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Silver  nanoparticles  (AgNPs)  are  an  important  class  of nanomaterial  used  for a wide  range  of industrial  and
biomedical  applications.  Adenium  obesum  is  a  plant  of the  family  Apocynaceae  that  is rich  in toxic cardiac
glycosides;  however,  there  is scarce  information  on  the  anticancer  potential  of its  AgNPs.  We  herein
report  the  novel  biosynthesis  of AgNPs  using  aqueous  leaf  extract  of  A.  obesum  (AOAgNPs).  The  synthesis
of  AOAgNPs  was  monitored  by  color  change  and  ultraviolet–visible  spectroscopy  (425  nm).  It was  further
characterized  by  Fourier  transform  infrared  (FTIR)  spectroscopy,  X-ray  diffraction  (XRD)  and  transmission
electron  microscopy  (TEM).  The  FTIR  spectra  for the  AOAgNPs  indicated  the  presence  of  terpenoids,  long
chain  fatty  acids,  secondary  amide  derivatives  and  proteins  that  could  be  responsible  for  the  reduction
and  capping  of  the formed  AOAgNPs.  X-ray  diffraction  confirmed  the  crystallinity  of  the  AgNPs.  The  TEM
images  revealed  mostly  spherical  particles  in  the  size  range  of  10–30  nm.  The  biological  properties  of  novel
AOAgNPs were  investigated  on MCF-7  breast  cancer  cells.  Cell  viability  was  determined  by  the  MTT  assay.
Generation  of reactive  oxygen  species  (ROS),  DNA  damage,  induction  of  apoptosis  and  autophagy  were
assessed.  A  dose-dependent  decrease  in the cell  viability  was  observed.  The  IC50 value  was calculated
as  217  �g/ml.  Both  qualitative  and  quantitative  evaluation  confirmed  about  a  2.5  fold  increase  in  the

generation  of  ROS  at the  highest  concentration  of 150 �g/ml.  A  significant  (p  <  0.05)  increase  in  the  DNA
damage  evaluated  by  comet  assay  was  evident.  Flow  cytometry  revealed  an  increase  in the  apoptotic  cells
(24%)  in  the  AOAgNPs  treated  group compared  to the  control.  Acridine  orange  staining  of  acidic  vesicles
in  exposed  cells  confirmed  the  induction  of autophagy.  These  findings  suggest  that  AOAgNPs  increased
the  level  of  ROS  resulting  in  heightened  the  DNA  damage,  apoptosis  and  autophagy  in MCF-7  cells.

©  2016  Elsevier  B.V.  All  rights  reserved.
. Introduction

Nanoparticles (NPs) are small sized (1–100 nm)  compounds that
re becoming widespread in consumer products and medical appli-

ations. The nature and unique properties of NPs means that they
ave a wide range of applications, such as in therapeutic com-
ounds, transfection vectors, anti-microbial agents, fluorescent
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labels, deoxyribonucleic acid (DNA) modification, drug delivery
systems, cosmetics and medical devices [1,2]. Silver nanoparti-
cles (AgNPs) are the most commercialized and prominent group
of nano-compounds due to their diverse applications in the health
sector. Recently, various attempts have been made to use AgNPs as
anticancer agents with positive outcomes [3,4]. The mechanisms
for AgNPs induced toxicity may  be related to the production of
excess reactive oxygen species (ROS). The production of ROS and

AgNPs induced DNA damage has previously been reported in HeLa
cells [5], and several other studies have revealed that AgNPs induce
mitochondrial damage, DNA damage, apoptosis, oxidative stress
and impairment of nuclear DNA [6,7].

dx.doi.org/10.1016/j.colsurfb.2016.01.027
http://www.sciencedirect.com/science/journal/09277765
http://www.elsevier.com/locate/colsurfb
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Fig. 1. The ultraviolet–visible spectra of A. obesum silver nanoparticles (AOAgNPs).
The  absorption spectra of AOAgNPs exhibited a strong broad peak at 425 nm (D).
The inset shows a twig of A. obesum (A), and the synthesis of AOAgNPs using the
leaf extract from A. obesum (B,C). (B) The photo shows a container with a solution
of  1 mM AgNO3 with aqueous leaf extract of A. obesum. After exposure for 120 min
M.A. Farah et al. / Colloids and Surfa

A number of approaches are available for the synthesis of AgNPs.
or example, AgNPs can be synthesized by chemical, electrochem-
cal, radiation, photochemical and biological methods [8–11]. Due
o their environmental impact, energy consumption, and use of
oxic chemicals, however, a green approach to the synthesis of
gNPs is preferable [12,13]. The green synthesis of AgNPs has pre-
iously been reported from a wide range of plants [14] including
ome important medicinal plants of the family Apocynaceae such
s Calotropis procera [15] and Nerium indicum [16]. Moreover, some
f the recent reports demonstrate that AgNPs synthesized using the
reen approach, such as from Phyllanthus emblica, Albizia adianthi-
olia, Annona squamosa and Chrysanthemum indicum, have cytotoxic
ffects against various cell lines [17–20].

Adenium obesum (Forssk.) Roem. & Schult. (family Apocynaceae),
ommonly known as ‘Desert Rose’ is primarily an ornamental plant.
ll parts of this plant (including latex) are used in traditional
edicines for the treatment of skin lumps, wounds, earache, rhini-

is, gonorrhoea and infectious diseases. It is also a poisonous plant,
nd therefore used as a pesticide [21]. Previous phytochemical
tudies on A. obesum have revealed that it contains toxic cardiac
lycosides (cardenolides), pregnanes, triterpenes, flavonoids and
arbohydrate [22]. The extract of the aerial part of A. obesum has
reviously been reported to have cytotoxic [23] and anti-influenza
ctivities [24].

