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Abstract: The present study was conducted to examine cytotoxic, apoptotic, and necrotic effects of silver nanoparticles (AgNPs)
on MCEF-7 cells. Colloidal AgNPs were fabricated in an alkaline pH environment via reduction of silver nitrate with hydroxylamine
hydrochloride. The size of AgNPs was measured by atomic force microscopy (AFM), transmission electron microscopy (TEM), and
dynamic light scattering. Zeta potential of AgNPs was determined by laser Doppler microelectrophoresis. After exposing MCFE-7 cells
to AgNPs for 24 h, cytotoxicity was measured by WST-1 assay. Apoptosis and necrosis in MCF-7 cells were detected by Annexin-V-
FLUOS immunostaining and double staining of Hoechst dye with propidium iodide. In AFM and TEM analyses, the sizes of AgNPs
varied from 16 nm to 20 nm. AgNPs were 80 nm in hydrodynamic diameter with a zeta potential of -38.2 mV. The WST-1 assay resulted
in an IC50 value of 40 ug/mL. AgNPs caused apoptotic and necrotic effects in a dose-dependent manner. The apoptotic effect of AgNPs
was marked up to a concentration of 80 ug/mL AgNPs. At higher concentrations, the apoptotic effect decreased while the necrotic effect
became prominent. The results indicate that AgNPs with a zeta potential of -38.2 mV and hydrodynamic diameter of 80 nm can be used

in vitro at concentrations of up to 40 ug/mL.
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1. Introduction

Nanoparticles (NPs) of different size and physicochemical
properties have been introduced to many fields of life and
biomedical sciences over the last decade (Oberdorster et al.,
2005). In this respect, NPs opened a new era in biomedical
sciences and have been used specifically as gene or agent
carriers, and in drug design, modification of therapeutics,
labeling of fluorescents, and tissue engineering (Tan et al.,
2007; Yoon et al., 2007; Kreuter and Gelperina, 2008; Su et
al., 2008; Hackenberg et al., 2010).

Among the NPs, silver nanoparticles (AgNPs) have
received attention for their antimicrobial activities (Cho et
al., 2005; Kim et al., 2006) and have been used for different
purposes including the manufacture of disinfectants,
shampoos, deodorants, humidifiers, wound dressings, and
various textile products (Ahmed et al., 2008; Johnston et
al., 2010; Zanette et al., 2011); they have also been used as
a coating for various implantable devices such as catheters,
heart valves, and implants (Chen and Schluesener, 2008;
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Chaloupka et al., 2010). Despite their benefits, there has
been serious concern about the possible side effects of
AgNPs. Previous studies reported that AgNPs induced
genotoxicity and cytotoxicity in both cancer and normal
cell lines (Yoon et al., 2007), altered cell morphology,
reduced cell viability, and caused oxidative stress in lung
fibroblast and glioblastoma cells (Asharani et al., 2009),
human and rat liver cells (Hussain et al., 2005; Kim et
al., 2010), HeLa cells (Sonoda et al., 1998), and THP-
1 monocytes (Foldbjerg et al., 2009). AgNP-induced
cytotoxicity reduces cell viability in various cell lines by
causing apoptosis through the mitochondrial pathway
(Hsin et al., 2008) and generates oxidant species (Hess
et al, 2008), which are well known for causing lipid
peroxidation of biological membranes and damage to
structural proteins and DNA (Li and Osborne, 2008).
Liu et al. (2010) reported that the cytotoxicity exerted by
AgNPs is size-dependent, as smaller particles can enter
cells easily. They found that AgNPs of ~5 nm in size
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caused higher toxicity than those of ~20 nm and ~50 nm
in size. The surface properties also affect entrance of AgNP
into cells. Sur et al. (2012) modified AgNPs and citrate-
reduced AgNPs with either lactose or a 12-base-long
oligonucleotide. They determined that lactose-modified
AgNPs caused more DNA damage in A549 cells compared
to oligonucleotide-modified AgNPs. Furthermore,
modification of citrate-reduced AgNPs increased their
cytotoxicity. In another study, Sur et al. (2010) found
that lactose-modified AgNPs enter the 1929 cells at a
higher rate, and differential uptake of AgNPs by cells was
influenced by modification of AgNPs with oligonucleotide
binding, along with carbohydrates. The biosafety- and cell
toxicity-related issues of AgNPs are of scientific interest for
the reasons mentioned above. In addition, determination
of a tolerable AgNP concentration for in vitro use is
important for various applications, including plasmonic
photothermal therapy (PPTT) studies in cancer cells, for
which AgNPs seem to be useful due to their smaller sizes
but relatively larger surface areas (Oberley et al., 2006).
Thus, the aim of the present study was to examine the
cytotoxic, necrotic, and apoptotic effects of AgNPs on the
human breast adenocarcinoma cell line (MCF-7), which
is a well-established cell line and has been used in many
studies, including drug resistance in cancers. A study by
Liu et al. (2010) claimed that cytotoxicity on cell lines
such as MCF-7 is influenced by size and surface area of
AgNPs. However, the mechanisms of cytotoxicity on
different cell lines, including their apoptotic, necrotic,
and antiproliferative effects, remain to be investigated.
The data generated in this study would serve as a basis for
future studies.

