Breast Cancer - Targets and Therapy

Dove

ORIGINAL RESEARCH

Mentha arvensis (Linn.)-mediated green silver

nanoparticles trigger caspase 9-dependent cell
death in MCF7 and MDA-MB-231 cells

Prajna Paramita Banerjee'
Arindam Bandyopadhyay'
Singapura Nagesh Harsha?
Rudragoud S Policegoudra®
Shelley Bhattacharya*
Niranjan Karak?

Ansuman Chattopadhyay'

'Molecular Genetics Laboratory,
Department of Zoology, Visva-
Bharati, Santiniketan, West

Bengal, 2Advanced Polymer

and Nanomaterial Laboratory,
Department of Chemical Sciences,
Center for Polymer Science and
Technology, Tezpur University,
Napaam, *Division of Pharmaceutical
Technology, Defence Research
Laboratory, Tezpur, Assam,
“Environmental Toxicology Laboratory,
Department of Zoology, Visva-Bharati,
Santiniketan, West Bengal, India

Correspondence: Ansuman
Chattopadhyay

Molecular Genetics Laboratory,
Department of Zoology, Visva-Bharati,
Santiniketan 731235, West Bengal, India
Tel 491 94 7614 8902

Fax +91 34 6326 1176

Email chansuman | @gmail.com

This article was published in the following Dove Press journal:
Breast Cancer - Targets and Therapy

18 April 2017
Number of times this article has been viewed

Introduction: Leaf extract of Mentha arvensis or mint plant was used as reducing agent for
the synthesis of green silver nanoparticles (GSNPs) as a cost-effective, eco-friendly process
compared to that of chemical synthesis. The existence of nanoparticles was characterized by
ultraviolet—visible spectrophotometry, dynamic light scattering, Fourier transform infrared
spectroscopy, X-ray diffraction, energy-dispersive X-ray analysis, atomic-force microscopy
and transmission electron microscopy analyses, which ascertained the formation of spherical
GSNPs with a size range of 3-9 nm. Anticancer activities against breast cancer cell lines (MCF7
and MDA-MB-231) were studied and compared with those of chemically synthesized (sodium
borohydride [NaBH,]-mediated) silver nanoparticles (CSNPs).

Materials and methods: Cell survival of nanoparticle-treated and untreated cells was studied
by 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide (MTT) assay. Cell-cycle analy-
ses were carried out using fluorescence-activated cell sorting. Cell morphology was observed
by fluorescence microscopy. Expression patterns of PARP1, P53, P21, Bcl2, Bax and cleaved
caspase 9 as well as caspase 3 proteins in treated and untreated MCF7 and MDA-MB-231 cells
were studied by Western blot method.

Results: MTT assay results showed that Mentha arvensis-mediated GSNPs exhibited significant
cytotoxicity toward breast cancer cells (MCF7 and MDA-MB-231), which were at par with
that of CSNPs. Cell cycle analyses of MCF7 cells revealed a significant increase in sub-G1
cell population, indicating cytotoxicity of GSNPs. On the other hand, human peripheral blood
lymphocytes showed significantly less cytotoxicity compared with MCF7 and MDA-MB-231
cells when treated with the same dose. Expression patterns of proteins suggested that GSNPs
triggered caspase 9-dependent cell death in both cell lines. The Ames test showed that GSNPs
were nonmutagenic in nature.

Conclusion: GSNPs synthesized using Mentha arvensis may be considered as a promising
anticancer agent in breast cancer therapy. They are less toxic and nonmutagenic and mediate
caspase 9-dependent apoptosis in MCF7 and MDA-MB-231 cells.
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Introduction

The field of nanotechnology is one of the most potential areas of research in modern
medical science. Design, manipulation and application of materials with a size
range of 1-100 nm have gained a reasonable interest in recent times due to their
unique biological and medicinal applications. Nanoparticles exhibit absolutely
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novel or enhanced properties based on specific character-
istics such as size, distribution and morphology compared
with larger particles of the bulk materials from which
they are made.' There is an increasing quest to develop
high-yield, low-cost, nontoxic and environment-friendly
nanoparticles.

The potentials and promises of plant system in the bio-
logically assisted synthesis of metal nanoparticles called
green synthesis have now become a key issue in nanoscience
research.? These methods use biological compounds such as
microorganisms,’ enzymes,* fungi,’ amino acids® and plants
or plant extracts.” The use of biocompounds as reducing or
stabilizing agents can be a possible eco-friendly alternative
to chemical and physical methods.

Silver is known as an efficient antimicrobial agent show-
ing lower toxicity to mammalian cells.® Physicochemical
properties of silver nanoparticles (SNPs) play a significant
role in the field of biology and medicine. Reports are avail-
able regarding the synthesis of SNPs using various plant
sources such as lingonberry and cranberry juices,’ Pistacia
atlantica seeds' and Thuja occidentalis leaf extract.’