Cancer is characterized by invasive and uncontrolled cell divi-
ion and the spread of abnormal cells [25]. Each year 6.7 million
eople worldwide die from different types of cancer. Female breast
ancer is the most common malignant disease among women in
eveloped, as well as in developing countries [26]. Chemotherapy
nd radiotherapy used for the treatment of cancer have serious
nd well-known side effects, such as nausea, anaemia, leukope-
ia, neutropenia, asthenia and low immunity [27]. The alternative
reatment options are very limited due to their resistance to con-
entional chemotherapy and radiotherapy. Although there are a
ide range of cytotoxic agents used in the treatment of breast can-

er, such as doxorubicin, cisplatin and bleomycin, there are various
rawbacks in their use and they are not very efficient [28]. Develop-

ng a biocompatible and more effective method for the treatment
f cancer using nanotechnology and natural products is of great

nterest, therefor.
In this study, the novel, one-step biosynthesis of AgNPs using the

eaf extract of A. obesum at room temperature has been reported for
he first time. The objective of this study is to synthesize AgNPs
sing a green synthesis method, and to characterize the AgNPs
sing ultraviolet–visible spectroscopy (UV–vis), Fourier transform

nfrared (FTIR) spectroscopy, X-ray diffraction (XRD) and trans-
ission electron microscopy (TEM). In addition, we have made an

ttempt to evaluate its anticancer potential by elucidating cyto-
oxic and genotoxic effects on human breast cancer (MCF-7) cells. A
omparison of biosynthesized AgNPs cytotoxicity with crude leaves
xtract and commercial AgNPs has also been made. Since ROS gen-
ration has been shown to play an important role in apoptosis
nduced by AgNPs [29,30], this study used 2,7-dichlorfluorescein-
iacetate (DCFH-DA) assay to determine whether ROS generation
ould be a possible mechanism in the observed cytotoxicity of
OAgNPs. ROS has also been shown to regulate autophagy, a physi-
logically regulated catabolic process, which is not only involved in
nergy homeostasis, organelle turnover and development, but also
n cancer cell death [31]. The comet assay is a promising technique
hat has been applied mainly to the study of single-strand DNA
reaks induced by a variety of toxic agents, including chemical com-
ounds, ionizing radiation and nanoparticles in cells [32,33]. Thus,
n the present study, we employed a well characterized AOAgNPs
hich provide a unique opportunity to investigate the mechanisms

f DNA damage, apoptosis and autophagy induced in MCF-7 cells
hrough ROS generation.
the color of the solution turned from slight yellowish to brown (C), indicating the
green synthesis of AOAgNPs.

2. Materials and methods

2.1. Reagents and consumables

Minimum essential medium (MEM), fetal bovine serum (FBS),
trypsin/EDTA and penicillin-streptomycin were purchased from
Invitrogen (Carlsbad, CA, USA). Analytical-grade silver nitrate
(AgNO3), trypan blue, phosphate buffered saline (PBS), agarose
(low melt), agarose (normal melt), NaCl, Na2EDTA, tris, triton
X-100, NaOH, dimethyl sulfoxide (DMSO), ethidium bromide,
2,7-dichlorofluorescin diacetate, acridine orange, doxorubicin and
AgNPs were obtained from Sigma–Aldrich (St Louis, MO,  USA). The
physical characteristics of the AgNPs according to the manufac-
turers data are; size (≤100 nm), purity (99.5%), trace metal basis,
surface area (5.0 m2/g), density (10.49 g/cc). Annexin-V FITC apo-
ptosis detection kit was procured from BD Biosciences (San Jose,
CA, USA). Cell Titer 96® Non-radioactive cell proliferation assay kit
was obtained from Promega (Madison, WI,  USA). Culture wares and
other plastic consumables used in this study were procured from
Nunc, Denmark.

2.2. Biosynthesis and characterization of silver nanoparticles

The leaves of A. obesum (Fig. 1A) were collected from Riyadh,
Saudi Arabia, and were identified by consulting the herbarium spec-
imens housed at KSUH (Herbarium of King Saud University, Riyadh,
Saudi Arabia). The collected leaf materials were rinsed thoroughly
with tap water to remove extraneous contaminants and then cut
into small pieces and oven-dried at 50 ◦C until the dry weight stabi-
lized. The dried small pieces of leaves were then boiled in a 250-ml
glass beaker along with 200 ml  of Milli-Q deionized water (EMD
Millipore, Billerica, MA,  USA) for 10 min. The aqueous extract was
separated by filtration with Whatman No. 1 filter paper (Maidstone,
UK), and then centrifuged at 1,200 rpm for 5 min  to remove heavy
biomaterials. The extract was stored at room temperature to be
used for the biosynthesis of silver nanoparticles from silver nitrate.
An aqueous solution (1 mM)  of AgNO3 was prepared in 250 mL
Erlenmeyer flasks, and aqueous extract was added for reduction
into Ag+ ions. The reaction (99 ml  1 mM AgNO3 + 1 ml  aqueous leaf
extract) was carried out in darkness in order to avoid photoacti-

vation of AgNO3 at room temperature. The reaction mixture was
kept undisturbed until the slight yellowish solution converted into
a brown color, which indicated the synthesis of AgNPs.
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Characterization of NPs is essential in nanotoxicology research
or a better interpretation of the results [34]. The changes in
olour were therefore recorded along with periodic sampling and
canning by UV–visible spectrophotometry (BioTek, Winooski, VA,
SA) in the wavelength ranging from 300–700 nm for a maxi-
um  of 120 min. Further, the reaction mixture was  centrifuged

