International Journal of Nanomedicine

3

Dove

ORIGINAL RESEARCH

Comparative assessment of the apoptotic
potential of silver nanoparticles synthesized
by Bacillus tequilensis and Calocybe indica

in MDA-MB-23| human breast cancer cells:
targeting p53 for anticancer therapy

Sangiliyandi Gurunathan
Jung Hyun Park

Jae Woong Han

Jin-Hoi Kim

Department of Animal Biotechnology,

Konkuk University, Seoul, Republic
of Korea

Correspondence: Sangiliyandi Gurunathan
Department of Animal Biotechnology
Konkuk University, 120 Gwangjin-Gu,
Seoul 143-701, Republic of Korea

Email gsangiliyandi@yahoo.com

Jin-Hoi Kim

Department of Animal Biotechnology,
Konkuk University, Seoul 143-701,
Republic of Korea

Tel +82 2 450 3687

Fax +82 2 544 4645

Email jhkim54 | @konkuk.ac.kr

This article was published in the following Dove Press journal:
International Journal of Nanomedicine

29 June 2015
Number of times this article has been viewed

Background: Recently, the use of nanotechnology has been expanding very rapidly in diverse
areas of research, such as consumer products, energy, materials, and medicine. This is espe-
cially true in the area of nanomedicine, due to physicochemical properties, such as mechanical,
chemical, magnetic, optical, and electrical properties, compared with bulk materials. The first
goal of this study was to produce silver nanoparticles (AgNPs) using two different biological
resources as reducing agents, Bacillus tequilensis and Calocybe indica. The second goal was
to investigate the apoptotic potential of the as-prepared AgNPs in breast cancer cells. The final
goal was to investigate the role of p53 in the cellular response elicited by AgNPs.

Methods: The synthesis and characterization of AgNPs were assessed by various analytical
techniques, including ultraviolet-visible (UV-vis) spectroscopy, X-ray diffraction (XRD), Fourier
transform infrared (FTIR) spectroscopy, dynamic light scattering (DLS), and transmission electron
microscopy (TEM). The apoptotic efficiency of AgNPs was confirmed using a series of assays,
including cell viability, leakage of lactate dehydrogenase (LDH), production of reactive oxygen
species (ROS), DNA fragmentation, mitochondrial membrane potential, and Western blot.
Results: The absorption spectrum of the yellow AgNPs showed the presence of nanoparticles.
XRD and FTIR spectroscopy results confirmed the crystal structure and biomolecules involved
in the synthesis of AgNPs. The AgNPs derived from bacteria and fungi showed distinguishable
shapes, with an average size of 20 nm. Cell viability assays suggested a dose-dependent toxic
effect of AgNPs, which was confirmed by leakage of LDH, activation of ROS, and terminal
deoxynucleotidyl transferase dUTP nick end labeling (TUNEL)-positive cells in MDA-MB-231
breast cancer cells. Western blot analyses revealed that AgNPs induce cellular apoptosis via
activation of p53, p-Erk1/2, and caspase-3 signaling, and downregulation of Bcl-2. Cells pre-
treated with pifithrin-alpha were protected from p53-mediated AgNPs-induced toxicity.
Conclusion: We have demonstrated a simple approach for the synthesis of AgNPs using
the novel strains B. tequilensis and C. indica, as well as their mechanism of cell death in a
p53-dependent manner in MDA-MB-231 human breast cancer cells. The present findings could
provide insight for the future development of a suitable anticancer drug, which may lead to the
development of novel nanotherapeutic molecules for the treatment of cancers.
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Introduction
Nanotechnology is one of the most promising fields, generating various types of
interesting and novel nanomaterials for applications in biotechnology and nanomedicine.
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However, only a few nanoproducts are currently in use for
medical purposes. Among several nanomaterials, silver nano-
particles (AgNPs) have emerged as a superior product in the
field of nanotechnology.' Nanosilver is one of the nanomateri-
als with the highest degree of commercialization,' and silver
has gained much interest because of its distinctive physical
and chemical properties, including conductivity, chemical sta-
bility, and catalytic and antibacterial activities.”* Because of
their unique properties and high surface area to volume ratio,
AgNPs have been used extensively as antibacterial agents
in the health industry, food storage,’ textile coating,® and a
number of environmental>*” and biomedical applications,
including utility as antiangiogenic® and anticancer agents.’
Recently, biologically synthesized AgNPs have shown
potential for biomedical applications because of their bio-
compatibility, stability, high solubility, and high yield without
aggregation. Therefore, the synthesis of nanomaterials using
biological methods seems to be a simple, nontoxic, and
dependable approach that is more environmentally friendly
than chemical methods, which are expensive and hazard-
ous to living organisms.!®!! Biomedical applications for
nanoparticles increased tremendously when the biological
approach to nanoparticle synthesis came into focus.'* Further-
more, various natural resources are available for the environ-
mentally friendly synthesis of nanoparticles, such as plants,
plant products, bacteria, fungi, algae, yeast, and viruses.!*!!
Interestingly, biological molecules can serve as both reduc-
ing and capping agents for nanoparticle synthesis. Capping
agents are essential for preventing nanoparticle aggregation
and increasing solubility of the nanosystem, and they can also
be used as a site for bioconjugation of the nanoparticle with
important molecules.'>!? Stabilization of nanoparticles can be
achieved by adding capping agents, which bind to the nano-
particle surface via covalent bonds or chemical interactions.'*
Thus, biologically prepared nanomaterials are extremely
valuable because nanoparticles can be coated with a lipid or
protein layer that confers physiological solubility and stability,
which are critical parameters for biomedical applications that
are currently a challenge for other synthesis methods.
Several studies have demonstrated that nanoparticles have
toxic effects at the cellular, subcellular, and biomolecular
(eg, gene and protein) levels.'>!* AgNPs have been shown
to induce cytotoxicity via apoptosis and necrosis in differ-
ent cell lines.'” However, the toxicity of AgNPs depends on
their size, concentration, and surface functionalization.'® Park
et al demonstrated that the size of AgNPs is an important
factor for cytotoxicity, inflammation, and genotoxicity."
The evaluation of toxicity of AgNPs has been carried out in
different cellular models, including human lung fibroblasts,*

BRL3A rat liver cells,?! PC-12 neuroendocrine cells,?> human
alveolar epithelial cells,” germline stem cells,* breast cancer
cells,'* and human lung cancer cells.”

Oxidative stress and severe lipid peroxidation are known
mechanisms for nanomaterial-induced cell death in various
types of cell lines and in fish brain tissue.!**?” To support
in vitro studies, in vivo studies showed that AgNPs induced
oxidative stress and increased levels of reactive oxygen
species (ROS) in the sera of AgNP-treated rats.? In addition,
Rahman et al observed upregulation of oxidative stress-
related genes in the brain tissue of AgNPs-treated mice,”
in regions such as the caudate nucleus, frontal cortex, and
hippocampus. Repeated studies have suggested that AgNPs
are responsible for biochemical and molecular changes
related to genotoxicity in cultured cells, including DNA
breakage.?*

A World Health Organization report suggests that cancer
is the leading cause of mortality worldwide. Among the
various types of cancer, breast cancer in females is the most
important cause of mortality in the world.?! Nowadays, the
use of existing chemotherapeutic drugs, such as doxorubicin
(DOX), daunorubicin, bleomycin, and cisplatin, are limited
because of their high cost, high toxicity, poor specificity, and
side effects, which include myelosuppression, anemia and,
most precariously, the emergence of cellular resistance to
drugs.’? Although the majority of tumors initially respond to
chemotherapy, most patients eventually succumb to recur-
rent tumors that are composed of chemotherapy-resistant
clones. Resistance of recurrent disease to cytotoxic drugs is
the principle factor limiting the long-term treatment success
of cancer.? Hence, it is necessary to find alternative therapies
or drugs to overcome these drawbacks.

The primary purpose of this work was to develop a
simple, cost-effective, nontoxic, and environmentally friendly
approach for the synthesis of AgNPs using the novel
biological resources, Bacillus tequilensis and Calocybe
indica, as reducing and stabilizing agents. The secondary aim
was to evaluate the mechanism of toxicity of two different
types of AgNPs in breast cancer cells. Finally, we aimed to
investigate the role of p53 in AgNPs-induced apoptosis using
a p53 inhibitor, cyclic pifithrin-alpha (PFT-o).

Materials and methods

Microorganisms and reagents

B. tequilensis was used from our culture collection. Milky mush-
rooms (C. indica) were procured from the Mushroom Cultivation
Center (Coimbatore, India). Penicillin—streptomycin solution,
trypsin ethylenediaminetetraacetic acid (EDTA) solution,
Dulbecco’s Modified Eagle’s Medium (DMEM) (F-12), and
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1% antibiotic-antimycotic solution were obtained from Life
Technologies Corp (Carlsbad, CA, USA). A fetal bovine
serum (FBS) in vitro toxicology assay kit was purchased
from Sigma-Aldrich Corp (St Louis, MO, USA).