2. Materials and methods

2.1. Materials

Silver nitrate (AgNO,), hydroxylamine hydrochloride
(NH,OH-HCI), and sodium hydroxide (NaOH) were
commercially purchased from Merck (Darmstadt,
Germany). All solutions were prepared in deionized
water (Millipore, USA), which was 18.2 MQ cm free from
organic matter.

MCEF-7 cancer cells were obtained from the Division
of Bioengineering of Istanbul University, Turkey. Cell
culture flasks and other plastic materials were purchased
from Corning (USA). Dulbecco Modified Eagle’s Medium
(DMEM) with L-glutamine, fetal calf serum (FCS),
trypsin-EDTA, Hoechst 33342, and propidium iodide (PI)
were purchased from Serva (Israel). Annexin-V-FLUOS
was purchased from Roche (Germany).

2.2. Fabrication of silver nanoparticles
The colloidal AgNPs were fabricated through reduction
of silver nitrate by hydroxylamine hydrochloride in an
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alkaline pH environment at room temperature, according
to a procedure previously published (Leopold and Lendl,
2003). Briefly, 10 mL of AgNO, suspension (10> M) was
rapidly added to 90 mL of freshly prepared NH,OH-
HCI solution (1.67 x 10 M) containing 3.33 x 107 M
NaOH (10 M solution) while stirring. The fabricated
colloidal AgNPs (10* M) were kept for 3 weeks at room
temperature in a dark place. The fabricated AgNPs, in
physiologic saline, were centrifuged at 13,000 rpm 3 times.
Fresh physiologic saline was used each time.

2.3. Nanoparticle characterization

Optical absorption spectra of AgNPs were collected
within a range of 300-800 nm using optical absorption
spectroscopy (Thermo Spectronics Genesys, USA).
This model is a single-beam spectrophotometer using
1-cm path length quartz cuvettes. The size and size
distribution analyses were conducted using an atomic
force microscope (AFM) (Scanning Probe Microscope,
Park Scientific Instruments, Korea). Transmission
electron microscopy (TEM) analyses were performed on
a JEOL 2100 HRTEM instrument (JEOL Ltd., Japan) to
determine particle diameter using a Zeta Sizer-Nano ZS
(Malvern Instruments, UK). The hydrodynamic diameter
of AgNPs was measured by dynamic light-scattering,
and zeta potential was determined by laser Doppler
microelectrophoresis.

2.4. Cell culture for MCF-7 cells

MCEF-7 cells were placed in flasks containing DMEM with
L-glutamine, 10% FCS, and 1% antibiotic and were kept
in a CO, incubator conditioned with 5% CO, at 37 °C for
48 h. For harvesting cells, the cell culture medium was
discharged, and the cells were treated with trypsin-EDTA
(0.5 mL per flask). Cells were then transferred into 15-mL
Eppendorf tubes and centrifuged at 1000 rpm for 3 min.
The supernatant was discharged and the cells were used in
the prospective studies.