t 10,000 rpm for 10 min  and the pellet was dissolved in sterile
istilled water and the AgNPs were washed three times by centrifu-
ation to remove impurities. It was then lyophilized and stored in
crew-capped vials under ambient conditions for further character-
zation and application. FTIR spectra of the samples were measured
PerkinElmer: model spectrum RXI) in the transmittable mode at
he range of 4000–500 cm−1 in KBr pellets. Further, the crystalline
tructures of the synthesized AgNPs were investigated by XRD.
yophilized and powdered samples were used, and the diffrac-
ion patterns were recorded in the scanning mode on an X’pert
ro diffractometer (PANalytical, Almelo, the Netherlands) oper-
ted at 40 kV and with a current of 30 mA,  with Cu/k� radiation
� = 1.5418 Å) in the range of 20–80◦ in 2� angles. TEM was  per-
ormed with a JEM 1101 transmission electron microscope (JEOL,
okyo, Japan) to confirm the size and shape of the AOAgNPs. The
ample was dispersed in ethanol on a carbon-coated copper TEM
rid, and the images were obtained by operating at an accelerating
oltage of 120 kV.

.3. Cell culture and treatments

The MCF-7 human breast adenocarcinoma cell line was obtained
rom American Type Culture Collection (ATCC, Rockville, MD,  USA).
he cells were maintained in MEM  with 15% FBS and 1% peni-
illin/streptomycin in a completely humidified atmosphere with
5% air and 5% CO2 at 37 ◦C. Cells were grown as adherent monolay-
rs in T-25 and T-75 culture flasks. The exponentially growing cells
t 90–95% confluence were harvested using 0.25% trypsin/EDTA
olution and sub-cultured into 6-well or 96-well plates accord-
ng to the experimental requirements. The viability of the cells

as determined by staining with trypan blue [35]. The cells were
ounted using a haemocytometer and diluted in medium at a den-
ity of 1 × 105 cells/ml to be used throughout the experiments. A
tock solution of AOAgNPs and commercially procured AgNP was
repared in PBS at a concentration of 10 mg/ml (w/v) and was
onicated for 15 min  in order to make a well-dissolved AOAgNPs
olution. The stock solution was then diluted in culture medium
o obtain the desired concentrations for cell treatment. Doxoru-
icin (DOX) was dissolved in complete cell culture medium at a
oncentration of 50 �M for use as a positive control.

.4. Cytotoxicity assay

The 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bro-
ide (MTT) colorimetric assay [36] with modification was used to

nalyze the cytotoxic activity of AOAgNPs. A CellTitre 96® non-
adioactive cell proliferations assay kit (Promega, Madison, WI,
SA) was used following the manufacturer’s instructions. Briefly,

he MCF-7 cells (1 × 104 cells/well) were grown overnight in 96-
ell flat bottom cell culture plates, and were then exposed to

ix different concentrations (600 �g/ml, 500 �g/ml, 400 �g/ml,
00 �g/ml, 200 �g/ml and 100 �g/ml) of AOAgNPs and crude
queous leaf extract for 24 h. Cells were also exposed to six dif-
erent concentrations of AgNPs (120 �g/ ml,  100 �g/ ml,  80 �g/ ml,
0 �g/ ml,  40 �g/ ml  and 20 �g/ ml)  for the same duration. In addi-
ion, negative/vehicle controls, and a positive control (DOX) were

lso used for comparison. After the completion of the desired treat-
ent, 15 �l of MTT  reagent, provided in the kit, was  added to each
ell and further incubated for 3 h at 37 ◦C. Finally, the medium
ith MTT  solution was removed, and 200 �l of solubilization solu-
 Biointerfaces 141 (2016) 158–169

tion was added to each well and further incubated for 30 min. The
optical density (OD) of each well was measured at 550 nm by using
a Synergy microplate reader (BioTek, Winooski, VA, USA). Results
were generated from three independent experiments and each
experiment was performed in triplicate. The percentage of cyto-
toxicity compared to the untreated cells was estimated in order
to determine the IC50 value (the concentration at which 50% cell
proliferation is inhibited).

2.5. Morphological changes analysis

Cells were seeded in a 6-well plate at a density of 1 × 105 cells
per well and allowed to grow overnight. Morphological changes
were observed to determine the alterations induced by AOAgNPs
in MCF-7 cells treated with 50, 100 and 150 �g/ mL  concentration
of AOAgNPs for 24 h. After the end of the incubation period, cells
were washed with PBS (pH 7.4) and observed under a phase con-
trast inverted microscope equipped with a digital camera (Olympus
IX51, Tokyo, Japan) at 100× magnification.

2.6. Intracellular reactive oxygen species (ROS) measurement

The generation of intracellular ROS was monitored using DCFH-
DA [37]. The DCFH-DA passively enters into the cell where it reacts
with ROS to form the highly fluorescent compound dichlorofluores-
cein (DCF). For the quantitative estimation of intracellular ROS by
spectrofluorometry, 1 × 104 cells per well were seeded in 96-well
culture plates (black-bottomed) and allowed to adhere overnight
in a CO2 incubator at 37 ◦C. Then, cells were treated with three
different concentrations of AOAgNPs (50, 100 and 150 �g/ ml)  and
incubated for 12 and 24 h at 37 ◦C. At the end of the respective
treatment period, cells were washed twice with PBS and then incu-
bated with 20 �M working solution of DCFH-DA in a serum free
medium at 37 ◦C for 30 min. The reaction mixture was discarded
and replaced by 100 �l of PBS in each well. The green fluorescence
intensity was  detected using a microplate reader at an excitation
wavelength of 485 nm and an emission wavelength of 528 nm.
The values were averaged from multiple wells and expressed as
a percentage of fluorescence intensity relative to the control wells.
Similarly, for the qualitative analysis of intracellular ROS by fluo-
rescence microscopy, imaging was  achieved by seeding the cells on
a cover-slip-loaded 6-well plate at 1 × 105 cells/well. Then, the cells
were treated and processed as indicated above. Finally, after wash-
ing with PBS, the stained cells were mounted onto a microscope
slide in mounting medium and images were collected using appro-
priate filter settings in a compound microscope (Olympus BX41,
Japan) fitted with fluorescence attachment and CCD camera.