According to the latest world cancer statistics, an esti-
mated number of 14.1 million new cancer cases and 8.2 mil-
lion cancer-related deaths occurred in 2014.! GLOBOCAN
2012 statistics also reported >20% increase in breast cancer
incidence and 14% increase in mortality. Breast cancer has
become the most common cause of cancer death among
women (522,000 deaths in 2012) and the most frequently
diagnosed cancer among women worldwide. In the less
developed countries, it is the leading cause of cancer death.'?
The incidence rate of breast cancer is higher in developing,
middle-income and low-income countries.!>!*

SNPs synthesized using different plant extracts showed
a significant cytotoxic effect on MCF7 cells,”'>!® HelLa
cells,”!”1® NIH3T3 fibroblast cells, human glioblastoma
cells® and HEp2 cells.?! Further studies in this direction
are essential to search for SNPs that have higher toxicity
against cancer cells but lesser toxicity toward normal cells.
In the present study, we analyzed the anticancer potential
of SNPs synthesized from the leaves of Mentha arvensis
(green silver nanoparticles [GSNPs]), commonly known as
wild/field mint or pudina, a tropical ethnomedicinal plant,
in MCF7 and MDA-MB-231 breast cancer cell lines, and
the same was compared with that of chemically synthesized
(sodium borohydride [NaBH, ]-mediated) silver nanoparticles
(CSNPs). Their mutagenic properties were also evaluated in
the present study.

Materials and methods

Materials

Mentha arvensis leaves were collected from the state of
Assam, India. Silver nitrate (AgNO,), poly(ethylene glycol)
(PEG) and 5-bromo-4-chloro-3-indolyl phosphate (BCIP)/
nitro blue tetrazolium (NBT) were purchased from Merck
(India). Dulbecco’s Modified Eagle’s Medium (DMEM),
Roswell Park Memorial Institute (RPMI)-1640 culture media,
fetal bovine serum (FBS), penicillin—streptomycin antibiotic
solution, phytohemagglutinin (PHA), 3-[4,5-dimethylthiazol-
2-yl1]-2,5-diphenyltetrazolium bromide (MTT) and radio-
immunoprecipitation assay (RIPA) buffer were purchased
from HiMedia (Mumbai, India). Heparin, ethidium bromide
(EtBr) and trypan blue were purchased from SRL (India);
poly-l-lysine, Histopaque, bisbenzimide (Hoechst 33342),
paraformaldehyde, acridine orange, propidium iodide (PI),
RNase, NaBH, and anti-human primary antibodies used were
procured from Sigma-Aldrich (St Louis, MO, USA). ALP-
linked goat anti-rabbit secondary antibodies were purchased
from Abcam (UK).

Preparation of nanoparticles

Approximately 2.0 g of Mentha arvensis leaves were washed
with tap water to remove soil particles and further with de-
ionized water and homogenized using a domestic blender.
The aqueous extract was prepared by stirring for ~20 min
in 50 mL of water at 50°C, followed by filtration through
a muslin cloth. A total of 2 mL of the extract was added to
0.01 M AgNO, in 25 mL of 5% (w/v) PEG solution. The
formation of GSNPs was indicated by a gradual change
(brown) in color.

Characterization of nanoparticles

The optical property of GSNPs was analyzed by ultraviolet—
visible (UV—Vis) spectroscopic studies at room temperature,
operated at a resolution of 1 nm between 200 and 800 nm
ranges (Hitachi U-2001; Hitachi, Tokyo, Japan). The size
distribution of GSNPs was measured using dynamic light
scattering (DLS; Zetasizer Nano ZS ZEN3600; Malvern
Instruments, Malvern, UK). Fourier transform infrared
spectroscopy (FTIR) spectra of the GSNPs were recorded
using a Nicolet (Madison, WI, USA) FTIR Impact 410
spectrophotometer using KBr pellets. An X-ray diffractom-
eter, “MiniFlex” (Rigaku Corporation, Japan), was used for
the analysis of GSNPs sample at room temperature (24°C)
at the scanning rate of 2.0°min™! over the range of 20 =
10-80°. Elemental compositions of the synthesized GSNPs
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were examined through energy-dispersive X-ray analysis
(EDX) by using the JOEL scanning electron microscope
(SEM). The sample was spin coated onto a freshly peeled
off mica sheet (which is hydrophilic) and used for atomic-
force microscopy (AFM) studies. AFM analysis was done
using MultiMode SPM (Digital Instruments, Santa Barbara,
CA, USA) equipped with NanoScope IV A controller. Force
modulation etched silicon probes (Veeco) tips of force
constant 1-5 N/m and the resonance frequency of 75 kHz
were used for imaging the sample; measurements were done
in the tapping mode, and the images were analyzed using
the software (NanoScope) provided with the instrument.
Transmission electron microscopy (TEM) analysis was car-
ried out to analyze the size and morphology of synthesized
nanoparticles (Tecnai G* ST LaB6; FEI, USA) in which the
samples were prepared by drop coating the GSNPs solution
onto the carbon-coated copper grid.

Cell culture

MCF7 and MDA-MB-231 cell lines were purchased from the
National Centre for Cell Science (Pune, India). Cell culture
was done according to the description of Barua et al.” Cells
were grown in DMEM, supplemented with 10% (v/v) FBS
and 1% penicillin—streptomycin solution and incubated at
37°C in a humidified 5% CO, incubator (Thermo Fisher
Scientific, Waltham, MA, USA).

Cell viability assay

Cells (1 x 10*) were seeded into each well of a 96-well plate
and allowed to stand for 24 h. After that, complete media
were removed and the cells were replenished with incomplete
media (without FBS) and treated with different concentra-
tions of SNPs. Both negative and positive controls were used
along with the treated groups. Cells were further incubated
at 37°C in the presence of 5% humidified CO, for 48 h, and
the proliferation rates were estimated by the MTT assay at
595 nm using a Beckman Coulter spectrophotometer (USA).
The percentage of viable cells was calculated taking viability
of untreated cells as 100%.