2.5. WST assay for cytotoxicity

MCE-7 cells (5 x 10° cells per well) were placed in 96-well
plates containing DMEM with L-glutamine, 10% FCS, and
1% antibiotic. The plates were then kept in a CO, incubator
(37 °C in 5% CO,) for 24 h, after which time, when the
cells attached to the bottom of the plate, the cell culture
medium was replaced with fresh medium and different
concentrations (10-120 ug/mL in aqueous suspensions) of
AgNPs were placed into the wells. Following incubation
under the same conditions for an additional 72 h, WST-
1 (a water-soluble tetrazolium salt) reagent (15 uL) was
added into each well. Upon incubation for an additional 4
h, the plates were immediately read in an Elisa Microplate
Reader (BioTek, USA) at 440-nm and 630-nm reference
wavelengths.
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2.6. Cell proliferation assay

Cell proliferation was determined using a Real-Time
Analyzer (RTCA) SP Instrument (Roche, Germany) to
monitor cell proliferation after treatment with AgNPs in
vitro. MCE-7 cells (10 x 10° cells per well) were cultivated
in DMEM-F12 without L-glutamine, using E-Plate 96
(Roche) for cell-growth monitoring. The plates were kept in
a CO, incubator (37 °Cin 5% CO,) during the experiment.
At hour 21 of incubation, different concentrations of
AgNPs (10, 20, 40, 80, and 120 pg/mL in medium) were
added to the wells containing MCEF-7 cells and cultivated
under the same conditions mentioned above. For control
groups, cell culture medium was added instead of AgNPs.
The attachment and logarithmic growth of the cells was
measured every 10 min over 42 h.

2.7. Analysis of apoptotic and necrotic cells
Double staining of Hoechst dye with PI was performed
to quantify the number of apoptotic and necrotic cells
in culture on the basis of scoring cell nuclei. MCF-7 cells
(10 x 10° cells per well) were grown in DMEM-F12 with
L-glutamine supplemented with 10% fetal calf serum
and 1% penicillin-streptomycin at 37 °C in a 5% CO,
humidified atmosphere in 48-well plates. MCF-7 cells were
treated with different concentrations of AgNPs (10-200 pg/
mL) for 24 h. The control group consisted of MCF-7 cells
treated with cell medium only. Both attached and detached
cells were collected, then washed with phosphate-buffered
saline (PBS) and stained with Hoechst dye 33342 (2 mg/
mL), PI (2 pg/mL), and DNAse free-RNAse (100 pg/mL)
for 15 min at room temperature. Next, 10-50 uL of cell
suspension was smeared onto a glass slide for examination
by fluorescence microscope (Leica, Germany). With the
Hoechst dye, the nuclei of normal cells were stained with
blue fluorescence of low intensity, but apoptotic cells
were stained a stronger blue fluorescence. The apoptotic
cells were also identified by morphological changes in the
nucleus including nuclear fragmentation and chromatin
condensation (van Engeland et al., 1998; Tiirk et al., 2010).
Nuclei of necrotic cells were stained red by PI, as PI dye
can cross the cell membrane of necrotic cells, which lack
plasma membrane integrity. The PI dye cannot cross the
nonnecrotic cell membrane (Kamphaus et al., 2000; Tice et
al., 2000). The numbers of apoptotic and necrotic cells were
counted at 10 randomly chosen microscopic fields using
the 40x microscope objective. The number of apoptotic
and necrotic cells were determined using a DMI600
Fluorescence Inverted Microscope (Leica, Germany) with
DAPI and FITC filters, respectively. Data were expressed
as a ratio of apoptotic or necrotic cells to normal cells.
Annexin-V-FLUOS, a calcium-dependent phosp-
holipid-binding protein with a high affinity for
phosphatidylserine (PS), was used to detect apoptosis. The
Annexin-V-FLUOS assay takes advantage of the fact that