Media and bacterial growth analysis
Bacterial growth and media preparation were carried out
according to a method described previously.** Briefly,
B. tequilensis cultures were first grown aerobically at 37°C in
Luria—Bertani (LB) broth (USB Corp, Cleveland, OH, USA).
The cells were harvested by centrifugation, then washed twice
with phosphate-buffered saline (PBS) (Hyclone; Thermo Fisher
Scientific Inc, Waltham, MA, USA) (pH 7.3), and resuspended
in the appropriate fresh medium, such as LB or PBS, to yield the
desired initial optical density. Inoculated cultures were grown
in a shaker (220 rpm) in 250 mL flasks (with medium volume/
tube volume =1/3) at 37°C until they reached the stationary
phase. Growth was monitored spectrophotometrically by
periodically measuring the absorbance at 600 nm. The bacteria
were routinely maintained on LB agar slants and preserved in
glycerol stock solutions at —70°C. Unless otherwise stated, all
experiments were performed three independent times.

Synthesis of AgNPs using culture

supernatant of B. tequilensis

B. tequilensis was inoculated into flasks containing sterile LB
broth (without NaCl), tryptone (BD Biosciences, Franklin
Lakes, NJ, USA), and yeast extract, and the flasks were
incubated for 24 hours (37°C, 200 rpm). After incubation,
the culture was centrifuged (10,000 rpm, 10 minutes), and
the supernatant was used for the synthesis of AgNPs. Three
Erlenmeyer flasks, one containing supernatant with AgNO,
at a concentration of 5 mM, the second containing only the
supernatant, and the third containing only AgNO, solution,
were incubated at 60°C for 1 hour. We used the sterile LB
broth (without NaCl), tryptone (BD Biosciences), and yeast
extract containing 5 mM AgNO, as a control, to establish
that the tryptone and yeast extract could not reduce the Ag*
ions to AgNPs. The supernatant was sterilized by 0.22 um
filter (Merck Millipore, Billerica, MA, USA) after centrifu-
gation at 10,000 rpm for 10 minutes. The concentration of
AgNPs was determined as described earlier.* The AgNPs
derived from the culture supernatant of bacteria were called
B-AgNPs.

Preparation of mushroom extract

Mushroom extract was prepared according to the method
described earlier.** Fresh mushrooms (5 g) were washed
repeatedly with distilled water to remove any organic

impurities. The cleaned mushrooms were then crushed to
small pieces with a sterilized knife. The small pieces of
mushrooms were added to a 1 L beaker containing 300 mL
double-distilled water and thoroughly stirred for approxi-
mately 30 minutes; then, the solution was filtered through
filter paper. The resulting filtrate was the extract of mushroom
used as a reducing and stabilizing agent for the reduction of
Agtto Ag’.

Synthesis of AgNPs using milky mushroom

extract

The mushroom extract was treated with an aqueous solu-
tion of 5 mM AgNO,; solution, and kept at 60°C for 1 hour.
A color change from colorless to reddish-brown takes place
within 30 minutes in the presence of AgNO,, whereas in
our experiment, no color change was observed, either in the
solution kept without AgNO, or the culture filtrate alone.
The AgNPs derived from the culture filtrate of fungi (milky
mushroom) were called F-AgNPs.

Characterization of AgNPs

The bioreduction of AgNO, by bacteria and mushrooms was
monitored spectrophotometrically (OPTIZEN POP; Mecasys
Co Ltd, Daejeon, South Korea) between 300 and 600 nm. The
synthesized particles were characterized according to meth-
ods described previously.?* The size distribution of the dis-
persed particles was measured using a Zetasizer Nano ZS90
(Malvern Instruments Ltd, Malvern, UK). X-ray diffraction
(XRD) analyses were carried out on an X-ray diffractometer
(Bruker D8 DISCOVER; Bruker AXS, Madison, MA, USA).
The high-resolution XRD patterns were measured at 3 kW
with a Cu target, using a scintillation counter (A =1.5406 A)
at 40 kV and 40 mA, and were recorded in the range of
20 =5°-80°. Further characterization of changes in the surface
and surface composition was performed by Fourier transform
infrared (FTIR) spectroscopy (PerkinElmer Spectroscopy
GX, PerkinElmer Inc., Waltham, MA, USA). Transmission
electron microscopy (TEM), using a JEM-1200EX micro-
scope (JEOL Ltd, Tokyo, Japan), was performed to determine
the size and morphology of AgNPs. TEM images of AgNPs
were obtained at an accelerating voltage of 300 kV.

Cell culture

Cell culture was followed according to the method described
earlier.! Briefly, MDA-MB-231 human breast cancer cells
were kindly provided by Kyung Jin Lee, Institute for Life Sci-
ences, ASAN Medical Center, University of Ulsan College
of Medicine, Seoul, South Korea. MDA-MB-231 cells were
grown adherently and maintained in DMEM containing 10%
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FBS and 1% antibiotic solution, containing penicillin and
streptomycin, at 37°C in 5% CO,. All experiments were
performed in six-well plates, unless stated otherwise. Cells
were seeded onto the plates at a density of 1x10° cells per
well and incubated for 24 hours prior to the experiments. The
cells were washed with PBS (pH 7.4) and incubated in fresh
medium containing different concentrations of AgNPs.

Cell viability

Cell viability was measured using the 3-[4,5-dimethylthiazol-
2-yl]-2,5-diphenyltetrazolium bromide (MTT) dye-reduction
assay, to determine the cytotoxic effect of AgNPs at various
concentrations. Briefly, cells were plated onto 96-well flat-
bottom culture plates with various concentrations of B-AgNPs
(0-25 ug/mL) and F-AgNPs (0-25 pg/mL). All cultures were
incubated for 24 hours at 37°C in a humidified incubator. After
24 hours of incubation (37°C, 5% CO, in a humid atmosphere),
10 uL of MTT (5 mg/mL in PBS) was added to each well, and
the plate was incubated for a further 4 hours at 37°C. The result-
ing formazan was dissolved in 100 UL of dimethyl sulfoxide
with gentle shaking at 37°C, and absorbance was measured at
595 nm with an enzyme-linked immunosorbent assay reader
(SpectraMax; Molecular Devices, Sunnyvale, CA, USA). The
results were given as the mean of three independent experi-
ments. Concentrations of AgNPs showing a 50% reduction in
cell viability (ie, half-maximal inhibitory concentration [IC, ]
values) were then calculated. Further studies were carried out
with the IC, value for both B-AgNPs and F-AgNPs.

PFT-o treatment

Treatment with the p53-inhibitor cyclic PFT-o (10 uM)
(Sigma-Aldrich Corp) was carried out for 1 hour before
inducing apoptosis with AgNPs. Rescue effects were calcu-
lated based on the percentage of apoptotic cells (1,000 cells/
dish) in cultures, with or without PFT-o treatment, 24 hours
following treatment with AgNPs. All data were presented as
mean and standard error of the mean (SEM). Averages were
calculated from three different experiments in triplicate. Sta-
tistical comparisons of AgNPs treated with or without PFT-o.
were performed using a two-tailed unpaired #-test. Values of
P<0.05 were considered statistically significant.

Determination of ROS

Intracellular ROS were measured based on the intracellular
peroxide-dependent oxidation of 2’,7’-dichlorodihydrofiu
orescein diacetate (H,-DCFH-DA) to form the fluorescent
compound 2’,7’-dichlorofluorescein (DCF), as previously
described. Cells were seeded onto 24-well plates at a
density of 5x10* cells per well and cultured for 24 hours.

After washing twice with PBS, fresh medium containing
10 ug/mL of B-AgNPs or 2 ug/mL of F-AgNPs or 1 uM
DOX was added, and the cells were incubated for 24 hours.
For the control, 20 uM of DCFH-DA was added to the cells,
and incubation was continued for 30 minutes at 37°C. The
cells were rinsed with PBS, then 2 mL of PBS was added to
each well, and fluorescence intensity was determined with
a spectrofluorometer (Gemini EM; Molecular Devices) with
excitation at 485 nm and emission at 530 nm.

Detection of ROS using fluorescence

microscope

MDA-MB-231 human breast cancer cells were cultured in
minimum essential medium (Hyclone; Thermo Fisher Sci-
entific Inc) containing 10 UM H,-DCFDA in a humidified
incubator at 37°C for 30 minutes. Cells were washed in PBS
(pH 7.4) and lysed in lysis buffer (25 mM HEPES [pH 7.4],
100 mM NaCl, 1 mM EDTA, 5 mM MgCl,, and 0.1 mM
dithiothreitol [DTT], supplemented with a protease inhibitor
cocktail). Cells were cultured on coverslips in a four-well
plate. Cells were incubated in DMEM containing 10 uM
H,-DCFDA at 37°C for 30 minutes. Cells were washed in
PBS, mounted with Vectashield fluorescent medium (Vector
Laboratories, Burlingame, CA, USA), and viewed with a
fluorescence microscope.