Cell morphology study

Approximately 4 x 10* cells (MCF7, MDA-MB-231) were
plated in each well of a six-well plate and incubated in a
humidified 5% CO, incubator at 37°C until cells reached 70%
confluency and were treated with 1.56 and 12.5 pg/mL of
GSNPs. Alteration in the cell morphology was studied under
an inverted phase contrast microscope (Dewinter, Italy),

and images were captured at different time points using the
Biowizard software.

Hoechst staining

Approximately 10* cells were taken from the 96-well plate
after treatment with GSNPs, washed with phosphate-buffered
saline (PBS) and fixed in 4% paraformaldehyde. Cells were
placed on poly-L-lysine-coated slides, dried in air, stained
with Hoechst for 10 min and washed with PBS. Stained cells
were examined under a fluorescent microscope (Dewinter)
and analyzed for nuclear fragmentation.

Acridine orange (AO)/ethidium bromide
(EtBr) staining

MCF7 and MDA-MB-231 cells were plated in six-well
plates (4 x 10 cells/well) separately and incubated in the
humidified 5% CO, incubator at 37°C until cells reached 70%
confluency. Cells were treated with varying concentrations of
GSNPs, incubated for 48 h and harvested and stained with
AO/EtBr dye mix (one part of 100 pg/mL of AO and one
part of 100 pg/mL of EtBr in PBS) on a clean grease-free
microscope slide. Live, apoptotic and necrotic cells were
observed under the fluorescent microscope at a magnification
of 100x. Experiments were repeated three times.

Flow cytometric analysis

After 48 h of treatment, MCF7 cells were fixed in ethanol,
washed with PBS and resuspended in 500 pL of PI solution
(50 pg/mL PI, 0.2 mg/mL RNase). The cell suspension was
incubated for 30 min at room temperature in the dark. From
each sample, a large number of cells (10,000) were analyzed
in FACSCalibur (Becton Dickinson, USA) instrument, and
the data were interpreted using CellQuest Pro software to
estimate the number of cells distributed in different phases
of the cell cycle.

Western blot analysis

MCF7 and MDA-MB-231 cells were collected, washed with
ice-cold PBS and lysed in chilled RIPA buffer. The super-
natants were collected after centrifugation at 12,000 rpm at
4°C for 30 min. Protein content was quantified using Lowry
et al’s method.?? An equal amount of protein samples were
resolved by sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis (SDS-PAGE) at a constant voltage (60 V) for 2.5 h
and then electroblotted onto polyvinylidene fluoride (PVDF)
membranes using a blotting apparatus (Bio-Rad Laboratories
Inc., Hercules, CA). The membranes were blocked (1 h,
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room temperature) in powdered skim milk (5%; HiMedia)
in Tris-buffered saline—Tween 20 (TBST; pH 8.0) and sub-
sequently incubated (1 h, room temperature) with primary
antibodies at 4°C overnight, followed by 2 h incubation with
the corresponding ALP-linked goat anti-rabbit (for PARP1,
Bcl2, cleaved caspase 9 and caspase 3) or anti-mouse (for
P53, P21, Bax and B-actin) secondary antibodies with con-
tinuous rocking. The immunoreactive bands were detected
using BCIP/NBT. Densitometric quantification was done by
Image]J (NIH) software.

Cell viability assay of human peripheral
blood lymphocytes (HPBLs)

Fresh blood was collected from five healthy nonsmokers,
non-alcoholic male donors (21-25 years of age) with written
informed consents by venipuncture and stored into hepa-
rinized falcon tubes. Blood was collected by pathologists
employed at the university hospital under the supervision
of medical doctors. All studies were performed complying
fully with the approved “Ethical Guidelines for Biomedical
Research on Human Subjects” formulated by the Indian
Council of Medical Research, India. The work was reviewed
and approved by the Institutional Ethics Committee for
Human Research of Visva-Bharati University.

Lymphocytes (HPBLs) were isolated according to the
method of Beyum.? Blood was diluted with an equal volume
of PBS (Ca*, Mg*" free; pH 7.4) and layered over 2 mL of
Histopaque and centrifuged at 1000 x g for 30 min. The
buffy coat was aspirated into 3—5 mL PBS and centrifuged at
1000 x g for 10 min, and the washing process was repeated
thrice. The pellet was resuspended in RPMI-1640 media (1
% 10¢ cells/mL), and viability was checked using the trypan
blue dye exclusion method.?* Cell viability was found to be
>95%, which indicated successful isolation.

Isolated HPBLs (0.5 mL) were stimulated by PHA and
cultured in 5 mL of RPMI-1640 media with 10% FBS along
with antibiotics. After 24 h, 12.5 pg/mL of nanoparticles
(GSNPs and CSNPs) were added to triplicate samples and
cultured for another 48 h. Both negative and positive controls
were used along with the treated groups. After 48 h, MTT was
added and cell viability was checked at 595 nm using a Beck-
man Coulter spectrophotometer. Percentage of viable cells
was calculated taking the viability of untreated cells as 100%.

