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Abstract
Treatment of cancer has been limited by the poor efficacy and toxicity profiles of available drugs. There is a growing demand to
develop alternative approaches to combat cancer such as use of nano-formulation-based drugs. Here, we report biosynthesis and
characterization of silver nanoparticles (AgNPs) with papaya leaf extract (PLE) and its anti-cancer properties against different
human cancer cells. Purified nanoparticles were characterized by standard techniques, such as TEM, STM, SEM, EDS, XRD,
and FTIR. Furthermore, cytotoxic activity of AgNPs-PLE was carried out against different human cancer cells and non-
tumorigenic human keratinocytes cells. AgNPs-PLE when compared with AgNPs-citric acid or PLE showed better efficacy
against cancer cells and was also relatively less toxic to normal cells. Treatment of DU145 cells with AgNPs-PLE (0.5–
5.0 μg/ml) for 24–48 h lowered total cell number by 24–36% (P < 0.05). Inhibition of cell growth was linked with arrest of cell
cycle at G2/M phase at 24 h, while G1 and G2/M phase arrests at 48 h. ROS production was observed at earlier time points in
presence of AgNPs-PLE, suggesting its role behind apoptosis in DU145 cells. Induction of apoptosis (57%) was revealed by AO/
EB staining in DU145 cells along with induction of Bax, cleaved caspase-3, and cleaved PARP proteins. G1-S phase cell cycle
check point marker, cyclin D1was down-regulated along with an increase in cip1/p21 and kip1/p27 tumor suppressor proteins by
AgNPs-PLE. These findings suggest the anti-cancer properties of AgNPs-PLE.
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Introduction

There were 8.2 million cancer-related deaths and 32.6 million
people living with cancer [1]. Incidences of new cancer cases
are estimated to increase by 70% in the coming 2 decades [2].
Among different cancers, lung cancer has the highest inci-
dence and mortality rate in both male and female [3, 4]. In
addition, breast cancer is also leading cause of death in female
followed by prostate cancer in male. Around 40,920 deaths of
women are estimated in the USA alone in 2018 [3, 5].
Approximately, 20% of death was due to prostate cancer
among men especially in America, while in Europe, it is one
of the most frequent cancers in the year 2018 [6]. Currently,

various systemic treatments are employed such as surgery,
chemotherapy, radiotherapy, and hormone therapy; however,
mortality and morbidity could not be reduced [7, 8]. In addi-
tion, these therapeutics are linked to severe side effects such as
toxicity to normal cells/tissues, vomiting, nausea and hair loss,
and development of resistance [9, 10]. With the aim to avoid
these undesirable effects, many medicinal and herbal plant
extracts have been investigated for their potential antitumor
activities [11]. Although plant extracts or phytochemicals
could potentiate cancer treatment, there are some limitations
such as bioavailability and poor solubility [12]. In this context,
nano-biotechnology could play a noteworthy role to overcome
the limitations of conventional treatment strategies.

Advantages associated with green synthesized eco-friendly
and biocompatible silver nanoparticles using fungi, bacteria,
and plants have larger scope when compared with the conven-
tional method for metallic nanoparticles preparation [13–16].
Furthermore, green synthesis using plants appears to be faster
and is able to produce quite rapidly AgNPs compared with
bacteria and fungi [17]. Plant extracts have outstanding prop-
erties for the fabrication of metal-based nanoparticles such as
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silver and gold [18–20]. However, the constituents which are
the key players in plant extracts that lead to the synthesis of
nanostructure are yet to be established [21]. Synthesis of nano-
particles mediated by plant extract is more beneficial as the
tedious process of cell-mediated biotransformation can be
skipped and would be suitable for large scale production in
addition to being simplistic, lower cost, environment friendly,
and safe for human therapeutics [18]. Among different types
of nanoparticles, AgNPs being used as therapeutic agent
against various diseases such as anti-parasitic, anti-malarial,
bactericidal, fungicidal, and anti-cancer [22]. Plant extracts
have already been used successfully for the biosynthesis of
AgNPs [22–28]. The higher surface area to volume ratio of
the AgNPs is predictable to increase its cytotoxic activity.
Therefore, smaller size of AgNPs showed greater penetration
ability than the larger one and cause more toxicity to cancer
cells [29, 30].