PS translocates from the inner (cytoplasmic) leaflet of the
plasma membrane to the outer (cell surface) leaflet soon
after the induction of apoptosis, and that the Annexin V
protein has a strong, specific affinity for PS (Tan et al.,
2007; Yoon et al., 2007; Su et al., 2008). The PS on the outer
leaflet is available to bind labeled Annexin V, providing
the basis for a simple staining assay (van Engeland et al.,
2008). Briefly, MCE-7 cells (10 x 10°/well) were seeded
into a 48-well plate with DMEM including 10% FCS. The
next day, the medium was discharged and replaced with
fresh medium containing 10% FCS and AgNPs ranging
from 10 pg/mL to 120 pg/mL. In the control group,
MCEF-7 cells were treated with cell culture medium only.
After 24 h of treatment, cell culture medium containing
floating cells was collected and centrifuged at 3000 rpm.
Adherent cells were stained in the well. The cells were then
washed in PBS and resuspended in binding buffer (10 mM
HEPES/NaOH, pH 7.4, 140 mM NaCl, 2.5 mM CaCl,).
Annexin-V-FLUOS (Roche) and PI were added to final
concentrations of 10 pg/mL and 1 pg/mL, respectively, and
the cells were incubated in the dark for 10 min. The cells
were washed again in PBS and resuspended in binding
buffer. The numbers of Annexin-V-FLUOS-labeled cells
were counted using the 40x objective of an inverted
fluorescence microscope (Leica DMI6000, Germany). For
each image, 3 randomly selected microscopic fields were
evaluated.

3. Results

3.1. Characterization of silver nanoparticles

Optical properties of AgNPs were determined by the
excitation of plasmon resonances. Figure 1A illustrates the
typical UV-Vis spectrum of silver nanoparticles. The UV-
Vis absorption spectrum shows an intense absorption peak
around 420 nm, originating from the surface plasmons’
absorption of nanosized AgNPs. Under the conditions
used for fabrication, AgNPs had a relatively narrow size
distribution around 20 nm and 80 nm (Figure 1B), formed
stable dispersions, and were negatively charged. The zeta
potential value was -38.2 mV, which is a characteristic
property of stable colloids. In the zeta analysis, the
suspension of nanoparticles consisted of particles with an
average size of 80 nm in hydrodynamic diameter. Figure
1C illustrates an AFM image of AgNPs, performed on
a scanning probe microscope in tapping mode under
ambient conditions. The AgNPs were dropped onto freshly
cleaved mica. Most of the nanoparticles ranged from 16
to 20 nm in size. The average size of the particles on the
substrates was 18 nm with a standard deviation of 2 nm.
AFM indicated that AgNPs were spherical and relatively
uniform. Figure 1D displays TEM images of the spherical
silver nanoparticles. The spherical AgNPs have uniform
morphology, with an average diameter of 17 nm.
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Figure 1. Characterization data of AgNPs: A) UV-Vis spectrum of silver nanoparticles; B) particle-size distribution
histogram of silver nanoparticles; C) atomic force microscope image of silver nanoparticles; and D) transmission

electron microscope images of spherical silver nanoparticles.

3.2. Cytotoxicity

MCEF-7 cells exposed to AgNPs had alterations in cell
shape and morphology, whereas control cells exhibited no
change in morphology. According to WST assay results,
nanoparticle concentrations significantly affected their
impact on cell viability in a concentration-dependent
manner (Table 1). The lowest mortality rate was obtained
at a nanoparticle concentration of 10 ug/mL, whereas the
highest mortality rate was obtained at 120 ug/mL, which
was the highest concentration tested (Table 1). AgNPs were
cytotoxic on MCF-7 cells with a half-maximal inhibiting
concentration value (IC, ) of 40 ug/mL (Table 1).