Mutagenicity test

The assay was performed according to the plate incorpora-
tion procedure described by the Organization for Economic
Co-operation and Development (OECD) Test Guideline

471 recommendations® and Maron and Ames.*® The tester
strains of Salmonella typhimurium (TA98, TA100, TA1535
and TA1538) used in this study were purchased from the
Institute of Microbial Technology (IMTECH), Chandigarh,
India. Overnight (16—18 h) bacterial cultures in nutrient broth
(HiMedia) were used for the assay. Approximately 0.1 mL
of freshly grown overnight bacterial culture was mixed with
different concentrations (0.6, 1.2, 2.5 and 5 mg/plate) of
test samples and 2 mL of top agar (containing 0.5% NaCl
and 0.6% agar) supplemented with 0.5 mM L-histidine and
d-biotin. The entire mixture was gently poured on the mini-
mal glucose agar plates. Plates were incubated for 48—72 h
at 37°C. The mutagenicity of the test samples was expressed
by counting revertant bacterial colonies (His"). Experiments
with all the strains were conducted with and without the
addition of sodium phosphate buffer (0.1 mM, pH 7.4). Nega-
tive and positive controls were used simultaneously in each
experiment. The positive controls used in the assays performed
without metabolic activation system were sodium azide (SA)
for TA100 and TA1535 and 4-Nitro-o-phenylenediamine
(4-NPD) for TA98 and TA 1538 strains. Triplicates were main-
tained for each test concentration against all bacteria strains.

Statistical analysis

The results were expressed as mean =+ standard error (SE).
Statistical analysis of the data was performed by paired ¢-test,
and p<0.05 were considered significant.

Results

Preparation and characterization

of nanoparticles

UV-Vis spectroscopy

The colorless AgNO, solution turned brown (Figure 1),
indicating the formation of GSNPs. The AgNO; solution was

A B

Figure | A total of 0.0l mM of AgNO, solution (A) before adding the Mentha
arvensis leaf extract and (B) after treatment with the Mentha arvensis extract.
Notes: A change in color indicates the formation of GSNPs.

Abbreviations: AgNOB, silver nitrate; GSNP, green silver nanoparticle.
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colorless, and the Mentha arvensis leaf extract was green
before the start of the reaction. The reaction mixture became
yellow-brown within 2 h when treated with the Mentha arven-
sis leaf extract at room temperature, showing a preliminary
indication of the formation of GSNPs. Figure 2 shows the UV—
Vis spectra recorded for the GSNPs. It was observed that the
absorbance peak appeared at ~436 nm. For spherical GSNPs,
the characteristic surface plasmon resonance (SPR) absorption
band of GSNPs was observed in the range of 400475 nm.”’
The nanoparticles were kept at room temperature for stability
test. They were found to be stable for at least 6 months from the
day of preparation. However, for all experimental purposes,
only freshly prepared nanoparticles were used.

DLS measurement
DLS was used to measure the particle size in the colloidal
solution. The presence of bio-organics in the plant extract will

2 UV-Vis spectrum
AgNO,—PEG solution
1.5
GSNPs
@
g 1
_:E Mentha leaf extract
2
2 05
<
0
100 300 500
-0.5

Wavelength (nm)

Figure 2 UV-Vis spectra of AgNO,~PEG solution, GSNPs and Mentha arvensis leaf
extract.

cause the size of particles to increase. It could also be due to
the various forces of interaction in the solution such as the
Van der Waals force of attraction. The DLS-measured size
will be slightly bigger because the DLS method measures
the hydrodynamic radius.?® The DLS pattern revealed that
GSNPs, synthesized by this method, had a zeta average of
145.2 nm and polydispersity index (PDI) of 0.226 (Figure 3).

FTIR measurement

The FTIR spectroscopy is used to identify a major compound
that is responsible for the biological reduction of silver ions
(Ag") into SNPs (Ag°) from the leaf extract of Mentha arven-
sis. The major bands in the FTIR spectrum of GSNPs were
observed at 3412, 2878, 1463, 1353, 1278 and 1106 cm;
the minor bands were observed at 1729, 1641, 945, 840
and 526 cm™ (Figure 4). A distinct peak of GSNPs seen at
3412 cm™ was due to the O—H stretching vibrational frequen-
cies, and bands in these regions strongly indicate the presence
of an organic molecule with an alcohol functional group. A
significant band at a stretching frequency of 2878 cm!, which
indicates the alkyl C—H group, suggests the presence of satu-
rated molecules. A distinct band at 1641 cm™! was assigned to
the C=C stretching vibrations in the amide linkages of pro-
teins.? In particular, the 1278 cm™ arises most probably from
the C—O group of polyols such as hydroxyl flavones.*® The
band at 1353 cm! with characteristic C-N stretch represents
an aliphatic amine group and bands at 1463 cm™ and 1729
cm™! indicate the presence of C-H bending and C=0, carbonyl
group respectively. The bands at 576 and 526 cm™ correspond

Abbreviations: UV-Vis, ultraviolet—visible; AgNOB, silver nitrate; PEG, . . . .
poly(ethylene glycol); GSNP, green silver nanoparticle. to C—X (alkyl halides). It is well known that bioconstituents
Size (r-nm) % Intensity ~ Width (r-nm)
Z-average (r-nm): 145.2 Peak 1: 164.7 100.0 49.75
PDI: 0.226 Peak 2:  0.000 0.0 0.000
Intercept: 0.900 Peak 3: 0.000 0.0 0.000
Result quality: Good
Size distribution by intensity
20
15
S
2
® 10
C
o
£
5
0
0.1 1 10 100 1000 10,000
Size (r-nm)

Figure 3 The Z-Average, size distribution and PDI of Mentha arvensis leaf extract mediated SNPs as measured by dynamic light scattering.

Abbreviations: SNP, silver nanoparticle; PDI, polydispersity index.
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Figure 4 FTIR spectra of Mentha arvensis leaf extract-mediated SNPs showing major
and minor bands.