AgNPs synthesized with various plant materials have
shown anti-cancer effects against the lung cancer A549
cells [31], lymphoma mouse model [23], MCF-7 cells
[32], human cervical carcinoma cells [33], Dalton’s lym-
phoma (DL) cells and colon adenocarcinoma Colo205
[34], and human hepatoma HepG2 cells [35]. Recent
meta-analysis study based on green synthesized nanopar-
ticles using microbial or plant extracts had shown prom-
ising anti-cancer effects against different types of cancer
cells with negligible toxic impact on normal cells [36].
Biosynthesis of AgNPs (size ranged from 2 to 20 nm)
using neem leaf extract and its cytotoxic activity against
human cervical cancer cells (SiHa) has been evaluated
[16]. Recently, He and colleagues [37] have shown bio-
synthesis of AgNPs using peel extract of Dimocarpus
longan Lour and evaluated its cytotoxicity on human
prostate cancer PC-3 cells. Otsuki and co-workers report-
ed the effect of Carica papaya extract on the enhanced
production of Th1 type cytokines from human lympho-
cytes [38]. Furthermore, the leaf extract of papaya was
reported to suppress the growth of oral squamous cell
carcinoma (SCC25) cells [39]. The previous study has
been reported that biosynthesis of silver nanoparticles by
using Carica papaya leaf having antibacterial activity
[40], but its effect on molecular changes in the prostate
cancer cells is unexplored yet.

Herein, AgNPs were synthesized using papaya leaf ex-
tract (PLE) and investigated for its anti-cancer potential
against various human epithelial cancer cells including
prostate carcinoma (DU145), lung carcinoma (A549),
breast carcinoma (MCF-7), and epidermoid carcinoma
(A431) cells together with a non-tumorigenic HaCaT
cells. To the best of our knowledge, this is the first study
to (i) evaluate its anti-cancer potential against various
cancer cells and (ii) explore the associated biological
events in prostate cancer cells.

Materials and Methods

Materials

Fresh leaves of papaya were obtained from the Jawaharlal
Nehru University campus, New Delhi. Silver nitrate was pur-
chased from Merck India Ltd. Other chemicals and solvents
used were of analytical grade.

Preparation of Carica papaya Leaf Extract (PLE)

Healthy fresh Carica papaya leaves were collected from av-
erage height of female plant. Collected leaves were washed
multiple times with tap water followed by distilled water.
Whole leaves were allowed to get air-dried and grinded using
mortar and pestle to get powder. Every 20 g of leaf powder
was mixed with 400 ml of water and kept at 60 °C until 50 ml
water is left. Extracts were subsequently filtered through using
Whatman filter paper followed by 0.22-μm filter
(MILLIPORE) and stored at 4 °C. This sterile aqueous papaya
leaf extract was used further for the synthesis of AgNPs-PLE.

Synthesis of Silver Nanoparticles Using Citric Acid

Silver nanoparticles were synthesized by the reduction of sil-
ver nitrate solution and initiated by mixing of aqueous solu-
tion of AgNO3 (1 mM) and citric acid (2.5 mM) and by
heating the reaction solution (100 °C) with continuous stirring
on the magnetic stirrer as described earlier with slight modi-
fication [41]. Synthesis of silver nanoparticles was monitored
by UV-visible spectroscopy.

Fabrication of AgNPs with Papaya Leaf Extract

Fabrication of the AgNPs was done by mixing 200 μl of
aqueous solution of papaya leaf extract in 10 ml of freshly
prepared silver nitrate solution (1 mM). Solution was incubat-
ed in water bath at 50 °C, while pH value of solution was 8.
Aliquot was taken at regular time interval and the biosynthesis
of AgNPs was observed by UV-vis spectroscopy (300-
900 nm) (Hitachi spectrophotometer 625) ran at a resolution
of 1 nm. AgNO3 and papaya leaf extract (PLE) solution were
used as controls. The fabrication of AgNPs was similarly in-
vestigated as a function of time, concentrations of PLE and
silver ions, and pH.

Purification of AgNPs-Citric Acid and AgNPs-PLE

The AgNPs were isolated and purified as reported earlier [42].
Briefly, AgNPs were isolated after completion of reaction
using centrifugation (5000 rpm, 15 min, 4 °C). The obtained
supernatant was removed carefully and the pellet was washed
four times with MQ water, to ensure removal of all Ag + ions.
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Further pellet was air-dried and used for characterization stud-
ies [43]. Different concentrations of AgNPs-PLE were pre-
pared for biological studies as described earlier [44].

Characterization of AgNPs-Citric Acid and AgNPs-PLE

Characterizations of AgNPs-PLEwere carried out bymethods
as reported earlier [44, 45], and detailed below.