Terminal deoxynucleotidyl transferase
dUTP nick end labeling (TUNEL) assay

Apoptotic DNA fragmentation was also detected using a
DNA fragmentation imaging kit (F. Hoffman-La Roche Ltd,
Basel, Switzerland), following the manufacturer’s instruc-
tions and also as described previously.'* Based on the TUNEL
reaction, fluorescence detection of cells with apoptotic DNA
strand breaks was performed. To examine total cell numbers,
nuclei were labeled simultaneously with 4’,6-diamidino-2-
phenylindole (DAPI). Merged images of both channels were
shown using a fluorescence microscope (Olympus, Tokyo,
Japan) at 100X magnification.

Western blot analysis

The cells were treated with AgNPs and then harvested and
washed with ice-cold PBS, followed by treatment with ice-
cold radioimmunoprecipitation assay (RIPA) lysis buffer.
Protein concentrations were measured using BCA Protein
Assay Reagent (Pierce, Rockford, IL, USA). Equivalent
amounts of proteins were loaded and electrophoresed on
8%—12% sodium dodecyl sulfate—polyacrylamide gel
(SDS-PAGE). Subsequently, proteins were transferred to
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polyvinylidene difluoride (PVDF) membranes (Merck Mil-
lipore). The membranes were blocked with 6% nonfat dry
milk at room temperature for 1 hour and then incubated with
the indicated primary antibodies overnight at 4°C, followed
by treatment with horseradish peroxidase (HRP)-conjugated
secondary antibodies at room temperature for 1 hour. Blots
were developed using enhanced chemiluminescence. The
following primary antibodies were used: anti-Bcl-2 (Abcam,
Cambridge, UK), anti-p-Erk1/2 (Thr202/Tyr204) (Santa
Cruz Biotechnology Inc, Dallas, TX, USA), anti-P-p53
(S15) (Cell Signaling #12571S, MA, USA), and anti-c-Jun,
antiprocaspase-3, and anti-B-actin (Abcam).

Measurement of caspase-3 activity
Caspase-3 activity was assayed as described earlier”!° using a
commercial kit (Sigma-Aldrich Corp) according to the manu-
facturer’s instructions. Cancer cells were plated as above
and treated without or with AgNPs or caspase-3 inhibitor for
24 hours, washed with ice-cold PBS, and lysed with 100 uL
of lysis buffer (50 mM tris(hydroxymethyl)aminomethane
(Tris)-HCI, pH 7.5, 150 mM NaCl, ] mM EGTA, 1 mM NaF,
1% Nonidet™ P-40, 1 mM phenylmethanesulfonyl fluo-
ride (PMSF), and protease inhibitor cocktail) for 30 minutes
at 4°C. The extracts were collected after centrifugation at
10,000 rpm for 10 minutes, and protein concentration was
determined using the Bio-Rad protein assay kit (Bio-Rad,
Hercules, CA, USA). Equal amounts (50 pg) of protein
extracts were mixed with assay buffer (20 mM HEPES,
pH 7.4, 100 mM NacCl, 0.1% 3-[(3-cholamidopropyl)
dimethyl-ammonio]-1-propanesulfonate (CHAPS), 10 mM
DTT, 1 mM EDTA, 10% sucrose), added to 96-well plates,
and incubated with caspase-3 substrate acetyl-Asp-Glu-Val-
Asp p-nitroanilide (Ac-DEVD-pNA) and caspase-3 inhibitor
(Ac-DEVD-CHO) for 1 hour, and the absorbance was mea-
sured at 405 nm. The colorimetric assay was based on the
hydrolysis of caspase-3 substrate by caspase-3, resulting in
the release of the p-nitroaniline (pNA).

JC-1 assay

The change in mitochondrial transmembrane potential
(MTP) was evaluated using the cationic fluorescent indi-
cator JC-1 (Molecular Probes T-3168; Life Technologies
Corp). J-aggregates in intact mitochondria fluoresce with
emission at 583 nm (red), and J-monomers in the cytoplasm
fluoresce with emission at 525 nm (green), at an excitation
wavelength of 488 nm. MDA-MB-231 cells were incubated
in DMEM containing 10 uM JC-1 at 37°C for 15 minutes,
washed with PBS, and transferred to a clear 96-well plate.

The fluorescence intensity was measured. Cell populations
containing the JC-1 monomer were identified using a FACS-
Calibur (BD Biosciences). Cells were also cultured on cover
slips, incubated in DMEM containing 10 uM JC-1 at 37°C
for 15 minutes, and then washed with PBS. Finally, cells
were mounted using Vectashield fluorescent medium and
visualized with fluorescence microscopy.

Statistical methods

For each set of results, independent trials were repeated at least
three times; data are shown as mean * standard deviation (SD).
Differences among means were tested using Student’s #-test or
one-way analysis of variance (ANOVA) followed by Tukey’s
test for multiple comparisons, using the software GraphPad
Prism (GraphPad Software, Inc, La Jolla, CA, USA). Compari-
sons were considered significant at P<<0.05 and P<<0.01.

Results and discussion

Synthesis and characterization of
B-AgNPs and F-AgNPs using ultraviolet-
visible (UV-vis) spectroscopy

Nanoparticle synthesis is expected to be vital for producing
nanoparticles with defined properties, such as controlled size,
shape, morphology, and surface charge. It has been shown
that the optical, electronic, magnetic, and catalytic properties
of nanoparticles depend on their size, shape, and chemical
surroundings. In this study, we attempted to produce AgNPs
with controlled particle size, using bacterial culture superna-
tant and mushroom extract as reducing and stabilizing agents
with optimized conditions.*

The synthesis of AgNPs was monitored by UV-vis spec-
troscopy, which is a reliable and valuable technique for verify-
ing the formation of metal nanoparticles, provided that surface
plasmon resonance exists for the metal.* It is known from the
spectra that the silver surface plasmon resonance band occurs
at 420 nm.***# Figure 1 shows the UV-vis spectrum of synthe-
sized AgNPs from 5 mM AgNO, with culture supernatant of
bacteria or extracellular filtrate of the milky mushroom. It is
observed that the band corresponding to surface plasmon reso-
nance occurs at 410 nm, which clearly indicates the formation
of AgNPs in the reaction mixture.**3¢#° Similarly, Anthony
et al reported AgNPs derived from culture supernatant of
Bacillus mariflavi.” Mukherjee et al demonstrated synthesis
of AgNPs using culture filtrate of Verticillium.® Extracellular
synthesis of AgNPs has been carried out using the aqueous
extract of edible oyster mushroom and Ganoderma neo-
Jjaponicum as areducing agent.!*! A strong and broad surface
plasmon peak located at 410 nm was observed for the AgNPs
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Figure | Synthesis and characterization of B-AgNPs and F-AgNPs using culture
supernatant of Bacillus tequilensis and culture filtrate of milky mushroom, respectively.
Notes: The formation of AgNPs was confirmed using UV-vis spectroscopy. The
absorption spectra of B-AgNPs and F-AgNPs exhibited a strong broad peak at 410 nm,
and observation of such a band is assigned to surface plasmon resonance of the particles.
Abbreviations: AgNPs, silver nanoparticles; B-AgNPs, bacterium-derived AgNPs;
F-AgNPs, fungus-derived AgNPs; UV-vis, ultraviolet-visible.

prepared using both culture supernatant of bacteria and
myecelia extract of milky mushroom.'®*¢ The strong surface
plasmon resonance centered at 410 nm clearly indicates the
formation of AgNPs, which were extremely stable, with no

evidence of flocculation of the particles even after 3 months.*
The band approximately 410 nm suggests that the particles
were well-dispersed, without aggregation.! The long-term
stability of the AgNPs solution may be due to the proteins
in the culture supernatant of bacteria or mushroom extract
acting as capping agents.

XRD analysis of B-AgNPs and F-AgNPs

Next, the crystalline nature of B-AgNPs and F-AgNPs was
confirmed using XRD analysis. Figure 2A shows the XRD
pattern obtained from the culture supernatant of B. fequilensis.
The presence of peaks at 20 values of 32.0° and 45.7° cor-
responds to (111) and (200) planes of silver, respectively.
Thus, the XRD spectrum confirmed the crystalline structure
of AgNPs. All of the peaks in the XRD pattern can be read-
ily indexed to a face-centered cubic structure of silver. The
XRD pattern, thus, clearly shows that the AgNPs formed by
the reduction of Ag* ions by the culture supernatant were
crystalline in nature, similar to AgNPs derived from Bacillus
licheniformis.®* The XRD spectra of the AgNPs derived
from milky mushroom extract suggest the formation of metal-
lic silver. Regarding the crystalline nature of the AgNPs,
two intense XRD peaks were observed, corresponding to
the (111) and (200) planes at 26 angles of 31.9° and 45.6°,
respectively (Figure 2B). The width of the (111) peak of
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Figure 2 XRD pattern of B-AgNPs and F-AgNPs.