Abbreviations: FTIR, Fourier transform infrared spectroscopy; SNP, silver
nanoparticle; au, atomic unit.

38.0
(111)

443
(200)

64.6
(220)
77.0
(311)

Intensity (au)

30 40 50 60 70 80
20 (degree)

Figure 5 XRD spectra of Mentha arvensis leaf extract-mediated SNPs.
Abbreviations: XRD, X-ray diffraction; SNP, silver nanoparticle; au, atomic unit.

interact with silver ion salts and mediate the reduction process
with functional groups.

X-ray diffraction (XRD) measurement

An XRD spectrum (Figure 5) clearly illustrates the crystal-
line nature of the synthesized GSNPs. The XRD peaks at
20 degrees of 38.0, 44.3, 64.6 and 77.0 can be ascribed
to the (111), (200), (220) and (311) crystalline planes of
face-enhanced cubic (fcc) crystalline structure of metallic
nanoparticles.*! Some additional unassigned peaks were also
observed in the XRD study due to the presence of bioorganic
matters and capping agents for GSNP formation.*

EDX measurement
EDX provides information on the chemical composition of
the specific locations. Figure 6A shows the SEM image from

which the EDX spectra analysis was carried out, showing
a representative profile of the EDX analysis obtained by
focusing on GSNPs (Figure 6B). From Figure 6C-E, the
elemental mapping was carried out, which showed the pres-
ence of carbon, oxygen, and silver in the synthesized GSNPs.

AFM measurement

AFM analysis of the synthesized GSNPs was made, and the
AFM image is shown in Figure 7, which confirms the spheri-
cal shape of the particles. GSNPs of size ~2.8-9.9 nm were
obtained using the Mentha arvensis extract.

TEM measurement

A transmission electron microscope was used to analyze the
size and shape of the formed nanoparticles. The TEM image
of GSNPs illustrates that they were spherical in shape with
an average size of ~4-9 nm (Figure 8).

Viability of MCF7 and MDA-MB-231 cells

Cell viability was measured by the MTT assay using differ-
ent concentrations of SNPs (Figure 9). The results showed
that cell viability decreased with the increasing concentra-
tion of the nanoparticles. In both the breast cancer (MCF7
and MDA-MB-231) cell lines, >50% cell death occurred
at a concentration of 6.25 pg/mL of GSNPs and <30% of
the cells survived after treatment with 12.5 pg/mL GSNPs,
which was even higher than that of mitomycin-treated cells.
The assay confirmed that the prepared nanoparticles were
effective against human breast cancer cell lines, although
the effect was most pronounced in MCF7 cell lines followed
by MDA-MB-231. Cell viability assay with CSNPs revealed
that the GSNPs were equally effective compared with same
doses of CSNPs (Figure 9).

Cell viability of HPBLs
Cell viability of HPBLs (Figure 10) was assessed to per-
ceive the toxicity of synthesized GSNPs toward normal
cells. GSNP (12.5 pg/mL)-treated HPBLs showed 54.5%
cell viability after 48 h compared to the untreated cells, the
viability of which was taken as 100%.

Therefore, the GSNPs were found to be active against
both cancer and normal cells, although the cytotoxicity
toward normal cell was not significant.

Cell morphology

Changes in cell morphology were observed after exposure
of breast cancer cells (MCF7 and MDA-MB-231) to GSNPs
(1.56 and 12.5 pg/mL; Figure 11). After 48 h of exposure, nor-
mal cellular morphology was distorted significantly in both
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A
60 um Electron image 1
C
O Ka1 E
Ag La1

Figure 6 (A) SEM image, (B) EDX spectrum and (C-E) elemental mapping of synthesized Mentha arvensis leaf extract-mediated SNPs.
Notes: Figures C, D and E represent elemental mapping of Oxygen (O), Carbon (C) and Silver (Ag) respectively.
Abbreviations: SEM, scanning electron microscope; EDX, energy-dispersive X-ray analysis; SNP, silver nanoparticle.

A
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Figure 7 (A) Represents the planar micrograph, (B) represents size profile of Mentha arvensis leaf extract-mediated SNPs as seen under AFM.

Abbreviations: AFM, atomic-force microscopy; SNP, silver nanoparticle.

cases compared to the control. Exposure to GSNPs reduced
both cell size and number, and no recovery was observed until
96 h. Cells lost their typical morphology and adhesion prop-
erty and were clumped on treatment with GSNPs. From the
microscopic study, it was abundantly clear that synthesized
GSNPs treatment can induce death and severe morphological
alterations in human breast cancer cells.

Nuclear fragmentation study by Hoechst
staining

GSNP-induced nuclear fragmentation was studied through
Hoechst staining (Figure 12). Nuclear condensation and
fragmentation were evident and prominent in GSNP-treated
cancer cells. In the control group, the cells showed intact
nuclear architecture. This indicated that one of the possible
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Figure 8 TEM images of the Mentha arvensis leaf extract-mediated SNPs.

Notes: Figures A, B and C represent TEM images with successive magnifications (at 50 nm, 20 nm and |0 nm scales respectively).

Abbreviations: TEM, transmission electron microscopy; SNP, silver nanoparticle.

A

120% MCF7

100%
80% .
60% * *
40% *
20%

0%
Control MitoC 1.56 3.125 6.25
Treatment (ug/mL)

GSNPs
CSNPs

Cell survival

12.5

Cell survival

120% MDA-MB-231 GSNPs
100% CSNPs
80% o )

60% . ) .y

40% *
20%

0% Control MitoC 156 3.125 6.25 125

Treatment (ug/mL)

Figure 9 Graphical presentation of cell survival (%) of MCF7 (A) and MDA-MB-231 (B) after treatment with different concentrations of GSNPs and CSNPs for 48 h.