UV-vis Spectroscopy Primary characterization of the AgNPs-
citric acid and AgNPs-PLE synthesis process was carried out
using UV-vis spectroscopy (Hitachi spectrophotometer 625)
worked at a resolution of 1 nm. The bioreduction of silver ions
(Ag+) to silver atom (Ag°) was monitored by measuring the
spectra of the reaction medium at regular intermission.

Transmission Electron Microscopy Briefly, sample for trans-
mission electron microscopy (TEM) was prepared by drop
coating of sonicated solution of AgNPs-citric acid and
AgNPs-PLE on to the carbon coated copper TEM grids.
TEM measurements were accomplished on a JEOL, F2100
instrument operated at an accelerating voltage at 200 kV.

Scanning Electron Microscopy Scanning electron microscopy
(SEM) images were obtained using an EVO 40 instrument
(ZEISS, Germany). The sample was placed on a carbon tape
and then coated with a thin layer of gold using a sputter coater.
An Energy-Dispersive X-ray spectroscopy (EDS) spectrum
was taken along with SEM for elemental analysis of above
prepared sample.

Scanning Tunneling Microscopy Scanning tunneling micros-
copy (STM) was carried out using Nanosurf Easyscan 2
(Switzerland) working in air at room temperature. The sample
for STM was prepared by suspending 1 mg of dry powder of
AgNPs-PLE in 10 ml of ethanol. After sonication, a drop of
the solution was put on platinum coated substrate. The sample
was examined after air drying under STM microscope. For
this experiment, constant current mode was used.

Fourier-Transform Infrared Spectroscopy Spectra of AgNPs-
PLE and papaya leaf extract were recorded on a Fourier-
transform infrared spectroscopy (FTIR) spectrometer
(PerkinElmer). FTIR spectroscopy was obtained using KBr
pellets. In order to obtain good signal to noise ratio, thirty-
two scans of samples were taken in the range 400–
4000 cm−1and the resolution was kept as4.0 cm−1.

X-ray Diffraction X-ray diffraction (XRD) spectrum of
AgNPs-PLEwas recorded by X’Pert Pro X-ray diffractometer
(PANanlytical BV) by operating X-ray tube at 45 kV and
35 mA, and the radiation used was Cu-Kα.

Cell Culture and Treatment

Human prostate carcinoma (DU145), lung carcinoma (A549),
breast carcinoma (MCF-7), skin carcinoma (A431), and hu-
man keratinocytes (HaCaT) cells were obtained from ATCC
(Manassas, VA). First three cell lines were grown as adherent
monolayer in RPMI 1640 (Roswell Park Memorial Institute)
media (Himedia Laboratories) added with fetal bovine serum
(10%) and penicillin-streptomycin (1%), while A431, HaCaT
cells cultured and maintained in DMEMmedium supplement-
ed with 10% fetal bovine serum (Gibco™ Fetal Bovine
Serum, qualified, Brazil) and 1% penicillin-streptomycin.
Cells were cultured at 37 °C and 95% humidified incubator
with 5% CO2, and maintained by sub-culturing the cells twice
a week. All the cells were treated with different concentration
of AgNPs-PLE (0.5, 1, 2.5, and 5 μg/ml of medium) for 24
and 48 h whereas PBS was used as control.

Cell Growth and Viability Assays

DU145 cells were seeded at 1 × 105 in each 60-mm culture
dishes and incubated at 37 °C overnight. Furthermore, cells
were treated with different concentrations of the AgNPs-PLE
(0, 0.5,1, 2.5, and 5 μg/ml medium) for 24 h and 48 h. After
desired treatments, the attached cells were removed after brief
trypsinization and washed with PBS twice, then gently mixed
with trypan blue dye and counted using hemocytometer as
described earlier [46]. Trypan blue determines viable and dead
cells. Each set of treatment was done in triplicates and the
experiment was repeated twice. Furthermore, MTT assay
was carried out to assess the growth inhibitory effect of
AgNPs-PLE, on DU145, A549, MCF-7 A431, cells as de-
scribed earlier [16]. In another set of experiment, DU145
and HaCaT cells were treated at concentration of the PLE,
AgNPs-citric acid, and AgNPs-PLE (5 μg/ml) for 24 h, and
MTT assay was performed.

