. PBS (complete) (nm)
ECAgNP 22.6 £5.2 139.2 £ 21 215.3 £ 22 230.1 £11 —22.3 £ 6.3 —26.5 £ 5.3 —-19.3 +£7.1 410
SAAgNP 21.2 £ 4.8 109.1 £ 34 116.1 £ 51 109.5 £+ 43 —38.3 £ 4.3 —28.3 4.2 —23.1+5.4 412
STAgNP 23.3 £6.8 73.6 + 32 113.6 £ 16 110.9 £ 17 —42.8 £ 3.2 —46.9 £+ 3.3 —27.2 £ 4.6 407
BTAgNP 29.3 £5.2 86.8 + 32 152.1 £ 36 208.6 £ 13 —-36.1 = 4.1 —43.8 &£ 2.3 —28.3 £ 3.4 422
bonds. A sharp peak was found at 1630-1642 cm ™', which may  Antibacterial activity of ECAgNP, SAAgNP, STAgNP, and

be due to the presence of amides. The small peak at 530-
542 cm~ ' may be due to the leaching of organic compounds
present in the supernatant of the bacterial cultures.*>*' With
reference to the analysis of the results of synthesis and char-
acterisation, a uniform and well-dispersed formation of silver
nanoparticles can be confirmed.

To understand the probable mechanism of synthesis of the
silver nanoparticles, an in silico approach was employed.
Molecular docking was performed using Ag as the ligand and
Bapl proteins from Gram-positive (S. aureus) and Gram-
negative (S. typhimurium) bacterial strains. Bapl protein has
been recognised as a biofilm protein released by bacteria into
their matrix during their growth. Fig. S2{ shows the structure of
Bap1 proteins in S. aureus and S. typhimurium. As shown in
Fig. 3, reduced silver ions from silver nitrate were predicted to
be incorporated into the matrix protein in six possible confor-
mations in Gram negative bacterial protein and five possible
conformations in Gram positive bacterial protein. In Gram-
negative matrix biofilm protein, the amino acid residues
found to interact with Ag were aspartic acid, threonine, isoleu-
cine, and phenylalanine, whereas in some clusters, valine,
leucine, arginine, and histidine were also found to play a role. In
the Gram-positive bacterial matrix, along with other residues,
proline was found to play a significant role. Although in both
cases the interactions occurred through hydrophobic bonds,
polar amino acid residues were predicted to interact with silver
in the proteins of Gram-negative bacteria. With reference to
these results, it can be speculated that the synthesis of silver
nanoparticles from the bacterial supernatants was influenced
by the biogenicity and structural as well as functional aspects of
the bacterial strains. In the reaction setup, silver nitrate salt was
reduced to silver and nitrate radicals in the presence of
reducing agents. Silver atoms were further capped by interac-
tions with amino acids in the matrix proteins for stabilisation.
Hence, the physiochemical nature of the synthesized silver
nanoparticles varies due to variations in matrix protein amino
acid residues of Gram-positive and Gram-negative bacterial
strains. The reaction can be represented as follows:

AgNO; + reducing agent (matrix biomolecules) — Ag" + NO;~

Ag" + capping agent (matrix protein amino acids) — AgNP

This journal is © The Royal Society of Chemistry 2017

BTAgNP silver nanoparticles

The antibacterial activities of the biosynthesized ECAgNP,
SAAgNP, STAgNP, and BTAgNP were first examined by the well
diffusion method to observe the formation of an inhibition
zone against S. typhimurium and E. coli. Fig. S31 shows the
inhibition zones exhibited by all four silver nanoparticles with
E. coli and S. typhimurium. The observation of inhibition zones
revealed the significant antibacterial activity of the synthesized
silver nanoparticles. The objective of this study was to specify
the antibacterial activities of the synthesized nanoparticles
against their source bacterial cultures. To achieve this, growth
curves were determined by incubating ECAgNP, SAAgNP,
STAgNP, and BTAgNP with E. coli, S. aureus, S. typhimurium, and
B. thuringiensis in a culture medium at different concentrations.
As shown in Fig. S4(a)-(d),t all nanoparticles inhibited the
growth of their corresponding bacterial strains with the
increasing concentrations, among which ECAgNP was most
effective. The MIC values of the nanoparticles varied consider-
ably against their source bacterial strain. The growth curves for
S. aureus, S. typhimurium, and B. thuringiensis became gradually
steeper with an increase in concentration, whereas slope
declination was highest in E. coli against ECAgNP, depicting its
highest efficacy. The variation in the activity of the nano-
particles against their corresponding bacterial strains can be
attributed to the released biomolecules, the nature of the amino
acid residues utilised in their synthesis, and the difference in
the structural composition of each bacterial culture.*