Notes: A representative XRD pattern of AgNPs formed after the reaction of culture supernatant of Bacillus tequilensis (A) and culture filtrate of milky mushroom (B) with 5 mM
AgNO, for | hour at 60°C. The XRD pattern shows two intense peaks in the entire spectrum of 26 values ranging from 20°~80°. The intense peaks were observed at 20 values of
31.9° and 45.9°, corresponding to the (111) and (200) planes for silver, respectively. The * denotes the additional as-yet-unassigned peaks that were observed in the F-AgNPs.
Abbreviations: AgNPs, silver nanoparticles; B-AgNPs, bacterium-derived AgNPs; F-AgNPs, fungus-derived AgNPs; XRD, X-ray diffraction.
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B-AgNPs and F-AgNPs was employed to calculate the aver-
age crystal size using the Scherrer equation. The average size
was calculated as 20 nm, which matches the particle size
obtained from a TEM image of AgNPs. In addition to the
Bragg peaks representative of face-centered cubic AgNPs,
additional as-yet-unassigned peaks were also observed in
the F-AgNPs, suggesting that crystallization of the bioor-
ganic phase occurred on the surface of the F-AgNPs.!° Both
B-AgNPs and F-AgNPs represent a significant consensus
with earlier findings reporting the synthesis of AgNPs using
geranium leaf and mushroom extracts.!%35-36:3843

FTIR spectra of B-AgNPs and F-AgNPs

FTIR spectra of the nanoparticles were recorded in order to
identify the functional groups of biomolecules involved in
the reduction and capping/stabilization of the synthesized
nanoparticles.” Figure 3A shows the FTIR spectra of the
B-AgNPs. The spectrum of AgNPs showed characteris-
tic absorbance bands at 1,025, 1,380, 1,630, 2,920, and
3,410 cm™. In the FTIR spectrum of nanoparticles, a strong
absorbance peak was observed at 3,410 cm™, suggesting
the binding of silver ions with hydroxyl (~OH) groups. The
broad spectrum of the 3,410 cm™ FTIR peak was from the
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strong stretching vibrations of the OH functional group.
The presence of proteins found in the culture supernatant of
bacteria could be responsible for the reduction of metal ions
to their corresponding metal nanoparticles. It is also possible
that proteins/enzymes play a role in the reduction of metal
ions by the oxidation of benzaldehyde (aldehyde groups)
to carboxylic acids.**> A peak at 3,410 cm™ results from
stretching of the amide (N-H) bond of amino groups, and is
indicative of bonded —OH groups. The strong absorption peak
at 2,920 cm™ could be assigned to —CH stretching vibrations
of -CH, and —CH, functional groups. The peak at 1,650 cm™'
indicates the fingerprint region of CO, carbonyl (C-O), and
O-H groups, which exist as functional groups in bacterial
supernatant. The absorption peaks at 1,650 cm™ could be
attributed to the presence of C—O stretching in carboxyl
groups coupled to the amide linkage in amide I. The band
at 1,530 cm™ is characteristic of amide II, and arises as a
result of the N—H stretching modes of vibration in the amide
linkage. The intense band at 1,065 cm™ can be assigned to
the C—N stretching vibrations of aliphatic amines. The FTIR
study of B-AgNPs indicates that the carboxyl —OH, and
N—H groups of culture supernatant from bacteria are mainly
involved in the reduction of Ag* to Ag’® nanoparticles.

0 500 1,000 1,500 2,000 2,500 3,000 3,500 4,000 4,500
Wave number (cm™')

0 500 1,000 1,500 2,000 2,500 3,000 3,500 4,000 4,500

Wave number (cm™)

Figure 3 FTIR spectra of AgNPs synthesized by treating AgNO, with culture supernatant of Bacillus tequilensis (A) and culture filtrate of milky mushroom (B).

Abbreviations: AgNPs, silver nanoparticles; FTIR, Fourier transform infrared.
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FTIR spectra of F-AgNPs show a peak at 3,400 cm™,
resulting from the stretching of the N—H bond of amino
groups and indicative of bonded —OH groups. The strong
absorption peak at 2,920 cm™' could be assigned to —CH
stretching vibrations of —~CH, and —CH, functional groups
(Figure 3B). The peak at 1,640 cm™ indicates the fingerprint
region of CO, C-0, and O-H groups, which exist as func-
tional groups of mushroom extract. The absorption peaks
at 1,640 cm™ could be attributed to the presence of C-O
stretching in carboxyl groups coupled to the amide linkage
in amide I. The band at 1,530 cm™" is characteristic of amide
IT and arises as a result of the N—H stretching modes of vibra-
tion in the amide linkage. The intense band at 1,060 cm™
can be assigned to the C—N stretching vibrations of aliphatic
amines. The bands observed at ~1,650 cm™ and ~1,640 cm™
observed in B-AgNPs and F-AgNPs are recognized as amide
I and amide II, respectively, and arise because of C—O and
—N-H stretch vibrations in the amide linkages of the protein
responsible for reduction of metal ions.*' The observed band
shift of the —OH and C—O groups, loss of existing C—O, and
appearance of a new C—O peak suggest that both —OH and
C—0 groups of the extract are involved in the synthesis of
AgNPs.* The results of this experiment suggest that the C—O
group of amino acid residues in peptides and proteins has
strong ability of binding metal; therefore, the proteins most
likely form a layer on the AgNPs, which prevents agglom-
eration of the particles and thus, stabilizes the nanoparticles
in the medium.>36:4647

Size distribution analysis of B-AgNPs
and F-AgNPs

Powers et al*® proposed dynamic light scattering (DLS) as a use-
ful technique for evaluating particle size and size distribution of
nanomaterials in solution. To determine particle size in aqueous
or physiological solutions, DLS analysis was performed.* The
characterization of nanoparticles in solution is essential before
assessing in vitro toxicity.* Particle size, size distribution,
particle morphology, particle composition, surface area, surface
chemistry, and particle reactivity in solution are important fac-
tors in assessing nanoparticle toxicity.*’ In the present study,
DLS was used to evaluate the size distribution of B-AgNPs
and F-AgNPs. The B-AgNPs and F-AgNPs showed an average
size of 20 nm, which is consistent with that observed by TEM
(Figure 4). Further, we evaluated the size distribution in DMEM
media and DMEM media with 10% FBS. The results depicted
that the average size of B-AgNPs was 2042.0, 60+10.0, and
30£5.0 nm in water, DMEM media, and DMEM with 10%
FBS, respectively. The average size of F-AgNPs was 20£5.0,

80

= B-AgNPs
= F-AgNPs
60-
£
c
~ 40
[
N
(7]
20-
0.
Water DMEM DMEM +10%

fetal bovine serum

Figure 4 Size distribution analysis by DLS.

Notes: AgNPs were dispersed in deionized water, DMEM, and DMEM media with
10% fetal bovine serum and the particles were mixed thoroughly via sonication and
vortexing. Samples were measured at 25 pig/mL.

Abbreviations: AgNPs, silver nanoparticles; B-AgNPs, bacterium-derived AgNPs;
F-AgNPs, fungus-derived AgNPs; DLS, dynamic light scattering; DMEM, Dulbecco’s
Modified Eagle’s Medium.

70%£10.0, and 35£10.0 nm in water, DMEM media, and DMEM
with 10% FBS, respectively (Figure 4). The results show that
AgNPs in the presence of DMEM media and DMEM media
with 10% FBS exhibited larger size than the AgNPs dispersed
in water. However, DMEM media with 10% FBS showed
slight variation in AgNP sizes. Murdock et al* observed that
polysaccharide-coated AgNPs showed an increase in the size
from 80 to 250 nm and 1,230 nm in water and media with serum,
respectively. Han et al*® also observed that the AgNPs dispersed
in media were larger in size than those dispersed in water.
Several studies have been reported using a biological sys-
tem for synthesis of AgNPs. Synthesis of AgNPs by treating
AgNO, solution with the culture supernatant of Klebsiella
pneumonia has also been reported, in which the particles
ranged in size from 28.2 to 122 nm and possessed an average
size of 52.5 nm.*® The average size of AgNPs synthesized
using a biomass of B. licheniformis and supernatant of
Escherichia coli was approximately 50 nm.**#? A spore crystal
mixture of Bacillus thuringiensis was used for the synthesis
of AgNPs, and their average size was 15 nm, with a cubic and
hexagonal structure.’' Anthony et al reported that particles
range in size from 10 to 120 nm and possessed an average
size of 40 nm when synthesized by Bacillus marisflavi.”
Previously, several studies reported various sizes of
AgNPs using different fungi as reducing agents. For example,
Verticillium fungi produce AgNPs with an average size of
25 nm.? Cell-associated biosynthesis of AgNPs are reported
in Fusarium oxysporum, and the particles were overall quasi-
spherical, with a size ranging from 5 to 15 nm.* Aspergillus
niger produces AgNPs with an average size between 3 and
30 nm, whereas Aspergillus terreus produces polydispersed
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spherical particles ranging in size from 1 to 20 nm.%%
C. indica produces with an average size of 20 nm, which is
consistent with other fungi.