Flow Cytometry Analysis of Cell Cycle Progression

DU145 cells were seeded likewise as cell growth and viability
assay and treated with AgNPs-PLE. At the completion of each
treatment, total cells were collected and processed for cell
cycle analysis as reported earlier [47].The cell suspension pre-
pared from the treated plates was centrifuged at 1500 rpm for
5 min. The supernatant was removed and the pellet was
washed with PBS buffer and re-suspended in 0.5 ml
saponin-propidium iodide (PI) cocktail solution [0.3% sapo-
nin (w/v), 25 mg/ml PI (w/v), 0.1 mM EDTA, and 10 mg/ml
RNase A (w/v) in PBS buffer] in dark. All tubes were incu-
bated at 4 °C for overnight in dark. The data was acquired
using the CellQuest software in a FACS Calibur (Becton
Dickinson, USA) for 10,000 events per sample and analyzed
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using the WinMDI software after suitable gating, to know the
cell percentage in each phase of the cell cycle.

ROS Measurement

To measure ROS production, DU145 cells were seeded at a
density of 8 × 103 cells per well in 96-well culture plate. After
24 h, cells were pretreated with 10 μMDCFHDA reagent and
incubated for 30 min. DCFHDA was removed and washed
twice with serum free media. NAC treatment was given at a
concentration of 5 mM for 5 h prior to H2O2 and AgNPs-PLE
(2.5 and5μg/ml) exposure. Further ROS production was mea-
sured by a multi-plate reader (Varioskan Flash, Thermo
Scientific) in terms of fluorescence intensity (excitation filter
at 485 nm and emission filter at 530 nm) at 30 min, 1 h, 3 h,
6 h, 12 h, and 24 h respectively [48].

Quantification of Apoptotic Cells by Acridine
Orange/Ethidium Bromide Staining

DU145 cells were seeded at a density of 1 × 105 cells per 60-
mm culture plate. Cells were treated with 0.5, 1, 2.5, and
5 μg/ml concentrations of AgNPs-PLE in the culture medium.
After the treatment periods, i.e., 24 h and 48 h, cells were
collected by trypsinization. Twenty-five microliters of each
cell suspension was aliquoted into a microcentrifuge tube
placed on ice. One microliter of a dye mixture containing of
100 μg/ml acridine orange (AO) and 100 μg/ml ethidium
bromide (EtBr) prepared in PBS buffer was mixed to cell
suspension. Ten microliters of the dye-cell mixture was visu-
alized under a fluorescent microscope (Nikon Eclipse Ti-S;
Nikon Corp., Tokyo, Japan) and pictures were taken at ×
200 using a blue filter for AO stain, green filter for EtBr stain
and later both images were merged for a final image as report-
ed earlier [49].

Cell Lysis and Immunoblotting

At the end of the treatment, cells were lysed with cell lysis
buffer (containing protease and phosphatase inhibitors) to ob-
tain whole cell lysate protein. Quantification of the protein
was done by Bradford method and 50 μg of protein per lane
was loaded on a 12% SDS-PAGE, resolved, and transferred
onto PVDF membrane. To detect the expression of different
proteins, the membrane was incubated with the specific pri-
mary and their respective secondary antibodies. Anti-Cyclin
D1 was obtained from Santa Cruz Biotechnology, USA,
whereas anti-p21, anti-p27, anti-Bax, anti-cleaved caspase-3,
and anti-cleaved PARP antibodies were purchased from Cell
Signaling Technology, USA. The secondary antibodies for
anti-mouse and anti-rabbit were procured from Sigma
Aldrich. The blots were developed using enhanced

chemiluminescence from Merck Millipore (Billerica, MA)
and the exposure was captured on X-ray film [50].

Statistical Analysis

Results were statistically analyzed using GraphPad prism ver-
sion 5 as mean ± standard error of experiment performed in
triplicates. Statistical differences were evaluated using a one-
way analysis of variance (ANOVA) with Dunnett’s test or
Bonferroni’s multiple comparison test. Differences were con-
sidered to be statistically significant at a level of P < 0.05.

Results

Synthesis and Characterization of AgNPs-Citric Acid
and AgNPs-PLE

The UV-visible spectroscopy confirmed synthesis of silver
nanoparticles using citric acid (Fig. 1a). Absorption maxima
at 419 nm revealed controlled shape and size of synthesized
nanoparticles. Optical property of AgNPs-PLE was periodi-
cally analyzed using UV–vis spectroscopy. The absorption
spectrum of AgNPs-PLE solution was originated due to the
surface plasmon resonance (SPR) [44]. In order to get desired
size and shape of AgNPs, optimization of parameters during
synthesis is a crucial step. When the extract of papaya leaves
was slowly mixed with the freshly prepared silver nitrate so-
lution, the solution turned into brown in color within 15 min
(inset of Fig. 1b). The silver SPR centered at 427 nm with
increasing intensity until 120 min (Fig. 1b). However, at
135 min, a small reduction in absorption intensity was ob-
served. This tendency is attributed to the aggregation of nano-
particles during biosynthesis and is consistent with earlier re-
ports [44, 51].