To understand the mechanism of action of the synthesized
nanoparticles on their corresponding source bacteria, FESEM
was performed to visualise the bacterial cell morphology after
treatment. All the untreated bacterial cells were found to display
normal morphology after treatment for 4 h, as shown in Fig. 4,
whereas those treated with the corresponding silver nano-
particles were found to lose their membrane integrity and
exhibited damaged shapes. The attachment of silver nano-
particles was confirmed by EDS. The results indicated the firm
attachment of nanoparticles to the surface of bacteria that led to
their death. These results were in accordance with the reports
focusing on reciprocity between AgNPs and bacterial cell
membranes.*®*** These reports referred to the zeta potential,
size, and shape of silver nanoparticles as causes of the accu-
mulation and destruction of membranes. ECAgNP, SAAgNP,
STAgNP and BTAgNP had sizes of around 100 nm and negative
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Fig. 3 In silico investigation of synthesis of AgNPs: (A) molecular interaction of Ag with Bapl protein from the Gram-negative bacterium S.

typhimurium showing 2D plots of hydrophobic interactions. (B) Interaction of Ag with Bapl protein from Gram-positive S. aureus showing

hydrophobic interactions of Ag nanoparticles.

charges, which therefore facilitated their attachment to cell
membranes, exerting the antibacterial effects. Moreover, the
attachment of silver nanoparticles has been attributed to
a change in the membrane permeability of bacterial cells owing
to the interactions with membrane proteins*® and histidine-rich
periplasmic proteins.*® This acute change may cause the release
and degradation of membrane proteins; this leads to the
formation of fissures and perforations in the cell membrane.
The formation of fissures and perforation leads to the leakage of
cytoplasmic contents from the cell; this increases the death
consequences. Because the capping materials of the synthe-
sized silver nanoparticles were derived from the supernatants of
their corresponding bacterial cultures, it can be argued that the
biomolecules increased their probability of attachment to the
corresponding bacteria owing to their similar chemical natures.

40040 | RSC Adv., 2017, 7. 40034-40045

Another well-known reason for the bactericidal activity of
silver nanoparticles is the induction of oxidative stress in
bacterial cells upon exposure to nanoparticles.””** Reasonable
effects of the interactions of the synthesized silver nanoparticles
with the corresponding bacterial strains were investigated via
the fluorescence intensity of DCFDA in bacterial cells. As shown
in Fig. S5,1 the production of ROS was found to increase with
the incubation time (4 h) in a concentration-dependent
manner. Although each type of nanoparticle induced an
enhancement in the production of ROS in the corresponding
bacterial strain, the intensity was highest in the case of ECAgNP
with E. coli, followed by STAgNP, BTAgNP, and SAAgNP. The
difference may be correlated with an enhancement in the
interaction and internalisation of ECAgNP nanoparticles as
compared to that of others.

This journal is © The Royal Society of Chemistry 2017
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Fig. 4 Antibacterial activity of AQNPs: morphological analysis of bacterial strains with EDS analysis of bacterial surfaces treated with the cor-

responding synthesized biogenic silver nanoparticles.

These results suggested the variable antibacterial efficiency
of biosynthesized silver nanoparticles from different bacterial
cultures against their corresponding bacteria. Moreover, the
results indicate the interesting fact that the components of
bacterial supernatants can be used as a weapon against the
bacteria themselves.