Size and surface morphology analysis of
B-AgNPs and F-AgNPs by TEM

TEM is one of the most valuable tools for directly analyz-
ing structural information of nanoparticles, such as size and
morphology.?** TEM micrographs of the B-AgNPs revealed
distinct, uniformly spherical shapes that were well-separated
from each other. The average particle size was estimated by
measuring more than 200 particles from TEM images and
showed an average size of 20 nm (Figure 5A). An earlier
study suggested that microorganisms are able to produce
different sizes of nanoparticles, depending on concentration
of AgNO,, pH, temperature, and type of reducing agents.*
For example, B. licheniformis, B. thuringiensis, and G. neo-
Jjaponicum produce AgNPs with average sizes of 50, 15,
and 10 nm, respectively. Previous studies also suggest vari-
ous sizes of AgNPs were produced from different type of
mushrooms, such as Ganoderma lucidum, Pleurotus florida,
Volvariella volvacea, and G. neo-japonicum, with average
sizes of 20, 15, 45, and 5 nm, respectively.!05456
Interestingly, milky mushroom extract produces differ-
ent shapes of nanoparticles, including spherical, diamond,
rod, and hexagonal shapes. Although it produces various
shapes of AgNPs, the size is typically 20 nm (Figure 5B).
Philip reported synthesis of different sizes (20—150 nm) and
shapes, from triangular nanoprisms to nearly spherical and
hexagonal gold nanoparticles, using the extract of ¥ volvacea,

a naturally occurring edible mushroom, as a reducing and
protecting agent.*’

Cytotoxicity of B-AgNPs and F-AgNPs
It is well-established that the tissue distribution of nanopar-
ticles depends on their size.’” According to Johnston et al, it
is apparent that AgNPs are able to pass through the gastro-
intestinal tract, dermal, and lung barriers into the blood and
thereby, become distributed throughout the body.*® On the
other hand, not only does size influence the activity but also,
different coatings may result in different surface charges.
The surface charge can influence nanoparticle interactions
with living systems, and thus, their toxicity, and may change
depending on the dispersant.* ¢! Furthermore, Suresh et al®!
suggest a direct correlation between the cytotoxicity of dis-
persed AgNPs and their overall surface charge and/or surface
coating. AgNPs capped with albumin (with size 70 nm)
were found to be more genotoxic to a mouse peritoneal
macrophage cell line than the AgNPs capped with polysac-
charides (with size 25 nm) on mouse embryonic stem cells
and fibroblasts.!*¢%2 Pa] et al demonstrated shape-dependent
interactions and activities of AgNPs in E. coli.®®

Taking the literature into account, we were interested in
studying the cytotoxicity of B-AgNPs and F-AgNPs derived
from bacterial culture supernatant and milky mushroom
extract, respectively, as a reducing agent. Therefore, we were
interested in investigating whether AgNPs derived from two
different capping agents and whether different shapes of
AgNPs could influence cell viability with remarkable effect.
To examine the effect of B-AgNPs (mostly spherical) and

Figure 5 Size and surface morphology of B-AgNPs and F-AgNPs by TEM.

Notes: Several fields were photographed and used to determine the diameter of AgNPs using TEM. The average of observed diameters was 20 nm. TEM images of B-AgNPs

(A) and F-AgNPs (B).

Abbreviations: AgNPs, silver nanoparticles; B-AgNPs, bacterium-derived AgNPs; F-AgNPs, fungus-derived AgNPs; TEM, transmission electron microscopy.
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F-AgNPs (multishaped), MDA-MB-231 human breast cancer
cells were treated with various concentrations of AgNPs,
and cell viability was measured. After 24 hours of treatment
with different AgNP concentrations, the MDA-MB-231 cells
showed a dose-dependent decrease in cell viability compared
with that of the control group, and the differences between
B-AgNP- and F-AgNP-treated cells and the control group
were statistically significant (Figure 6A and B). Cell viability
assays showed that MDA-MB-231 cells were significantly
inhibited by F-AgNPs and, to a lesser extent, by B-AgNPs.
The significant toxicity of F-AgNPs may be due to the overall
surface charge and/or surface coating of AgNPs.*' Our stud-
ies are consistent with previous studies showing that AgNPs
exposure can induce changes in cell shape, reduce cell viabil-
ity, and increase lactate dehydrogenase (LDH) release, and
finally, result in cell apoptosis and necrosis.®?**¢7 Edetsberger
et al demonstrated that AgNPs with a size of =20 nm could
enter cells without significant endocytosis and were distrib-
uted within the cytoplasm.®® Jiang et al reported that cellular
uptake of AgNPs of =20 nm was greater than that of AgNPs
of >100 nm in human glioma U251 cells.® Our results are
consistent with those previously reported. For example, Park
et al showed the effects of various sizes of AgNPs (20, 80,
and 113 nm) using in vitro assays for cytotoxicity, inflam-
mation, genotoxicity, and developmental toxicity, and finally
concluded that AgNPs of 20 nm were more toxic than larger
nanoparticles.'” Pal et al showed the first comparative study
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Figure 6 Effect of B-AgNPs and F-AgNPs on cell viability of MDA-MB-231 cells.

on the bactericidal properties of AgNPs of different shapes
in E. coli.®® Dong et al reported that triangular nanoprisms
with sharp edges and vertices possess very high antibacterial
properties compared with spherical-shaped AgNPs.” Taken
together, our results demonstrate that AgNPs undergo a shape-
dependent interaction with cancer cells.

In order to show consistency in the further experiments,
IC,, values were calculated for B-AgNPs and F-AgNPs.
The IC, values of B-AgNPs and F-AgNPs were found to be
10 ug/mL and 2 ug/mL, respectively. Further experiments
were carried out using these concentrations to depict the
potential effect of AgNPs on leakage of LDH, apoptosis,
signaling, and mitochondrial membrane potential of MDA-
MB-231 cells.

Effect of B-AgNPs and F-AgNPs on

membrane integrity

Membrane integrity is an important factor for cell survival.
LDH is a cytosolic enzyme present in all mammalian cells
that can be easily utilized for determining the extent of cell
death.” The plasma membrane is impermeable to LDH, and
loss of its integrity is detectable by the release of LDH into
the supernatant.” In vitro release of LDH from cells provides
an accurate measure of cell membrane integrity and cell
viability, irrespective of the type of cell death.”" Therefore,
we examined the effect of B-AgNPs and F-AgNPs on mem-
brane integrity. Cells were treated with IC, concentrations of
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Notes: Cells were treated with various concentrations of B-AgNPs (A) and F-AgNPs (B) for 24 hours, and cytotoxicity was determined by the MTT method. The results
are expressed as the mean + SD of three independent experiments, each of which contained three replicates. Treated groups showed statistically significant differences from

the control group by the Student’s t-test (P<<0.05).

Abbreviations: B-AgNPs, bacterium-derived AgNPs; F-AgNPs, fungus-derived AgNPs; MTT, 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide; SD, standard deviation.
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AgNPs for 24 hours, with DOX used as a positive control, and
these induced LDH leakage significantly more than did the
control. The results suggest that cell-membrane leakage was
significantly affected (Figure 7). The results from the LDH
assay were consistent with cell viability; both AgNPs induced
cytotoxicity in cancer cells. BRL 3A rat liver cells exposed
to AgNPs for 24 hours resulted in a concentration-dependent
increase in LDH leakage and significant cytotoxicity at
10-50 pg/mL.?! Park et al demonstrated size-dependent
toxicity in L929 fibroblasts by measuring LDH leakage." The
LDH level increased in a concentration- and time-dependent
manner when cells were cultured with AgNPs at 100 pg/mL
for 48 hours. Further, polyvinylpyrrolidine-coated AgNPs
inhibited cell proliferation and viability, and increased LDH
leakage, in a time- and concentration-dependent manner
in the murine dendritic DC2.4 cell line (Kang et al).” The
results from our experiments and the previous literature
suggest that AgNPs can reduce the membrane potential of
MDA-MB-231 cells.”