2.7. Apoptosis induction assay by flow cytometry

Apoptosis was  measured using flow cytometry to quantify the
levels of detectable phosphatidylserine on the outer membrane
of apoptotic cells [38]. An annexin-V FITC apoptosis detection
Kit was  used for the differentiation of early apoptotic, late apop-
totic and necrotic cells. Briefly, MCF-7 cells at a density of 1 × 105

cells/ml were grown overnight and then incubated with 50, 100
and 150 �g/ml AOAgNPs for 24 h. All adhering cells were har-
vested using trypsin/EDTA solution and then washed twice with
PBS before being transferred to a sterile centrifuge tube (1 × 106

cells/ml). Samples were prepared following the manufacturer

instructions. Annexin-V/Propidium Iodide (PI) fluorescence was
analyzed for each sample using a BD FACSCalibur flow cytometer.
A total of 10,000 events were acquired for each sample and data
were analyzed using Cell Quest Pro software (BD Biosciences).
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.8. Determination of DNA damage

The alkaline comet assay (Single Cell Gel Electrophoresis—SCGE)
as carried out using the method described in Ateeq et al. [39],
hich is based on the original work of Singh et al. [40] with addi-

ional modifications. Briefly, 1 × 105 cells/well were seeded in a
ix-well plate and grown overnight. The MCF-7 cells were then
reated with different concentrations (50, 100 and 150 �g/ ml)  of
OAgNPs for 24 h. After treatment, the cells were trypsinized and
esuspended in cold PBS. About 15 �l of cell suspension (approxi-

ately 10,000 cells) was mixed with 100 �l of 0.75% low melting
garose at 37 ◦C and spread on a frosted glass slide pre- cleaned and
re-coated with a 150 �L layer of normal melting agarose (1.5%).
fter solidification, it was covered with a third layer of 100 �l of

ow melting agarose (0.75%), covered with coverslip and allowed
o solidify on ice for 20 min. The coverslip was  removed gently
nd slide was immersed in freshly prepared ice-cold lysis solution
10 mM Tris pH 10, 2.5 M NaCl, 100 mM Na2EDTA, with 10% DMSO
nd 1% Triton X-100 added just before use) for 2 h at 4 ◦C. Follow-
ng lysis treatment, slides were kept in an alkaline electrophoresis
uffer (300 mM NaOH, 1 mM EDTA, pH > 13) for 20 min  in a horizon-
al gel electrophoresis unit for DNA unwinding and conversion of
lkali-labile sites to single-strand breaks. Electrophoresis was per-
ormed for 20 min  by applying an electric field of 25 V and adjusting
he current to 300 mA.  The slides were neutralized gently with
.4 M Tris buffer at pH 7.5. All preparative steps were conducted in
he dark to prevent additional DNA damage. Each slide was stained
ith 75 �l of 20 �g/ml ethidium bromide solution for 3 min. The

lides were analyzed under 40× objective lens (excitation wave-
ength of 515–560 nm and emission wavelength of 590 nm)  in a
ompound fluorescence microscope.

The extent and distribution of DNA damage was evaluated by
xamining at least 300 randomly selected and non-overlapping
ells (50 cells per coded slide) for each concentration in a blind
nalysis (six slides in each group). These cells were scored visually,
ccording to tail size, into the following five classes: class 0—no
ail; class 1—tail shorter than the diameter of the head (nucleus);
lass 2—tail length 1–2 times the diameter of the head; class 3—tail
ength more than twice the diameter of the head; class 4—no
ead with maximal damage. The total score for 300 comets, which
anged from 0 (all undamaged) to 1200 (all maximally damaged),
as obtained by multiplying the number of cells in each class by

he damage class [33,41].

.9. Detection of autophagy by acridine orange staining

As a marker of autophagy induction, acidic vesicular organelles
AVOs), which consist predominantly of autophagosomes, and
utolysosomes, were analyzed by spectrofluorometry and fluores-
ence microscopy after the cells were stained with acridine orange
AO) [42]. AO is a fluorescent weak base that accumulates in acidic
esicular spaces and fluoresces bright red. The intensity of the red
uorescence is proportional to the degree of AVO formation. For
he quantitative estimation of autophagy, 1 × 104 cells/well were
eeded in 96-well culture plates (black-bottomed) overnight, and
hen treated with three different concentrations of AOAgNPs (50,
00 and 150 �g/ ml)  and incubated for 24 h at 37 ◦C. Then, the cells
ere washed twice with PBS and incubated with 5 �g/ml work-

ng solution of AO in a serum free medium at room temperature
or 15 min  in the dark. The reaction mixture was  discarded and
eplaced by 100 �l of PBS in each well. The intensity of the green flu-
rescence was detected using a microplate reader at an excitation

avelength of 485 nm and an emission wavelength of 528 nm.  The

ntensity of green fluorescence was inversely proportional to the
ormation of AVOs since AO staining increased the red fluorescence
hereby reducing the green fluorescence. The values were averaged
 Biointerfaces 141 (2016) 158–169 161

from multiple wells and expressed as the percentage of fluorescent
intensity relative to the control wells. Similarly, for the fluores-
cence microscopic imaging, the cells on a cover-slip-loaded six
well plate were treated and processed as indicated above. Finally,
the AO stained cells were observed in a fluorescence compound
microscope.