Another important parameter which affects the formation
of AgNPs-PLE was the concentration of PLE. The reaction
solutions containing 50 μl, 300 μl, and 400 μl of PLE with
1 mM silver nitrate solution developed a light yellow brown
color, while those containing, 100 μl and 200 μl of PLE
developed darker reddish-brown color (inset of fig. 1c).
The peak of SPR of AgNPs-PLE was comparably intense
and the sharp peak intensity was found at 200 μl of PLE
(Fig. 1c). When the concentration of the leaf extract in-
creased, the AgNPs-PLE synthesis was also increased, but
at higher concentration of the leaf extract decrease in the
synthesis was observed. Mishra and colleagues (2013) have
shown that the ratio of phytoconstituent molecules influ-
ences the AgNP formation. Similar reports were also ob-
served with Azadirachta indica (Neem) leaf extract [52],
and Ashoka leaf extract [44]. Variation in the metal-salt con-
centration is also identified to effect nanoparticle synthesis
[53]. However, in our study, the concentration of silver ions
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for synthesis of AgNPs-PLE was also observed as a crucial
parameter. When silver salt concentrations of 0.1 mM,
0.5 mM, 0.75 mM, 1 mM, and 2 mM mixed and incubated

with the PLE solution separately, yellowish-brown and light-
brown colors were noticed at silver salt (AgNO3) concentra-
tions of 0.1 and 0.5 mM, while reddish-brown color with

Fig. 1 a Synthesis of silver nanoparticles (AgNPs) using citric acid alone.
b Optimization of AgNPs synthesis by PLE. Effect of incubation time:
UV-vis spectra analysis of AgNPs-PLE synthesized at various time inter-
vals i.e. from 15 to 135 min. c Effect of PLE concentration: The

concentration of the leaf extract was varied from 50 μl to 400 μl per
10 mL of reaction volume. d Effect of silver ion concentration: the con-
centration of silver ion ranges from 0.1 to 2 mM. e Effect of pH: UV-vis
spectral analysis of the AgNPs-PLE at various pH (3 to 11)
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darker shades was observed at 1.0 to 2.0 mM concentrations
of silver salt (inset of Fig. 1d). The SPR spectra of AgNPs-
PLE became more distinctive with increased silver salt con-
centration and the maximum peak absorbance was attained at
1 mM of silver ions (Fig. 1d).

Change in the pH of solution influences the size and shape
of the nanoparticles. Charge of biomolecules could be altered
after change in pH, which might affect their capping and sta-
bilizing capabilities during synthesis of nanoparticles.

Intensity and color of reaction mixture were pH-dependent
as reported earlier [36, 44].When the biosynthesis of
AgNPs-PLE was carried out at pH 3.0 and 4.0, neither con-
siderable change in color nor characteristic SPR spectra of
AgNPs-PLE was obtained (inset of Fig. 1e), while at pH
values of 6.0 and 7.0, a gradual increase in the intensity of
color of solution was observed. Maximum absorbance was
observed at pH 8.0 (Fig. 1e). When pH of reaction solution
varied from 9.0 to 11.0, SPR peaks were decreased due to

Fig. 2 a TEM image of AgNPs-citric acid and AgNPs-PLE. b Sample
was prepared by drop coating of sonicated solution of AgNPs-PLE on to
carbon coated copper TEM grids. TEM measurements were operated at
an accelerating voltage at 200 kV. c STM image of AgNPs-PLE. The
sample for STM was prepared by suspending 1 mg of dry powder of
AgNPs-PLE in 10 ml of ethanol. The sample was examined after air

drying under STM microscope. For this experiment, constant current
mode was used. d SEMmicrograph of AgNPs-PLE. Images were obtain-
ed using an EVO 40 instrument (ZEISS, Germany). The sample was
placed on a carbon tape and then coated with a thin layer of gold using
a sputter coater. e EDS of AgNPs-PLE. An EDS spectrum was taken
along with SEM for elemental analysis
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change in the charges of biomolecules. Our results were also
supported by the earlier reports [36, 54].