Effect of B-AgNPs and F-AgNPs on ROS

generation

ROS are chemical species produced as byproducts of cel-
lular oxygen metabolism, which occurs via mitochondrial
respiration in eukaryotic cells, and are general mediators of
nanoparticle-induced cytotoxicity.®’ Therefore, we were
interested in evaluating whether AgNPs could generate intrac-
ellular ROS in MDA-MB-231 cells. We examined the ability
of AgNPs to induce oxidative stress by measuring ROS with
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B-AgNPs  F-AgNPs DOX
Figure 7 Effect of B-AgNPs and F-AgNPs on membrane integrity of MDA-MB-231
cells.
Notes: The cells were treated with respective IC,  concentrations of B-AgNPs or
F-AgNPs, and LDH leakage was measured by changes in optical density due to NAD*
reduction, monitored at 490 nm, as described in “Materials and methods”. The
results are expressed as the mean * SD of three independent experiments, each
of which contained three replicates. Treated groups showed statistically significant
differences from the control group by the Student’s t-test (P<<0.05).
Abbreviations: B-AgNPs, bacterium-derived AgNPs; Con, control; DOX,
doxorubicin; F-AgNPs, fungus-derived AgNPs; IC,, half-maximal inhibitory con-
centration; LDH, lactate dehydrogenase; NAD, nicotinamide adenine dinucleotide;
SD, standard deviation.

carboxy-H DCFDA in AgNP-treated MDA-MB-231 cells.
The cells were treated with 10 pg/mL and 2.0 ug/mL B-Ag-
NPs and F-AgNPs, respectively, for 24 hours. Figure 8 shows
the fluorescence images of untreated MDA-MB-231 cells
and cells treated with AgNPs. The control sample showed
no green fluorescence, indicating a lack of H,O, formation,
whereas B-AgNP- and F-AgNP-treated cells showed bright
green fluorescence (Figure 8) similar to H O, -treated cells.
The AgNP-treated cells showed significantly greater fluo-
rescence intensity than untreated cells. Thus, the increase in
fluorescence intensity is directly proportional to the generation
of ROS. ROS target mitochondria and cause DNA damage
and apoptosis.” Earlier studies have suggested that AgNPs are
inducers of ROS in a variety of cells.!*2%%576 The exposure of
MDA-MB-231 cells to AgNPs could result in the production
of ROS, which could explain the outcomes of metabolic and
toxicological problems (Figure 8). Kang et al reported that
AgNPs stimulate ROS-dependent apoptosis and the inhibition
of mitochondrial function.” Finkel and Holbrook reported that
ROS can induce various cellular events, such as cell growth
and cell signaling.”” The production of intracellular ROS
has been implicated as a mediator of nanotoxicity, including
toxicity of AgNPs in human hepatoma cells.” Several studies
have reported AgNPs-mediated generation of ROS, which
induced cell death, in different cell types.?*¢"” AgNPs with an
average size of 25 nm produced a significant increase in ROS
production in vitro and in vivo.? The induction of apoptosis
by exposure to AgNPs was mediated by oxidative stress in
fibroblasts, muscle, and colon cells.®”-” The production of
ROS was detected in both the MC3T3-E1 and PC12 cell lines
in a particle size- and concentration-dependent manner.* The
results from the present study and previous studies provide
strong evidence for a link between AgNPs-mediated produc-
tion of ROS and subsequent generation of oxidative stress and
cytotoxicity. Oxidative stress, in turn, plays an important
role in many types of cellular injury that can result in DNA
damage and apoptotic cell death.%

B-AgNPs and F-AgNPs promote
apoptosis

ROS can act as signal molecules promoting cell-cycle
progression and can induce oxidative DNA damage. DNA
fragmentation is broadly considered a characteristic feature of
apoptosis.®! Induction of apoptosis can be confirmed by two
factors: irregular reduction in cell size, in which the cells are
reduced and shrunken, and DNA fragmentation.”** Foldbjerg
et al reported that AgNPs could elicit many biochemical
and molecular changes in cultured cells.® For example,
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Figure 8 B-AgNPs and F-AgNPs induce ROS production in MDA-MB-231 cells.

Notes: Fluorescence images of MDA-MB-231 cells treated with respective IC,; concentrations of B-AgNPs or F-AgNPs incubated for 24 hours. The image shows significant
formation of H,O, inside the MDA-MB-231 cells, whereas no fluorescence was observed in control cells.
Abbreviations: B-AgNPs, bacterium-derived AgNPs; BF, bright field; DAPI, 4,6-diamidino-2-phenylindole; DCF, 2’,7’-dichlorofluorescein; F-AgNPs, fungus-derived AgNPs;

IC,,, half-maximal inhibitory concentration; ROS, reactive oxygen species.

AgNPs-induced DNA breakage was detected in cell lines
by using a TUNEL assay. To confirm the apoptotic features
induced by AgNPs in MDA-MB-231 cells, apoptotic DNA
fragmentation was evaluated by fluorescence microscopy
using the TUNEL assay (Figure 9). Treatment of MDA-
MB-231 cells with B-AgNPs (10 pug/mL) and F-AgNPs
(2 ng/mL) revealed a significant appearance of positively
labeled cells, representing apoptotic DNA fragmentation. In
control cultures, fewer or no apoptotic cells were observed.
In contrast, DOX-treated cells showed a significant number
of TUNEL-positive cells. Sriram et al demonstrated that
Dalton’s lymphoma ascites cell lines treated with AgNPs
exhibit DNA fragmentation.’ The toxicity of starch-coated
AgNPs was studied using normal human lung fibroblast
cells (IMR-90) and human glioblastoma cells (U251), and
the results concluded that the toxicity of AgNPs influences
cell morphology, cell viability, metabolic activity, and oxida-
tive stress. Further, AgNPs reduced adenosine triphosphate
(ATP) content of the cell, caused damage to mitochondria,
and increased production of ROS in a dose-dependent man-
ner.?* AgNPs can generate oxidative stress and lead to a series
of cellular events, including reduced levels of glutathione

(GSH), elevated lipid peroxidation, inflammation, DNA
damage, altered cell cycle and proliferation capacity, and
apoptosis and necrosis in various cell culture models.*

AgNPs activate ROS-mediated

intracellular signals

Apoptosis is characterized by typical morphological and bio-
chemical hallmarks, including cell shrinkage, nuclear DNA
fragmentation, and membrane blebbing.** The underlying mech-
anisms for initiation of an apoptotic response upon cytotoxic
therapy may depend on the individual stimulus.® To investigate
whether both B-AgNPs and F-AgNPs activate ROS-mediated
intracellular signaling, Western blot analysis was performed
in MDA-MB-231 cells to analyze the activation or deactiva-
tion of various signaling molecules. The cells were exposed
to the IC, | concentration of both B-AgNPs and F-AgNPs for
24 hours. The results indicate that AgNPs-treated cells showed
a significant increase in the phosphorylation of both p53 and
ERK1/2. Recently, AshaRani et al observed a concentration-
dependent increase in phosphorylated p53 accompanied by
the cleavage of caspase-3 and poly (ADP-ribose) polymerase
(PARP) in cancer cells, but phosphorylation was not detected
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Figure 9 B-AgNPs and F-AgNPs promote apoptosis.

F-AgNPs Doxorubicin

Notes: MDA-MB-231 cells were treated with respective IC,| concentrations of B-AgNPs or F-AgNPs for 24 hours. Fluorescent staining of cells was recorded. Representative
images are shown for apoptotic DNA fragmentation (red staining) and corresponding nuclei (blue staining).
Abbreviations: B-AgNPs, bacterium-derived AgNPs; DAPI, 4’,6-diamidino-2-phenylindole; F-AgNPs, fungus-derived AgNPs; IC, , half-maximal inhibitory concentration;

TUNEL, terminal deoxynucleotidyl transferase dUTP nick end labeling.

in normal cells.? Recent studies have suggested that p53
plays a critical role in the cellular response to DNA damage
and apoptosis induced by ROS.#%” Our Western blotting data
(Figure 10) suggest that both B-AgNPs and F-AgNPs activated
p53, which mediated apoptosis. This result is consistent with
previous studies by Lu et al and Mroz et al, which showed that
nanoparticles and ROS can induce DNA damage, activate p53,
and mimic irradiation-related carcinogenesis pathways.*%
Similarly, several studies reported that polyvinylpyrrolidone
(PVP)-coated AgNPs induced p53 in the larval tissue of
Drosophila melanogaster.™ Taken together, the induction
of the apoptotic pathway is indicated by the phosphorylation
of p53 and ERK1/2.

In the case of phosphorylation levels of c-Jun, there was
no significant change in the F-AgNP-treated cells; B-AgNPs
slightly activated phosphorylation of c-Jun but not signifi-
cantly. Similarly, Kang et al did not observe any significant
impact of AgNPs on c-Jun in DC2.4 cells.” Hsin et al reported
that AgNPs activate JNK-dependent mechanisms involved
in the mitochondrial pathway of NIH3T3 cells.” The Bcl-2
protein family controls mitochondrial outer-membrane
permeabilization (MOMP) and can exert their proapoptotic
(Bax, Bad, and Bak) or antiapoptotic (Bcl-2 and Bcl-XL)
effect by activation or inactivation of an inner mitochondrial

permeability transition pore.”"*? Bel-XL is an antiapoptotic
protein that protects cells from entering into pS3-mediated
apoptosis. Our findings indicate that both B-AgNPs and
F-AgNPs significantly downregulated the expression of Bcl-2
(Figure 10). The downregulation of antiapoptotic members
of the Bcl-2 protein family in the present study strongly cor-
relate with previous findings.?"*?