2.10. Statistical analysis

All experiments were carried out with three independent repli-
cates and values are presented as mean ± standard error of mean
(SEM). Data were statistically analyzed using the Student’s t-test
for comparison between the means or using a one-way analysis of
variance with a post-hoc Dunnett’s test, and applying a significance
level of P < 0.05.

3. Results and discussion

3.1. Biosynthesis and characterization of silver nanoparticles

In the present study, the aqueous leaf extract of A. obesum was
used for the green-synthesis of AgNPs. After the addition of aque-
ous leaf extract to AgNO3 solution, the color was  observed to change
from slight yellowish to brown (Fig. 1B,C) over a period of 120 min,
indicating that the A. obesum leaf extract speeds up the biosynthe-
sis of AgNPs, which is consistent with previous reports [43–45].
The color change is due to the excitation of surface plasmon vibra-
tions with the AgNPs [46]. UV–vis spectroscopy is a valuable tool
for structural characterization of AgNPs. It is well known that the
optical absorption spectra of metal nanoparticles are dominated by
surface plasmon resonances (SPRs) that shift to longer wavelengths
with increasing particle size due to the capping agent [47,48]. It is
also well recognized that the absorbance of AgNPs mainly depends
upon their size and shape [49]. In general, the number of SPR peaks
decreases as the symmetry of the nanoparticle increases [50]. The
UV–vis spectra of AgNPs synthesized by A. obesum exhibit dis-
tinct peak at 425 nm,  which is surface plasmon resonance of AgNPs
(Fig. 1D). The UV–vis spectrum recorded after 24 h showed that
there was no increase in the absorption, confirming the comple-
tion of the AgNPs synthesis reaction. The stability of the reaction
solution was  examined for a month by UV–vis spectroscopy and
it was found that the nanoparticles continued to exhibit a peak at
the same wavelength with a similar absorption intensity, confirm-
ing their stability. Similar results have also been reported in AgNPs
synthesized using leaf extracts of Mimusops elengi [51].

Currently, the exact mechanism of silver nanoparticles biosyn-
thesis by plant extracts is not yet fully understood. Only
participation of phenolics, proteins and reducing agents in their
synthesis has been speculated [52]. The reduction and stabilization
of silver ions by combination of biomolecules in the plant extracts
such as proteins, amino acids, enzymes, polysaccharides, alkaloids,
tannins, phenolics, saponins, terpinoids and vitamins which are
already established [53]. In the biosynthesis of AgNPs, capping
agents are used which are absorbed by NPs. These capping agents
are usually organic molecules used to aid stabilization of NPs [18].

A. obesum is a rich source of cardiac glycosides that exhibit a
broad spectrum of biological activities. Fifty chemical constituents
have previously been reported from different parts of A. obesum,
belonging to cardenolides, pregnanes, triterpenes and flavonoids
[21]. FTIR measurements were carried out to identify the potential
biomolecules in the A. obesum leaf that are responsible for reduc-

tion and capping of the bioreduced AgNPs. The FTIR spectra (Fig. 2)
showed certain common absorption bands at 3398 cm−1 that are
characteristic of � (O H) and � (N H) vibrational frequencies.
Vibrational peaks between 2899 and 2977 cm−1 were character-
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Fig. 2. FTIR spectrum of silver nanoparticles synthesized using leaf extracts of A. obesum.
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Fig. 4. (A) Representative transmission electron microscopy image of silver
ig. 3. XRD pattern of biosynthesized AOAgNPs exhibiting the facets of crystalline
ilver.

stic of a � (C H) symmetrical vibration of saturated hydrocarbon.
he vibrational frequency � (C O) was observed in the spectra of
he extracts at 1047 and 1087 cm−1. Deviation from this region
o a higher wave number was observed, which was  indicative of

 secondary amide. These peaks were sharper than the � (O H)
eaks due to a reduction in hydrogen bonds which increased with
lectronegativity. Vibrational peaks at 1654 cm−1 in the extract
ignified the possibility of an aromatic compound. Based on the
hysical state of the extract and the characteristic features of the

nfrared vibrational peaks in the spectra, terpenoids, long chain
atty acids, secondary amide derivatives and proteins were the
ossible compounds on the surface of the obtained NPs. It has
een reported that proteinaceous materials and polyphenols prob-
bly serve as a capping and/or stabilizing agents for the metal NPs
18,54].

The crystalline nature of the AOAgNPs was confirmed by XRD
nalysis. The XRD patterns of the lyophilized AOAgNPs are shown
n Fig. 3. Intense peaks were observed at 38◦ and 43.7◦ in the 2�
ange, which correspond to the (1 1 1) and (2 0 0) reflection planes
f the face-centred cubic (fcc) structure of Ag planes (JCPDS card

le no. 04-0783). The results of the XRD pattern further corrobo-
ate the synthesis of AgNPs, with the sharp bands typical of Bragg
eaks, which may  be due to the stabilization of the synthesized
anoparticles by the various reducing agents present in the A. obe-
nanoparticles after bioreduction with leaf extract of A. obesum. Several fields were
photographed and used to determine the diameter of the NPs. The images revealed
mostly spherical particles in the size range of 10–30 nm (B).

sum leaf extract, thus providing for the crystallinity of the silver
nanoparticles [55].