Note: *p<0.05, significantly different from control.

Abbreviations: GSNP, green silver nanoparticle; CSNP, chemically synthesized (sodium borohydride [NaBH4]-mediated) silver nanoparticle; MitoC, mitomycin C (50 uM).

120% HPBLs
100%
80%

60% * *

Cell survival

40%
20%

0%
GSNPs

Treatment (12.5 ug/mL)

Control CSNPs

Figure 10 Graphical presentation of cell survival (%) of HPBLs after treatment with
GSNPs and CSNPs at a concentration of 12.5 pg/mL for 48 h.

Note: *p<0.05, significantly different from control.

Abbreviations: HPBL, human peripheral blood lymphocyte; GSNP, green silver
nanoparticle; CSNP, chemically synthesized (sodium borohydride [NaBH4]-
mediated) silver nanoparticle.

causes of cell death that occurred in the GSNP-treated cancer
cells was due to DNA damage and the inability of the cells
to repair the damage. The extensive nuclear fragmentations
might have also activated the apoptotic pathways.

AO/EtBr staining

In breast cancer cells, the type of cell death induced by
GSNPs was monitored under the fluorescent microscope.

Live cells with normal morphology were seen in the con-
trol group. Both live and early apoptotic cells were seen in
the presence of 1.56 ng/mL GSNPs, while in the presence
of 12.5 pg/mL GSNPs, nearly all were late apoptotic cells
(Figure 13). Untreated MCF7 and MDA-MB-231 cells
showed 94% and 95.6% live cells, respectively. When treated
with 1.56 pg/mL GSNPs, MCF7 and MDA-MB-231 cells
exhibited 74% and 80% early apoptotic cells. Treatment with
12.5 pg/mL GSNPs showed 30% early apoptotic cells with
65% late apoptotic cells in MCF7 and 10% early apoptotic
cells with 87% late apoptotic cells in case of MDA-MB-231.

Morphological changes of apoptosis, including cell
shrinkage and chromatin condensation, compared to control
cells (Figure 12) suggest that treatment with GSNPs signifi-
cantly increased apoptosis in MCF7 and MDA-MB-231 cells
in a dose-dependent manner.

Flow cytometric analysis

The fluorescence-activated cell sorting (FACS) analysis of MCF7
cells after treatment with 12.5 pg/mL GSNPs showed a significant
increase in the fraction of cells present in the sub-G1 phase and
subsequent decline of cells at the G1 phase compared to untreated
control cells (Figure 14), which might be due to apoptosis.
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Control 1.56 ng/mL 12.5 pg/mL

MCF7

MDA-
MB-231

Figure || Morphological changes in MCF7 and MDA-MB-231 cells after treatment with Mentha arvensis-mediated SNPs (1.56 and 12.5 pg/mL) for 48 h (magnification 200x).

Abbreviation: SNP, silver nanoparticle.

Figure 12 Hoechst staining of control (A) and GSNPs treated (B) MCF7 cells.
Notes: Arrows indicate nuclear fragmentation after 48 h treatment with Mentha arvensis leaf extract-mediated SNPs (12.5 ug/mL). Magnification is 400x.

Abbreviations: SNP, silver nanoparticle; GSNP, green silver nanoparticle.

Control 1.56 ug/mL 12.5 ug/mL

MCF 7

MDA-MB
231

Figure 13 AO/EtBr staining of MCF7 and MDA-MB-231 cells after treating with GSNPs (1.56 and 12.5 pg/mL) for 48 h (magnification 100x).
Notes: Green live cells show normal morphology. Greenish yellow early apoptotic cells show nuclear margination and chromatin condensation. Late orange apoptotic cells

show fragmented chromatin and apoptotic bodies.
Abbreviations: AO, acridine orange; EtBr, ethidium bromide; GSNP, green silver nanoparticle; L, live cells; EA, early apoptotic cells; LA, late apoptotic cells.
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Western blot analysis exhibited by the GSNPs up to 5 mg per plate concentration
Expression patterns of PARP1, P53, P21, Bax, Bcl2, cleaved ~ (Table 1). The mutagenicity test by the Ames test revealed
caspase 9 and caspase 3 were observed in controlled and  that the GSNPs have no mutagenic potential toward all the
treated cells at various time points (2, 4, 8, 24 and 48 h;  four strains tested.
Figures 15 and 16). Upregulation of PARP1, P53, P21, Bax
and cleaved caspase 9 was observed in MCF7 cells after Discussion
GSNPs treatment, whereas Bcl2 was downregulated. Cleaved ~ The most common type of cancer in the US is breast cancer,
bands of PARP1 were prominent at 24 and 48 h after treat-  with >249,000 new cases expected in 2016 as per the cancer
ment with GSNPs. In MDA-MB-231 cells, the mutant P53  incidence and mortality statistics reported by the American
protein was downregulated, whereas PARP1, P53, P21, Bax,  Cancer Society.” In underdeveloped and developing coun-
cleaved caspase 9 and both procaspase 3 and cleaved caspase  tries such as India, the incidence of breast cancer is also
3 proteins were upregulated. Cleavage of PARPI protein  increasing alarmingly, and due to lack of awareness and
was noticed 2 h onward, which was prominent at § and 48 h.  infrastructural facility, the cancer cases are not detected at the
early stages. Extremely high cost of chemotherapy is a major
Mutagenicity analysis obstacle to continue and complete the course of treatment,
The number of revertant colonies observed in each plate was ~ resulting in a high mortality rate among patients. Not only
less than two times the number of revertant colonies of the  patients lose their lives, but the whole family of the deceased
spontaneous mutation, and no dose-dependent response was  also suffers from a huge financial burden to meet the expenses