In vitro cytotoxicity of AgNPs against HCT116 colon cancer
cell line

The cytotoxicity of the synthesized silver nanoparticles (AgNPs)
was investigated in an HCT116 colon cancer cell line vig standard
established assays. Viability was determined by the MTT assay.
The MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide) assay is based on the determination of the mitochon-
drial activity of living cells via estimation of the conversion of
MTT into formazan crystals by them.* The LCs, value of
a compound can be determined thereafter by comparing the
viability with that of untreated cells that display 100% viability. As
shown in Fig. S6A, STAgNP was most cytotoxic followed by
ECAgNP, SAAgNP, and BTAgNP. This observation was further
supported by determining the LCs, values of the nanoparticles,
as indicated in Fig. S6B.1 The difference in the cytotoxicity of
these nanoparticles can be attributed to variations in their
interaction mechanism owing to the presence of different
biomolecules on their surface.®® A further investigation of the

This journal is © The Royal Society of Chemistry 2017

mechanism of cytotoxicity was carried out via an analysis of the
morphological changes in AgNP-treated cells by bright-field
microscopy. Fig. 5 shows the morphology of the HCT116 cells
treated with 50 pg mL ™" and 250 pg mL~ " ECAgNP, SAAgNP,
STAgNP, and BTAgNP after exposure for 24 h and 48 h. After
exposure for 24 h, a change was observed in the morphology of
cells exposed to a low concentration (50 pg mL™") of nano-
particles in comparison with that of the untreated cells, which
was significant after exposure for 48 h. Cells were found to be
detached from the surface and had lost their original
morphology. The intensity increased upon treatment with a high
concentration (250 pg mL ") after exposure for both 24 h and
48 h; moreover, after 48 h, the cell viability decreased. This
observation corresponded to the results of the MTT assay. The
images also illustrate the accumulation of nanoparticles on the
surfaces of cells; this is considered to be the first step of the
mechanism of cell cytotoxicity.**>

The mechanism of the cytotoxicity of silver nanoparticles has
been described in many reports.”®*>>* It has been stated that the
cytotoxic effect basically proceeds in three stages: nanoparticles
accumulate on the surfaces of cells and interact with the cell
membrane; this leads to changes in the charge and permeability
of the membrane.*"** The interaction is followed by the inter-
nalization of nanoparticles inside the cells via endocytosis and
pores in the cell membrane.® After the internalisation of

RSC Adv., 2017, 7, 40034-40045 | 40041
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Fig. 5 Cytotoxicity of AgNPs: morphological analysis of HCT116 colon cancer cells in the presence of concentrations of 50 ng mL™* and
250 pg mL~t ECAgNP, SAAgNP, STAGNP and BTAgNP silver nanoparticles after treatment for 24 h and 48 h.

nanoparticles, alterations in cellular physiological processes
such as the generation of ROS*** and other metabolic
processes® occur with changes at the nuclear level;>>* this lead
to abnormalities and, ultimately, cell death. To determine
whether ECAgNP, SAAgNP, STAgNP, and BTAgNP follow the
same mechanism and elucidate the differences between their
activities, further experimental analysis of the uptake of nano-
particles and alterations in physiological processes was carried
out. The analysis of the uptake of AgNPs inside the HCT116 cells
was performed via a flow cytometer by measuring the changes
in cell granularity, as described by previous reports.®* As shown
in Fig. S7,f exposure time- and concentration-dependent
changes in cell granularity were observed with all four types of
AgNP; this indicated the uptake of nanoparticles. Interestingly,
ECAgNP was taken up by cells to a greater extent after 48 h,
followed by STAgNP, SAAgNP, and BTAgNP. Speculated conse-
quences of the uptake of AgNPs were further investigated by an
analysis of the oxidative stress, apoptosis, and abnormalities in
the cell cycle in treated cells. Fig. S8 shows the concentration-
and time-dependent changes in the fluorescence of DCFDA,
which indicate an increase in the production of ROS in all cells
treated with AgNPs. However, AgNPs synthesized from Gram-
positive bacterial sources induced the production of less ROS
in comparison with AgNPs synthesized from Gram-negative
bacterial sources. The investigation of apoptosis in treated
cells was performed by dual staining with acridine orange/EtBr.
Acridine orange is a vital dye that stains both live and dead cells.
EtBr only stains dead cells that have lost their membrane
integrity. Hence, early apoptotic cells can be identified by their
green colour and bright green nuclei; late apoptotic cells display
an orange colour, whereas necrotic cells exhibit an orange