The TEM micrographs of AOAgNPs reveal polydisperse NPs,
most of which have a spherical morphology, with a size range

of 10–30 nm.  Particle size analysis for 300 NPs revealed homo-
geneous distribution with about 35% of NPs  were in the size
range of 16–20 nm (Fig. 4A–B). The synthesis of NPs through green
approaches provides a flexible control over the size and shape of
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he nanoparticles [56]. In fact, the diversity in the concentration and
omposition of the biologically active components of plant extracts
nd the types of metal salts, the ability to alter the composition
f a reaction mixture and reaction conditions through changes in
he temperature, pH, and inclusion of additives of biological origin
biomatrices), serve to control the size and morphology of nanos-
ructures [56].

.2. Cytotoxicity of AOAgNPs by MTT  assay

The cytotoxic activity of AOAgNPs to MCF-7 cells was  deter-
ined by using the MTT  assay, which can provide information

n cell death, survival and metabolic activities. MCF-7 cells were
reated with concentrations of AOAgNPs in ranging 100–600 �g/ml
or 24 h. A dose-dependent decrease in the percentage of cell
iability was observed in the range of 18–83% with increased con-
entration of AOAgNPs. An IC50 value of 217 �g/ml was obtained
Fig. 5A); and hence, three concentrations below the IC50 value
50, 100, 150 �g/ml) were used in all subsequent assays. In con-
rast, the crude aqueous leaf extract showed milder cytotoxicity,
ith the cell viability being decreased to 46% at the highest con-

entration of 600 �g/ml. An IC50 value of 580 �g/ml was calculated
or the crude leaf extract (Fig. 5A). Cytotoxicity test was also con-
ucted by using commercial AgNPs produced using non-green
ethod. The results revealed a concentration dependent decrease

n the viability of MCF-7 cells from 79% to 29% through 20 �g/ml
o 120 �g/ml concentrations, respectively. The IC50 value was esti-

ated at 73 �g/ml (Fig. 5B). These findings suggest that plant bio
omponents increased AgNPs biocompatibility by reducing the tox-
city of AgNPs (IC50 73 �g/ ml)  when compared to the toxicity of
OAgNPs (IC50 217 �g/ ml). On the other hand, the synthesized
OAgNPs increased the anticancer potential of crude A. obesum

eaves extract (IC50 580 �g/ ml), suggesting that biosynthesized
gNPs will contribute to find alternative chemotherapeutic agent.
he exact mechanism involve in the variations in the above cyto-
oxic effects is not clear. The cytotoxic effects induced by AOAgNPs
s mainly attributed to AgNPs but plant components attached to the
OAgNPs somehow modulated its toxicity.

The MCF-7 cell line has been used previously for various cyto-
oxicity studies with AgNPs and plant extract based AgNPs [17,57].

oreover, a large number of in vitro studies have indicated that
gNPs are toxic to mammalian cells [58–59]. Our results also pro-
ide conclusive evidence for the cytotoxic effect of biosynthesized
gNPs using A. obesum against the breast cancer MCF-7 cell line by
ecreasing the progressive development of cancer cells.

.3. Analysis of morphological changes by phase contrast
icroscopy

The representative image of morphological changes observed
nder phase contrast inverted microscopy in MCF-7 cells after
xposure to 150 �g/ml AOAgNPs for 24 h is shown in Fig. 5D. No
ignificant changes in the morphology were observed in control
ells (Fig. 5C). The cells appeared to have a normal shape, were
ttached to the surface and reached about 95–100% confluence.
onversely, the characteristics of apoptotic cell death were evi-
ent in AOAgNPs treated MCF-7 cells, where cell shrinkage, loss
f cell adhesion, decreased cell density, along with incorporation of
Ps, were clearly observed. The cytotoxic effect of AOAgNPs may  be
ttributed to high content of cardiac glycosides found in A. obesum
21] that might have involved in the reduction process of AOAgNPs.

ardiac glycosides have anti-neoplastic properties and the ability
o induce cell death through several supposed molecular mecha-
isms, like: activation of intrinsic pathway of apoptosis, autophagy,
nd generation of ROS [60,61].
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These findings concord with increasing concern about the use
of nanomaterials in consumer and industrial products due to their
toxicity and their uncertain fate in biological systems [59]; in vitro
studies have reported that AgNPs produced toxicity targeted at a
variety of organs including the lung, liver, brain, vascular system
and reproductive organs. AgNPs have also been shown to induce
the expression level of genes involved in cell cycle progression and
apoptosis [58].

3.4. Determination of intracellular reactive oxygen species (ROS)

ROS play an important role in a variety of normal biochemi-
cal functions, and alterations in their activity leads to pathological
conditions. NPs have been shown to enhance the intracellular ROS
level in many cell lines. To investigate the potential role of AOAgNPs
in inducing oxidative stress in MCF-7 cells, therefore, intracellular
ROS generation was measured by HDCF-DA assay using fluores-
cence microscopy and spectrofluorometry. As shown in Fig. 6(A–D),
after 24 h exposure to AOAgNPs, an increase in the ROS level was
observed in a concentration dependent manner, as reflected by the
enhanced intensity of the green fluorescence compared to the con-
trol. This pattern was also confirmed by quantitative estimation of
fluorescent intensity, where a significant increase (p < 0.05) in the
ROS level was recorded (Fig. 6E). Compared to the control group,
a maximum of 2.4 and 1.7 fold increases in ROS generation was
observed in a 150 �g/ml concentration of AOAgNPs after 24 h and
12 h treatments, respectively. Moreover, consistent with previous
reports that nanomaterials provoke oxidative stress [62,63], the
present results also showed that AOAgNPs induced ROS generation.