B
A
Control MCF7 GSNP-treated (12.5 mg/mL) MCF7
200 150
Sub-G1: 8.93% Sub-G1: 30.38%
160 G1:52.13% 120 G1:34.77%
S: 24.60% S: 18.25%
2 120 G1 G2/M: 14.34% 2 9 G G2/M: 16.60%
80 G2IM €0 s G2M
Sub G1 Sub G1
40 30
0 0
0 200 400 600 0 200 400 600
FL2-A FL2-A

Figure 14 Cell cycle analysis using FACS of MCF7 cells (A) without treatment (control) and (B) after treating with GSNPs (12.5 pg/mL) for 48 h.
Abbreviations: FACS, fluorescence-activated cell sorting; GSNP, green silver nanoparticle.

A MCF7 B
Control 2h 4 h 8h 24h 48h
PARP1 140 MCF7
P53 ©120 Control
3 2h
=100 ah
P21 o 8h
¢ 80 24 h
Bax S 60 48h
[0
£ 40
Bcl2 2
S 20
Cleaved o 0
9
caspase PARP1 P53 P21 Bax  Bcl2 Cg'siaa‘gidg
B-actin

Figure 15 Protein expression patterns.

Notes: (A) Shows expression patterns of PARPI, P53, P21, Bax, Bcl2 and cleaved caspase 9 proteins in MCF7 cells at different time points after treatment with GSNPs
(1.56 pg/mL). B-actin was taken as a loading control. (B) Shows quantitative densitometric analysis of the protein expression. The values are the mean * SEM of two
independent experiments.

Abbreviations: GSNP, green silver nanoparticle; SEM, standard error of the mean.
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A (o]
MDA-MB-231 140 Control
Control 2 h 4h 8h 24h 48h 120 2h
4h
PARP1 100 an
Cleaved 80 24 h
PARP1 60 48 h
40
20
P53 0
B _o0 PARP1 P53 P21 Bax Bcl2
P21 Control MitocC 2h 4h 8h 24h 48h
Caspase 9
Bax Cleaved caspase 9
Bcl2 Caspase 3
Cleaved caspase 3
B-actin B-actin

Figure 16 Protein expression patterns in MDA-MB-231 cells at different time points after treatment with GSNPs (1.56 ug/mL).

Notes: (A) Shows expression patterns of PARPI, P53, P21, Bax and Bcl2 and (B) shows cleaved caspase 9 and cleaved caspase 3 protein expression. 3-actin was taken as a
loading control. (C) shows quantitative densitometric analysis of the protein expression pattern. The values are the mean + SEM of two independent experiments.
Abbreviations: GSNP, green silver nanoparticle; SEM, standard error of the mean; MitoC, mitomycin C.

Table | Revertant colonies observed for different concentrations of GSNPs

MTCC no Strain no Revertant colonies
0.6 mg/plate 1.2 mg/plate 2.5 mg/plate 5 mg/plate Negative control
1251 TA98 29+55 33143 39+5.0 42+ 45 25+5.0
1252 TAI100 37145 36+6.8 41 £6.5 49+6.2 37+40
1253 TAI1535 3955 38175 43+55 55£35 40+ 4.0
1254 TAI1538 18£3.5 24+5.0 28+3.0 28+83 20+3.0

Note: Data represented as values of mean = SD. TA98, TA100, TA1535 and TAI538,

tester strains of Salmonella typhimurium.

Abbreviations: GSNP, green silver nanoparticle; MTCC, Microbial Type Culture Collection; SD, standard deviation.

of chemotherapy. Therefore, cancer cases in such countries
not only are a medical issue but should also be considered
as a factor leading to the major socioeconomic crisis. This
high-cost treatment of cancer patients needs immediate
attention to look for alternative medicines in developing and
underdeveloped countries. Therefore, it is important to find
cost-effective, environment-friendly alternative approaches
to synthesize SNPs with potential anticancer attributes.

In this regard, biosynthesis of nanoparticles has received
considerable attention as an environment-friendly technology
in material sciences. A great importance has been given to
the biosynthesis of metal nanoparticles using plants.** To the
best of our knowledge, this is the first report on the use of
Mentha arvensis leaves for the synthesis of SNPs. The qualita-
tive phytochemical analysis of Mentha arvensis showed the
presence of vital secondary metabolites, such as flavonoids,
phenols and saponins.

Characterizations of GSNPs showed that the Mentha
arvensis leaf extract can be used as an effective reducing agent
for the synthesis of nanoparticles, which act as a potent anti-
cancer agent against MCF7 and MDA-MB-231 cell lines. The

level of cytotoxicity at equivalent doses was comparable to that
of CSNPs and was significantly less in normal HPBLs. This
difference might be attributed to the leaky vasculature of the
rapidly growing cancer cells, which allows the nanoparticles to
penetrate easily through the membrane and exert their effect.