3.3. Cell proliferation effect of AgNPs

Antiproliferative effects of AgNPs were evaluated on
MCEF-7 cells line based on the RTCA system results. Figure
2 illustrates the cell index, indicating proliferation rate of
MCEF-7 cells. The antiproliferative effect was observed
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Table 1. Cytotoxic effects of varying concentrations of silver
nanoparticles (NPs) on the MCF-7 cell line revealed by WST
assay. The cell viability (%) based on mean absorbance values
at 440 nm is presented. Data are expressed as mean * standard
error as calculated from 3 separate experiments.

Amount of NP in a well (ug/mL) Cell viability (%)
0 98 £0.12
10 75.56 £4.75
20 5729 £2.12
40 48.7 £3.73
80 31.45+3.19
120 15.63 £ 4.58
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Figure 2. Dynamic monitoring of MCEF-7 cells treated with AgNP using the Real-Time Analyzer (RTCA) SP. Cell
index was monitored every 10 min for 42 h. At hour 21 of incubation, cells were exposed to AgNPs (10 to 120 ug/mL)

in E-Plates 96. Controls include only medium.

2 h after inoculating AgNPs into wells. AgNPs inhibited
MCEF-7 cell proliferation in a concentration-dependent
manner. However, cell proliferation in control groups kept
increasing for another 22 h, at which time the test was
stopped.

3.4. Analysis of apoptotic and necrotic cells

Table 2 illustrates the apoptotic index obtained from the
double staining of Hoechst and PI as well as from Annexin-
V-FLUOS staining. Figure 3 illustrates the normal,
apoptotic, and necrotic cells under a fluorescent inverted
microscope. In the control group, no morphological

changes were seen in the cell nuclei (Figure 3A). However,
the apoptotic cell nuclei were stained with a stronger blue
fluorescence compared to nonapoptotic cells (Figure 3B).
The apoptotic effect in Annexin-V-FLUOS staining can
be seen clearly, especially in wells containing 40 pg/mL of
AgNPs (Figure 3C). Figure 3D represents the fluorescent-
light micrograph without the fluorescent filter taken from
the same area as Figure 3C to show cell morphology. The
apoptotic indexes indicated that AgNPs exhibited an
apoptotic effect in a concentration-dependent manner
up to 40 pg/mL of concentration (Table 2). When the

Table 2. Apoptotic and necrotic indexes obtained from MCEF-7 cell cultures following incubation

with different concentrations of silver nanoparticles (NP). Data are expressed as mean *

standard error as calculated from 3 separate experiments.

Amount of NP in a well (ug/mL) Apoptotic index (%) Necrotic index (%)
0 2+1 1+£1
10 12+2 20+4
20 18+3 35+3
40 28+3 42+4
80 24+ 2 53+3
120 201 69+2
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Figure 3. Apoptotic and necrotic cells in normal and silver nanoparticle-treated MCF-7 cell cultures,
obtained from Annexin-V-FLUOS staining and double staining of Hoechst 33342 with propidium
iodide. a) In the control group, MCEF-7 cells did not express apoptotic and necrotic features, as the cell
nuclei exhibited blue fluorescence of low intensity with Hoechst 33342 dye and cell borders were normal
without decomposition of nuclear integrity. b) Apoptotic MCF-7 cells can be identified easily with their
stronger blue fluorescence staining (arrows) obtained in wells exposed to AgNPs (40 ug/mL). ¢) In Annexin-
V-FLUOS staining, apoptotic MCF-7 cells appeared green in color (long arrows) when exposed to
AgNPs (40 pg/mL), while necrotic cells had red nuclear staining (short arrows). d) This micrograph was
taken from the same area as in Figure 3C, without using the fluorescent filter. Microphotographs were taken
with a Leica inverted fluorescent microscope DMI6000. All scale bars = 40 pum.

concentration of AgNPs was increased to 80 and 120 pg/
mL, the apoptotic indexes gradually decreased, but the
necrotic effect became more prominent. The necrotic effect
induced by AgNPs on MCF-7 cancer cells is presented
in Table 2. The necrotic effect was highly concentration-
dependent. The necrotic cell percentages were 20 + 4%
and 69 + 2% at 10 ug/mL and 120 ug/mL concentrations of
AgNPs, respectively.