Environmental toxicants are known to induce oxidative stress
and alterations in the cellular redox balance. Oxidative stress in
turn plays an important role in many types of cellular injury,
some of which can result in DNA damage, apoptotic cell death and
autophagy [31,64]. It is now well established that AgNPs generate
the formation of ROS, leading to oxidative stress and cytotoxic-
ity. Many studies have implicated intracellular ROS in the signal
transduction pathways leading to apoptosis [65,66]. It has also
been reported that apoptosis induced by exposure to AgNPs was
mediated by oxidative stress in fibroblast, muscle and colon cells
[67,68].

3.5. Apoptosis analysis by Annexin V/PI binding

We quantified the extent of apoptosis in cells labeled with
Annexin-V/PI staining using flow cytometry. Representative dot
plots showed that, for the control group, only 2–5% cells were dead
or undergoing apoptosis, which is a normal event for cells growing
in cultures. After exposure to AOAgNPs, however, the proportion
of early and late apoptotic cells increased significantly (P < 0.05)
as compared with control cells at any dose for 24 h (Fig. 7A).
There were no changes registered in the percentage of necrotic
cell death. A concentration dependent increase in the percent-
age of early and late apoptotic cells were observed with values of
about 4–18% and 11–24%, between 50 �g/ml and 150 �g/ml AOAg-
NPs concentrations, respectively (Fig. 7B). Recent reports have also
identified apoptosis as a major mechanism of cell death in exposure
to nanomaterials [68,69]; however, conflicting results suggest the
involvement of additional parameters in nanoparticle-mediated
cell death [70,71].

3.6. DNA damage detection by comet assay
The ability of AOAgNPs to damage DNA in the MCF-7 cells was
evaluated by alkaline comet assay. The results are presented in
Fig. 8, and show the DNA damage (according to tail length) in MCF-
7 cells exposed to three different concentrations for 24 h. AOAgNPs
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Fig. 5. (A) Cell viability was  determined by MTT  assay. MCF-7 cells were exposed to different concentrations of AOAgNPs and crude leaves extract (100–600 �g/ ml)  for 24 h,
after  which the formazan product was quantified by spectrophotometry. A clear dose-dependent cytotoxic effect was  observed with increasing concentration of AOAgNPs.
An  IC50 value of 217 �g/ml and 580 �g/ml was estimated for AOAgNPs and crude leaves extract, respectively. (B) A dose dependent decrease in cell viability was evident at
the  indicated concentrations of AgNPs. The IC50 value was estimated at 73 �g/ml. (*Significant, p < 0.05). Morphological changes were observed in MCF-7 cells after exposure
to  150 �g/ml AOAgNPs for 24 h. Untreated cells appeared normal in shape, with about 95–100% confluency (C), while loss of cell adhesion, decreased cell density along with
incorporation of AOAgNPs into cells was visualized in the treated sample (D), (magnification 100×).

Table 1
Shows the extent of DNA damage in the form of comet class (measure of comet tail length). Total comet score (TCS) was calculated by the method mentioned in the materials
and  methods section.

Treatments (�g/ml) No. of cells observed Comets per damage class Total comet score (TCS)

0 1 2 3 4

Control 300 277 21 2 0 0 25
Dox  (50 �M) 300 221 61 8 10 0 107*

50 300 220 80 6 1 0 95*

100 300 196 82 13 9 0 135*

98 

w
c
i
i
F
l
T
t

150 300 170 

* Significant (p < 0.05).

ere significantly genotoxic to the MCF-7 cells, as noted by the con-
entration dependent increase in DNA fragmentation. Microscopic
mages confirmed that comet tail lengths were significantly longer
n treated cells (Fig. 8B–D) as compared to control cells (Fig. 8A).

urthermore, to quantify and distinguish different DNA damage
evels, an evaluation of the total comet score (TCS) was  performed.
he TCS for each experimental group, including positive and nega-
ive controls are presented in Table 1 and Fig. 8E. All concentrations
19 8 5 180*

of AOAgNPs induced statistically significant (p < 0.05) DNA damage
after 24 h of treatment. The maximum comet score of 180 was esti-
mated in the 150 �g/ml treatment group, compared to 25 in the
negative control group. At lower concentration, most of the dam-

age was minor (class 1), but cells treated with high concentrations
showed extensive damage (class 2 and 3), while the control groups
contained mostly undamaged cells (class 0).
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Fig. 6. Detection of intracellular ROS by the measurement of fluorescent intensity and fluorescence microscopy (A–D). MCF-7 cells were exposed to different concentrations
o or 20 m
b xperim
( Signifi

i
t
t
w
a

f  AOAgNPs for 12 and 24 h and the cells were then incubated with 10 �M DCF-DA f
lue  filter. Representative images of cells treated for 24 h from three independent e
excitation = 485 nm,  emission = 530 nm). The values are expressed as mean ± SE, (*

Highly reactive hydroxyl radicals attack cellular components
ncluding DNA, lipids, and proteins to cause various kinds of oxida-
ive damage [72,73]. AgNPs have been found to increase the DNA

ail length in a comet assay, which measures DNA strand breaks, as
ell as alkali labile sites [74,75]. AgNPs induced DNA breakage was

lso detected in cell lines using the comet assay [76,77].
in  followed by washing. They were examined by fluorescence microscopy using a
ents are shown. (E) Fluorescent intensities were measured for green fluorescence

cant, p < 0.05).