This study showed that estrogen receptor-positive MCF7
cells were more sensitive to a lower dose (1.56 pg/mL) than
the MDA-MB-231 cells (estrogen receptor negative), but
at higher doses, the effects were reversed. Inhibition of cell
growth could be due to either inhibition of cell proliferation or
death of cells. Flow cytometric analysis revealed an increase
of cells in sub-G1 fraction. Nuclear fragmentation and AO/
EtBr staining also consolidated that the major pathway of
the programmed cell death was mediated through apoptosis.
To understand the mechanism of apoptosis, the expression
patterns of different key proteins involved in apoptosis were
observed through immunoblot analysis.

Increases in P53, as well as P21 protein, might lead to
the cell cycle delay and apoptotic induction. Reports suggest
that the reactive oxygen species (ROS) in SNP-treated cells
are involved in anticancer activities.*=’ ROS-generated free
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radicals are known to induce DNA strand breaks.*® PARP1
plays an important role in repairing DNA single-strand
breaks (SSBs), particularly in the absence of BRCAI.
In the present study, upregulation of PARP1 protein sug-
gests that GSNPs might induce SSBs in BRCA1 mutant
MCF7 cells and MDA-MB-231 cells. PARPI is activated
at an intermediate stage of apoptosis and is inactivated by
proteolytic cleavage at a late stage by caspase 3 and caspase
7. Such proteolytic cleavage is considered as a hallmark of
apoptosis.’® We also observed the appearance of cleaved
PARPI bands, 24 h onward in MCF7 cells and 2 h onward
in MDA-MB-231 cells, suggesting that GSNPs induced
apoptosis in a time-dependent manner. MCF7 cells do
not express caspase 3.% Despite this, MCF7 cells undergo
morphological apoptosis after treatment with a variety of
agents and conditions.*'** Liang et al,*® using a series of
caspase inhibitors with overlapping specificities, enzyme-
specific chromogenic substrates and an antibody specific
for activated caspase 7, determined that apoptosis in MCF7

Single-strand break

cells proceeds via sequential activation of caspases 9, 7 and
6. MDA-MB-231 cells have mutant P53 proteins due to the
mutation at codon 280 of p53 gene (AGA to AAA), leading
to the replacement of arginine to lysine.* It is an established
fact that the Bcl-2 family members, either inhibitor (Bcl-
2) or activator (Bax), play an important regulatory role in
apoptosis.* In an earlier study, neocarzinostatin (NCS)
treatment resulted in condensation and fragmentation of
MCF7 cell nuclei and release of cytochrome C from the
mitochondria to the cytosol. This apoptosis was accom-
panied by decreased levels of Bel2 and increased levels of
Bax.*® In another study, genistein-treated MDA-MB-231
cells exhibited downregulation of the mutant P53, whereas
upregulation of P21 was observed. The authors of that study
explained that the elevation of P21 protein is independent of
P53 activation.* In our present study, GSNPs also exhibited
a similar expression pattern of Bcl2, Bax and cleaved caspase
9, indicating that Mentha arvensis-mediated GSNPs could
also induce apoptosis in MCF7 and MDA-MB-231 cells

MCF7 MDA-MB-231
DNA
repair
pathway
MCF7: caspase 6 or 7
MDA-MB-231: caspase 3
PARP1 cleavage
Apoptosis

Figure 17 Schematic representation of the possible apoptotic pathway induced by GSNPs (1.56 pg/mL) in MCF7 and MDA-MB-231 cell lines.
Abbreviations: GSNP, green silver nanoparticle; PARPI, poly (ADP-ribose) polymerase.
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by activating caspase 9. It is also clear that the effects of
GSNPs are independent of the cellular ER and P53 statuses.
The possible pathway of the mechanism of action is shown
in Figure 17.

The Ames test is the golden assay to determine the
mutagenic potential of medicinal plants/pharma products
for an initial screening. A positive response in any single
bacterial strain among four Sa/monella mutants is sufficient
to consider a substance as a mutagen.*® Any substance can
be considered mutagenic if it produces at least a twofold
concentration-dependent increase in the mean revertant
colonies per plate in any one of these tester strains and there
should be a dose-response relationship.*’

Mentha arvensis-mediated GSNPs failed to elicit a
mutagenic response in the Ames test in strains TA98, TA100,
TA1535 and TA1538 of S. typhimurium. Considering the type
of GSNPs, which are unlikely to be metabolized by S9, the
experiment was conducted without the S9 metabolic activa-
tion system. The revertant colonies observed in four different
doses clearly showed that the nanoparticles are nonmutagenic
up to 5 mg per plate concentration (Table 1). The results were
concluded based on the induced revertant colonies per plate
with different concentrations. It was found that the revertants
were not dose dependent, and none of the four concentra-
tions showed double the number of revertants observed in
the negative control. The mutagenicity test by the Ames test
revealed that the Mentha arvensis-mediated GSNPs had no
mutagenic potential toward all the four strains tested.

Conclusion

To the best of our knowledge, this is the first report that M.
arvensis leaf extract can be effectively used to synthesize
SNPs through a simple and efficient way. Synthesized
GSNPs exhibited significant cytotoxicity to breast cancer
(MCF7 and MDA-MB-231) cells at a comparable level with
that of CSNPs. At equivalent doses, cytotoxicity to normal
cells was significantly less. The size, shape and structure of
GSNPs were confirmed by UV—Vis, XRD, FTIR, AFM and
TEM analyses. Along with the efficient anticancer activity,
GSNPs also demonstrated nonmutagenic attributes. Thus,
GSNPs might be useful as a potential anticancer agent in
breast cancer therapy.
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