40042 | RSC Adv., 2017, 7, 40034-40045

colour with a nuclear morphology that resembles that of the live
cells.** As shown in Fig. 6, ECAgNP and STAgNP-treated cells
were found to be in the late apoptotic phase after exposure for
24 h and 48 h to both low and high concentrations, whereas in
the cases of treatment with SAAgNP and BTAgNP, early
apoptosis was found at low concentrations. However, treatment
with a high concentration (250 pg mL™") led to the rapid onset
of late apoptosis. The dynamic basis of the cell cycle is crucial in
cells in any physiological condition® as it determines abnormal
cell proliferation and cancer. To understand the effects of the
biogenic AgNPs on the stages of the cell cycle, the phase of the
cell cycle was determined by PI staining analysis at low and high
concentrations. As shown in Fig. S9,1 cells were found to
undergo arrest in the G0/G1 phase upon exposure. Interestingly,
the amount of cells treated with SAAgNP and BTAgNP also
increased in the S phase. These results suggested a mechanism
of in vitro cytotoxicity in the HCT116 colon cells. Similar cyto-
toxic effects have been reported by different groups with regard
to the cytotoxicity of biogenic silver nanoparticles®®** in
different cell lines. Many studies have also mentioned the
cytotoxic effects of silver nanoparticles synthesized by different
methods on normal cell lines and reported acute cytotoxicity
and genotoxicity as results of the regulation of oxidative stress,
apoptosis, and cell cycle arrest.®® Moreover, cytotoxicity against
both normal and cancer cell lines has been reported to depend
on the capping agent.®® With reference to previous studies and
experimental data obtained, it can be concluded that the cyto-
toxicity of silver nanoparticles depends on the capping agent.
However, an interesting point that emerged from this investi-
gation is the variation in cytotoxicity due to the biogenicity of
silver nanoparticles. Silver nanoparticles synthesized from

This journal is © The Royal Society of Chemistry 2017
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Fig.6 Apoptosis of HCT116 cells after treatment with different types of silver nanoparticle for 24 h and 48 h determined by staining with acridine

orange/EtBr.

Gram-positive bacterial supernatants were less cytotoxic than
those synthesized from Gram-negative bacteria. This variation
can be attributed to the variation in bacterial biomolecules
released into their supernatant due to their physiological and
structural differences.*

Conclusion

In summary, the successful and facile synthesis of well-
characterised biogenic silver nanoparticles (AgNPs) was ach-
ieved from the culture supernatants of two Gram-positive (S.
aureus and B. thuringiensis) and two Gram-negative (E. coli and
S. typhimurium) bacterial strains, and the products were termed
as SAAgNP, BTAgNP, ECAgNP, and STAgNP, respectively. The
antibacterial efficacy of the synthesized AgNPs was determined
against their source bacteria, and their in vitro cytotoxicity was
investigated with a colon cancer cell line (HCT116). The analysis

This journal is © The Royal Society of Chemistry 2017

of their antibacterial activity confirmed their efficacy against
their source bacteria in a concentration-dependent manner due
to damage to membranes and the effects of oxidative stress. The
assessment of their cytotoxicity demonstrated their biogenicity
and concentration-dependent in vitro cytotoxic effects in colon
cancer cell lines. AgNPs that originated from Gram-negative
strains were shown to exhibit higher cytotoxicity than AgNPs
that originated from Gram-positive strains and induced greater
oxidative stress, morphological changes, apoptosis, and cell
cycle arrest in the G0/G1 phase. The overall study concludes that
the biological effects of silver nanoparticles synthesized from
different bacterial culture supernatants depend on their bio-
genicity, concentration, and exposure time. It is believed that
variations in the biomolecules utilised as stabilizing agents in
the synthesis of AgNPs present in the bacterial culture super-
natant with variations in the bacterial culture strain determined
the physiochemical properties, antibacterial activity, and

RSC Adv., 2017, 7, 40034-40045 | 40043
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cytotoxicity of the silver nanoparticles. An in silico molecular-
level investigation predicted and confirmed this fact, in partic-
ular, in the context of proteomics. Moreover, pathological
outcome, such as DNA damage and alterations to specific
proteins and enzymes responsible for different physiological
processes, of the biogenic AgNPs at the molecular level need
further investigation. With the help of the study reported
herein, future work can be directed towards studying the
difference in the roles of Ag" ions released by biogenic AgNPs
and their in vitro and in vivo biological consequences. This study
has pointed out the need of right selection of green biogenic
materials and methodologies for the synthesis of silver nano-
particles for different purposes with respect to the environment
and human health.
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