Caspases are potent cysteine proteases whose functions are
tightly linked to their structural makeup, and their induction
in the apoptotic pathway is known to play a vital role in both
the initiation and execution of apoptosis. It was reported that
caspase-3 is essential for cellular DNA fragmentation.®>923
ROS is known to stimulate the intrinsic pathway of apoptosis,
and it causes impairment of outer mitochondrial membrane
permeability, followed by the release of cytochrome c, and
procaspases-2, -3, and -9. We measured the expression
level of procaspase-3 in both B-AgNP- and F-AgNP-treated
cells, and the results showed significantly lower expression
in AgNPs-treated cells than in untreated cells (Figure 10).
Similarly, Xi et al observed a gradual decrease in caspase-3
expression in human histocytic lymphoma U937 cells treated
with nanoparticle realgar powders (NRP), which indicates
that caspase-3 plays an important role in nanoparticle-induced
apoptosis.® In order to show the link between decreased level
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Figure 10 Western blot analysis of p-p53, p-Erkl/2, p-c-Jun, Bcl-2, procaspase-3,
and actin expression in MDA-MB-23 1 cells exposed to B-AgNPs or F-AgNPs.
Notes: MDA-MB-231 cells were treated with respective IC,  concentrations of
B-AgNPs or F-AgNPs for 24 hours. Expression of p-p53, p-Erkl/2, p-c-Jun, Bcl-2,
and procaspase-3 protein levels were determined by Western blot analysis. Both
B-AgNPs and F-AgNPs led to increased levels of p-p53, p-Erkl/2, and decreased
levels of procaspase-3, whereas no alteration in expression was observed for p-c-
Jun. Bcl-2 expressions significantly reduced. Equal protein loading was confirmed by
analysis of B-actin protein levels. The results are representative of three independent
experiments.

Abbreviations: B-AgNPs, bacterium-derived AgNPs; Con, control; F-AgNPs,

fungus-derived AgNPs; IC,;, half-maximal inhibitory concentration.

of procaspase-3 and increased level of caspase-3, we mea-
sured the level of caspase-3 activation using the peptide sub-
strate, Ac-DEVD-pNA. The cells treated with B-AgNPs and
F-AgNPs significantly increased caspase-3 level compared
with untreated cells (Figure 11). The results suggest that the
increased level of caspase-3 activation in AgNP-treated cells
could contribute to cell death through apoptosis.”!® These
results concluded that both AgNPs could induce apoptosis in
breast cancer cells in a caspase-3-dependent manner.”!

A previous study has suggested that destabilization of
mitochondrial integrity by genotoxic and cytotoxic agents
precede the activation of caspases leading to apoptosis.”> We
also confirmed that the activation of intracellular signaling
in response to AgNPs was induced through the production
of ROS. Thus, these data suggest that both B-AgNPs and
F-AgNPs result in the activation of ROS-mediated intracel-
lular signaling pathways via a similar approach. Interest-
ingly, among various signaling molecules, p53 showed the
most remarkable effect in response to treatment with both
B-AgNPs and F-AgNPs; therefore, further studies were
focused on AgNPs-induced p53-mediated apoptosis.
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Figure 11 B-AgNPs and F-AgNPs induces caspase-3 activity in MDA-MB-23 1 cells.
Notes: MDA-MB-231 cells were treated with AgNPs and F-AgNPs with or without
caspase-3 inhibitor Ac-DEVD-CHO for 24 hours. The concentration of p-nitroanilide
released from the substrate was calculated from the absorbance at 405 nm. The
results are expressed as the mean * standard deviation of three independent
experiments. The treated groups showed statistically significant differences from
the control group by the Student’s t-test (P<<0.05).

Abbreviations: B-AgNPs, bacterium-derived AgNPs; Con, control; F-AgNPs, fungus-
derived AgNPs.

PFT-ou inhibits B-AgNPs- and F-AgNPs-
induced cell death

The small-molecule PFT-o has been reported to inhibit p53
function and protect against a variety of genotoxic agents.”
PFT-a, an inhibitor of p53, is known to reversibly inhibit
p53 transcriptional activity and has been used for the
characterization of p53 function in various experimental
systems.’® Culmsee et al showed that DU145 cells treated
with PFT-o exhibited reduced resveratrol-induced activa-
tion of p53, decreased p53 binding to DNA, and decreased
levels of Bax, a target gene for p53.'” In this manuscript,
previous experiments provided evidence that B-AgNPs- and
F-AgNPs-induced cell death in MDA-MB-231 cells was
mediated specifically by p53. To ascertain whether PFT-o.
suppressed p53-dependent cell death, we investigated
whether PFT- can rescue the apoptosis induced by AgNPs
by pretreating cells with PFT-o and then measuring cell
viability. The results clearly indicate that cells were rescued
from B-AgNPs- and F-AgNPs-induced p53-mediated cell
death when pretreated with PFT-a (Figure 12A). In addition,
we performed Western blot analysis to confirm the inhibitory
effect of PFT-o in the AgNPs-induced phosphorylation of
p53. The results suggest that PFT-o inhibits the B-AgNPs-
and F-AgNPs-induced phosphorylation of p53 (Figure 12B).
Altogether, the results from the present study suggest that
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Figure 12 PFT-o inhibits B-AgNPs- and F-AgNPs-induced cell death in a p53-
dependent manner.

Notes: Cells were pretreated with a p53 inhibitor (PFT-a, 10 uM) for | hour and
then incubated with respective IC, concentrations of B-AgNPs or F-AgNPs for
24 hours. Effects on cell viability (A) and protein expression of p-p53 (B) are shown
as mean + SD of three independent experiments. Lane | shows control; lane 2
shows B-AgNPs; lane 3 shows F-AgNPs; lane 4 shows B-AgNPs with PFT-o; and
lane 5 shows F-AgNPs with PFT-c..

Abbreviations: B-AgNPs, bacterium-derived AgNPs; Con, control; F-AgNPs,
fungus-derived AgNPs; ICSO, half-maximal inhibitory concentration; PFT-q, pifithrin-
alpha; SD, standard deviation.

B-actin

both B-AgNPs and F-AgNPs induce apoptosis through p53,
which can be protected by PFT-c.

PFT-o inhibits B-AgNP- and F-AgNP-
induced p53-dependent ROS production
In previous experiments, exposure to both B-AgNPs and
F-AgNPs led to phosphorylation of p53 and induction of p53-
dependent apoptosis in MDA-MB-231 cells, through reduc-
tion of cell viability, enhanced LDH leakage, increased ROS
generation, increased DNA fragmentation, and increased
impairment of MTP (Aym). These results confirm that
p53 plays a major role in the activation of certain signaling
transduction pathways that control the apoptotic pathway.
In order to investigate whether the observed induction of
p53 expression by B-AgNPs and F-AgNPs is responsible
for these cellular responses, MDA-MB-231 cells were pre-
treated with PFT-a to block the activation of p53-mediated
ROS production. To determine the effect of B-AgNPs and
F-AgNPs on oxidative stress in the presence of PFT-a, we
measured ROS generation using 2’,7’-dichlorofluorescein
diacetate. B-AgNPs- and F-AgNPs-induced intracellular
ROS generation was evaluated using intracellular peroxide-
dependent oxidation of dichlorodihydrofluorescein diacetate

to form fluorescent DCF. DCF fluorescence was measured
in cells treated with B-AgNPs and F-AgNPs for 24 hours.
Treatment of MDA-MB-231 cells with PFT-a resulted
in a decline in both B-AgNP- and F-AgNP-induced ROS
production (Figure 13). Herein, we used H,O, as a positive
control, in which MDA-MB-231 cells treated with H,O,
showed an increase in DCF fluorescence compared with
the control. Conversely, in cells that were pretreated with
PFT-o, H,O,-stimulated ROS generation was compromised.
Taken together, these results suggest that p53 transcriptional
activity is involved in ROS production upon treatment with
AgNPs.

Our results are consistent with previous publications.
Li et al demonstrated that the intracellular production of
ROS may activate and modulate apoptosis by regulating
pS3 activity and accelerating mitochondrial depolarization
during the effector phase of apoptosis.’®® In turn, activa-
tion of p53 induces the production of ROS by activation
or repression of genes that regulate the production of ROS
during apoptosis.'®! Further, Ostrakhovitch and Cherian
demonstrated that exposure of MCF-7 cells to both copper
and zinc can lead to phosphorylation of p53 and induces
pS53-dependent apoptosis; they concluded that p53 plays a
major role on the activation of certain signal transduction
pathways that control the apoptotic pathway.'”> Bragado
et al showed that the presence of PFT-q, an inhibitor of p53
transcriptional activity, blocked cisplatin-induced apoptosis

3
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© — 2.5-
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Figure 13 PFT-o inhibits B-AgNPs- and F-AgNPs-induced ROS generation in a p53-
independent manner.