4. Discussion

Silver nanoparticles are metallic nanostructures with
useful surface properties and have been used for various
purposes, such as the production of wound dressings and
cosmetics, and in the medical industry as device-coating
agents (Tian et al., 2007; Wijnhoven et al., 2009). However,
many studies showed that AgNPs may induce genotoxicity
and cytotoxicity in cancer and normal cell lines (Yoon etal.,
2007). In the present study, AgNPs were also determined
to be cytotoxic to some degree on MCF-7 cancer cells
with an IC_| value of 40 pg/mL. Importantly, the mode of
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cytotoxicity may differ at various concentrations, as the
apoptotic and necrotic indexes increased depending on the
AgNP concentration. However, at higher concentrations
the necrotic effects became more dominant, with a
minimal number of apoptotic figures. Gopinath et al.
(2008) also previously proposed an apoptotic effect on
cancer and normal cells in vitro induced by AgNPs used
at low concentrations.

AgNPs induce cell responses often specific to cell
types, resulting in varying degrees of toxicity. Depending
on nanoparticle size, concentration, and exposure time,
AgNPs induced different degrees of toxicity in vitro in
fibroblasts, epithelial cells, melanoma cells, HaCaT cells,
and HeLa cells (Pan et al., 2007; Park et al., 2007; Hess
et al.,, 2008). Zanette et al. (2011) showed that AgNPs
at a concentration of 11-36 ug/mL caused a reduction
in mitochondrial function. Similar results have been
reported in human (0.5-3 pg/mL) and rodent (10-50
pg/mL) liver cells, alveolar macrophages (10-75 ug/
mL), mouse dermal fibroblast cells and liver cells (30
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pug/mL), and mouse germline stem cells (10 pg/mL)
(Braydich-Stollen et al., 2005; Gopinath et al., 2008; Liu
et al., 2010; Mahmood et al.,, 2010). An in vitro study by
Sur et al. (2010) indicated that lactose-modified AgNPs
enter A549 cancer cells at a higher rate compared to their
entrance into L929 fibroblasts. Using an MTT assay, Liu
et al. (2010) compared the effective concentration (EC50)
values of AgNPs of different sizes (~5 nm, ~20 nm, and
~50 nm) and surface areas on different cell types (A549,
HepG2, MCEF-7, and SGC-7901 cells). The cytotoxicity
rate increased with the reduction of the AgNP size and
increase of surface area. Furthermore, the cells tested by
Liu et al. (2010) differed in cytotoxicity rate. For instance,
the EC, value of AgNPs of ~20 nm in size in MCF-7 cells
was 14.33 + 0.561 pg/mL, while it was 50.94 + 3.85 pg/mL
in SGC-7901 cells. In our study, the size of AgNPs varied
from 16 nm to 20 nm as determined by TEM and AFM
studies. Using a WST-1 cytotoxicity test, we found that the
IC,, value was 40 pg/mL. We determined apoptotic and
necrotic effects induced by AgNPs on MCF-7 cells even
at a concentration as low as 10 pg/mL. Furthermore, the
proliferation of MCF-7 cells was interfered with by AgNPs
in a dose-dependent manner, starting at a concentration
as low as 10 pug/mL. We think that the data generated
through this study will be useful for our proposed future
studies, in which we will focus on PPTT on MCF-7 cancer
cell using AgNPs.

The mechanism of cytotoxicity induced by AgNPs is
also of scientific interest to other researchers. AgNPs are
reported to induce severe structural damage, accumulate
in mitochondria, and contribute to oxidative stress
(Asharani et al., 2009). Zanette et al. (2011) showed
that AgNPs at a concentration of 11-36 ug/mL caused a
reduction in mitochondrial function. Similar results have
been reported in human and rodent liver cells, alveolar
macrophages, mouse dermal fibroblast cells and liver cells,
and mouse germline stem cells (Braydich-Stollen et al.,
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