3.7. Detection of autophagy by acridine orange staining

Autophagy is a physiologically regulated process that, under

certain stress conditions, allows degradation of the cytoplasmic
contents including unfolded proteins and membranous organelles
[78]. There is an increasing body of evidence showing a link
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Fig. 7. Flow cytometry analysis to determine the PS translocation in MCF-7 cells (Annexin V–FITC assay). MCF-7 cells were harvested after the desired treatment, incubated
with  Annexin V/PI and analyzed by flow cytometry. (A) Representative dot plots are shown where the percentage of viable cells, early apoptosis, late apoptosis and necrosis
cells  are evident after exposure to different concentrations of AOAgNPs. (B) The data were represented as mean ± SE from three independent experiments. A dose-dependent
increase in apoptosis was  observed in treated cells.
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F h AOA
C  avera
s nted a

b
g
e
A
t
c

ig. 8. DNA-damage evaluations by comet assay in MCF-7 cells after treatment wit
ontrol with no damage, (B) 50 �g/ ml  with minimal damage, (C) 100 �g/ ml with
core  was calculated as mentioned in the materials and methods section and prese

etween ROS and autophagy, in which ROS generation could trig-
er autophagy [31]. In the present study, therefore, we sought to
lucidate the role of ROS and autophagy in determining the fate of

OAgNPs treated MCF-7 cells. Acridine orange was  used to detect

he acidic vesicular organelles (AVOs). Concentrated AO in the vesi-
les fluoresces bright red, whereas the cytoplasm and the nucleus
gNPs for 24 h. Representative images of different classes of comets are shown. (A)
ge damage, and (D) 150 �g/ ml with higher damage, respectively. The total comet
s mean ± SE from three independent experiments (E), (*Significant, p < 0.05).

show a dominant green fluorescence. Staining of MCF-7 cells
revealed the appearance of AVOs after treatment with AOAgNPs for
24 h. Fluorescence microscopy images revealed that untreated cells

exhibited limited AVOs in the cytoplasm and showed green fluores-
cence with minimal red fluorescence (Fig. 9A). On the contrary, the
majority of the cells treated with AOAgNPs exhibited more AVOs
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Fig. 9. Induction of autophagy was determined by fluorescence microscopy after acridine orange staining in MCF-7 cells treated with AOAgNPs for 24 h. (A) control cells with
n toplas
q ed in 

f
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a
r
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r
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m
c
c
a
t
i
c
a
t
a
t
i
d
c

o  red fluorescence, (B) treated cells displayed extensive red fluorescence in the cy
uantified by spectrofluorometry (C). A decrease in green fluorescence was  observ

rom  three independent experiments, (*Significant, p < 0.05).

n the perinuclear region of the cytoplasm (Fig. 9B). Quantitative
nalysis of AO staining verified that AOAgNPs triggered a signifi-
antly higher percentage of cells with AO than the untreated group
fter 24 h exposure, since the intensity of green fluorescence was
educed (Fig. 9C).

It has been suggested that the cells exposed to excessive ROS due
o treatment with AgNPs may  have impaired autophagic function,
esulting in the accumulation of damaged organelles, such as mito-
hondria, which can induce oxidative stress, inflammation and DNA
amage [59]. Autophagy dysfunction is recognized as a potential
echanism of cell death, resulting in either apoptosis or autophagic

ell death [79]. Previous studies have demonstrated that nanoparti-
les from various sources [80–82] including AgNPs [59], can induce
utophagosome accumulation in treated cells. Cancer cells, with
heir higher metabolic rate, even at basal conditions, would result
n high intracellular ROS concentrations. This in turn puts cancer
ells under increased oxidative stress, making them more vulner-
ble to ROS-mediated attack and cell death [83]. ROS selectively
arget malignant in preference to normal cells for induction of
utophagy, a fact that has important implications for anticancer
herapy [78]. The role played by autophagy in cell death is of great
nterest because the potential ability of autophagy to modulate cell
eath makes it a therapeutic target in several diseases, including
ancer and neurodegeneration [84].
m which represents acidic vesicular organelles (AVO). The formation of AVOs was
treated cells due to the formation of AVOs. The data were presented as mean ± SE

4. Conclusions

This investigation has demonstrated the potential of A. obesum
as a biological reducing agent and capping agent for the synthesis of
AgNPs. This approach has several advantages which provide for the
combined use of two anticancer agents (A. obesum leaves extract
and AgNPs) at low cost and short time. AOAgNPs were able to
reduce the viability of the MCF-7 cells in a dose-dependent manner.
Furthermore, AOAgNPs enhanced the intracellular levels of ROS
and induced DNA damage, apoptosis and autophagy. Moreover, the
IC50 value of AOAgNPs (217 �g/ml) was  found to be reduced com-
pared to that of the crude extract (580 �g/ml), whereas AgNPs were
found to be toxic at very low concentrations (IC50 73 �g/ml). These
results suggest that the capping agent from A. obesum increases
the anticancer therapeutic potential of crude extract as well as bio-
compatibility of AgNPs by reducing its toxicity. These findings will
find its application in modulating the general toxicity of AgNPs
produced using non-green method. Biosynthesized AgNPs could
play an important role in improving their bioavailability as well as
compatibility for therapeutical applications in disease like cancer.
The exact mechanism through which AOAgNPs exert their effects
on MCF-7 cells is not fully understood. Further in vitro studies are
required to elucidate the precise mechanism and to ascertain if the
effects of AOAgNPs are consistent in other cancerous cell lines.
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