Notes: Cells were pretreated with PFT-o. (10 uM) for | hour and then incubated with
respective IC, concentrations of B-AgNPs or F-AgNPs for 24 hours. The relative
fluorescence of DCF was measured using a spectrofluorometer, with excitation at
480 nm and emission at 530 nm. All experiments were carried out in triplicate, and
the experiments were repeated at |east three times. Data are expressed as the mean
relative gene expression * SD of three independent determinations.
Abbreviations: B-AgNPs, bacterium-derived AgNPs; Con, control; DCF, 2,7~
dichlorofluorescein; F-AgNPs, fungus-derived AgNPs; IC_, half-maximal inhibitory
concentration; PFT-q, pifithrin-alpha; ROS, reactive oxygen species; SD, standard
deviation.
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by reducing the generation of ROS produced upon cisplatin
treatment, in HCT116 cells.'® These results are consistent
with previous reports on the regulation of ROS production
by p53, and increased generation of ROS may be crucial for
p53-dependent apoptosis, 01102104

Effects of PFT-ot on B-AgNPs- and
F-AgNPs-induced apoptosis

Liu et al reported that each cellular concentration and distri-
bution pattern of p53 has a distinct cellular function and that
ROS act as both an upstream signal that triggers p53 activa-
tion and as a downstream factor that mediates apoptosis.'®
Here, we examined the role of PFT-o on p53 in regulating
cellular apoptosis, and the mechanism by which PFT-a
modulates p53 in AgNPs-induced apoptosis. Cells were
preincubated with 10 uM PFT-q., and the inhibitory effect of
PFT-o. on apoptosis was analyzed using the TUNEL assay.
The results show that PFT-o pretreated cells exhibited sig-
nificantly decreased AgNPs-induced apoptosis (Figure 14).
PFT-a is a small-molecule inhibitor shown to specifically
inhibit the direct proapoptotic actions of p53 at mitochondria,
by reducing the affinity of p53 toward its mitochondrial inter-
action partners Bcl-2, Bcl-XL, and Bak.!%¢197 Pretreatment
with PFT-o0 was shown to rescue primary thymocytes in
vitro and mice in vivo, from lethal doses of y-irradiation or

Control B-AgNPs

F-AgNPs

DNA-damaging agents.'!%” Thus, we used this inhibitor to
determine the significance of the transcription-independent
mitochondrial p53 death program during AgNPs-induced
apoptosis. Indeed, cells pretreated with PFT-o prior to
AgNPs exposure show decreased TUNEL staining in both
B-AgNPs- and F-AgNPs-treated cells. Taken together, these
results confirm the importance of the direct mitochondrial
p53 death program in AgNPs-induced apoptosis.

Effect of PFT-o0 on B-AgNPs- and

F-AgNPs-induced MTP

Mitochondria play a key role in the apoptotic pathway of cell
death, and changes in mitochondrial membrane permeability
comprise the early events of apoptosis, via depolarization
of the mitochondrial membrane. Depolarized mitochondria
result from the formation of mitochondrial permeability
transition pores.!®!!! Mitochondrial permeability transition
has been associated with various metabolic consequences,
such as halted functioning of the electron transport chain with
associated elevation in ROS and decreased production of
ATP."2 Neema et al suggested that p53-dependent neuronal
death involves a drop in MTP, which reflects both a loss in
the integrity of mitochondria and an increase in mitochon-
drial membrane permeability.!® As described from an earlier
study, the inner MTP decreases during apoptosis. Thus, the

B-AgNPs +
PFT-a

F-AgNPs +
PFT-a

Figure 14 PFT-a inhibits B-AgNPs- and F-AgNPs-induced apoptosis in a p53-dependent manner.
Notes: Cells were pretreated with PFT-o. (10 M) for | hour and then incubated with respective IC; concentrations of B-AgNPs or F-AgNPs for 24 hours. Apoptosis was

measured using the TUNEL assay.

Abbreviations: B-AgNPs, bacterium-derived AgNPs; DAPI, 4',6-diamidino-2-phenylindole; F-AgNPs, fungus-derived AgNPs; ICSO, half-maximal inhibitory concentration;
PFT- o, pifithrin-alpha; TUNEL, terminal deoxynucleotidyl transferase dUTP nick end labeling.
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Figure 15 PFT-o inhibits B-AgNPs- and F-AgNPs-induced increase in MTP in a p53-independent manner.

Notes: Cells were pretreated with PFT-o. (10 UM) for | hour and then incubated with respective IC,  concentrations of B-AgNPs or F-AgNPs for 24 hours. Changes in
MTP were determined using the cationic fluorescent indicator JC-|. Fluorescence images of control and treated cells were recorded using fluorescence microscopy. JC-1
formed red fluorescent J-aggregates in healthy control cells with high MTP, whereas cells exposed to B-AgNPs or F-AgNPs had low MTP, and JC-1 existed as a monomer

showing green fluorescence.

Abbreviations: B-AgNPs, bacterium-derived AgNPs; F-AgNPs, fungus-derived AgNPs; ICSO, half-maximal inhibitory concentration; MTP, mitochondrial membrane potential;

PFT-0, pifithrin-alpha.

effect of AgNPs exposure on the MTP of MDA-MB-231
cells in the present study was further investigated using JC-1
staining. To test whether loss of MTP occurred in AgNPs-
treated cells, we used JC-1, a cationic dye that aggregates
in mitochondria, giving rise to red, punctate fluorescence
in healthy cells (Figure 15). The cells were exposed to both
B-AgNPs and F-AgNPs at their respective IC, | concentra-
tions. Fluorescence microscopic observation of control cells
(Figure 15) showed completely polarized mitochondria,
which formed J-aggregates as red dots. In contrast, treatment
with B-AgNPs and F-AgNPs resulted in depolarization of the
mitochondrial membrane in MDA-MB-231 cells, as evident
from the loss of the red dots and simultaneous increase of
green fluorescence (Figure 15). This change in fluorescence
pattern indicates a loss of mitochondrial membrane integrity
(Figure 15). The cells pretreated with PFT-o0 showed no
loss of MTP. These findings suggest that AgNPs induced
increases in mitochondrial membrane permeability, resulting
in part from p53 action. Sanpui et al reported that mitochon-
drial dysfunction due to nanoparticle immobilization may
lead to oxidative stress, and the mitochondrial membrane
is among the most susceptible targets of the deleterious
effects associated with intracellular ROS.!” Govender et al
demonstrated that a significant increase in mitochondria

depolarization after AgNPs treatment, with an accompanying
decrease in ATP concentration, induces cellular apoptosis in
cancerous lung cells via the intrinsic apoptosis pathway.'!"
The present results indicate that adverse changes in mito-
chondrial function due to AgNPs, with possible association
of intracellular ROS production, trigger apoptosis. Taking
the literature and the present study into account, results
suggest that an increase in ROS generation after exposure
to B-AgNPs and F-AgNPs can result in disruption of the
mitochondrial membrane and apoptosis.

Conclusion

Here we showed the synthesis of AgNPs with an average
size of 20 nm produced by B. tequilensis (spherical in shape)
and C. indica (multishaped, especially rod). The apoptotic
potential of these two types of AgNPs was explored in
human breast cancer cells. The results obtained from various
biochemical and cellular assays indicate that both B-AgNPs
and F-AgNPs showed significant cytotoxic effects against
breast cancer cells. Particularly, the dose-dependent assay
indicates that F-AgNPs show more potential than B-AgNPs.
Signaling assays suggest that activation of p53 is required
for the B-AgNP- and F-AgNP-induced generation of ROS
in MDA-MB-231 breast cancer cells and the expression
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of downstream targets of p53, such as activation of p-Erk,
decreased expression of Bcl-2 responsible for increased gen-
eration of intracellular ROS, and disruption of mitochondrial
integrity. Furthermore, our data suggest that in the apoptotic
signaling pathway of MDA-MB-231 cells, p53 induces ROS
generation and plays important roles in depolarization of
the mitochondrial membrane and activation of caspase-3.
Thus, activation of caspase-3 is an important pathway in the
execution of apoptosis in MDA-MB-231 cells. Based on these
results, it can be concluded that oxidative stress is a possible
mechanism underlying the cytotoxicity and apoptosis induced
by both B-AgNPs and F-AgNPs in MDA-MB-231 cells. In
addition, this study also suggests that the size, shape, and type
of coating materials could influence the cytotoxicity of the
cells. Therefore, AgNPs derived from natural sources, such as
bacteria and fungi, have therapeutic potential for cancer. Fur-
ther studies are required to investigate the anticancer effects
of AgNPs in other cellular models using in vivo studies.
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