Microscopic Characterization TEM analysis of chemically
synthesized AgNPs-citric acid was observed round in shape
and range between 10 and 25 nm (Fig. 2a). The size and shape
of AgNPs-PLE were analyzed using TEM, STM, and SEM.
Sizes of the AgNPs-PLE estimated from TEM image were in
the range of 10–20 nm (Fig. 2b). The images captured of
AgNPs-PLE using STM (Fig. 2c) showed that the surface is
smooth and spherical. STM data analysis also showed a good
agreement with the TEM analysis. The SEM micrographs of
AgNPs-PLEwere analyzed to observe the topographical char-
acteristics and shape. SEM data analysis shown particles are
almost spherical in shape with uniform distribution (Fig. 2d).

Spectroscopic Characterization EDS analysis of the AgNPs-
PLE revealed the presence of silver (Ag), oxygen (O), sul-
fur (S), and chlorine (Cl) elements (Fig. 2e). Carbon peak
was also observed which would be due to its presence in
the grid [55]. It has been already reported that AgNPs
neem leaf extract synthesized were bound by a thin layer
of capping organic material [56]. In order to know the
possible role of biomolecules during synthesis of AgNPs,
FTIR of PLE and AgNPs-PLE were carried out. FTIR
spectra analysis showed the presence of different function-
al groups which existed on AgNPs-PLE and crude
C. papaya leaf extract (Fig. 3a). It can be observed that,
in contrast to the extract, the AgNPs-PLE showed signifi-
cant changes in their respective vibrational spectrum. The
absorption peaks at 3745and 3318 cm−1were observed in
the leaf extract due to OH stretching vibration, which could
not be observed in the AgNPs-PLE. Absorbance is
accredited to N–H or C=O stretching vibration band indi-
cating the presence of flavonoids or proteins [57]. The
band showing at 1646 cm−1 was present in the AgNPs-
PLE and papaya leaf extract which corresponds to the C–
N stretching of amide I bands or phenols/amines or aliphat-
ic amines [57]. The infrared bands at 1565 and 1411 cm−1

were characteristics of amide bond [58]. To know the crys-
talline nature of AgNPs-PLE, we further carried out XRD.
The XRD analysis of the purified powdered particles
showed Bragg’s reflections which is the characteristic of
metallic silver nanoparticles (Fig. 3b). The data showed
diffraction peaks at 2θ values 32.173°, 38.039°, 64.393°,
77.358°, and 81.55°, corresponding to the (111), (200),
(220), (311), and (222) planes of AgNPs-PLE in a cubic
phase, respectively. Two unassigned peaks (marked with
star) were observed in the XRD spectrum of AgNPs-PLE
and it may be due to the crystallization of bioorganic phase
during synthesis of the AgNPs-PLE. Our findings were
also supported by the earlier published studies [56, 59].

AgNPs-PLE Inhibits Growth and Survival of Various
Epithelial Cancer Cells

To study the cytotoxic effect of AgNPs-PLE, DU154, A549,
MCF-7, A431 cells were treated with different concentrations
of AgNPs-PLE for 24 h and MTT assay was performed (Fig.
4a–d). Result shows that treatment with 5 μg/ml AgNPs-PLE
decreases cell viability by 74% in DU145 cells, 29% in A549
cells, 51% inMCF-7 cells, and 36% in A431 cells. In previous
report, silver ion showed hemolytic activity up to 10 μg/ml,
while plant extract mediated AgNPs showed no hemolytic
activity up to 40 μg/ml [44]. On the basis of this observation,
we further treated DU145 and HaCaT cells with 5 μg/ml
AgNPs-PLE, PLE, and AgNPs-citric acid for 24 h and deter-
mined cell viability. AgNPs-PLE showed more significant
cytotoxic effect on DU145 compared with PLE or AgNPs,

Fig. 3 a FTIR spectra of PLE and AgNPs-PLE.FTIR spectroscopy was
done using KBr pellets. To obtain good signal to noise ratio, 32 scans of
AgNPs-PLE were taken in the range 400–4000 cm−1and the resolution
was kept as4.0 cm−1. b X-ray diffraction of powdered AgNPs-PLE.XRD
spectrum of AgNPs-PLE was recorded by X’Pert Pro X-ray diffractom-
eter (PANanlytical BV) by operating X-ray tube at 45 kV and 35mA, and
the radiation used was Cu-Kα
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while non-tumorigenic HaCaT cells did not show significant
decrease in cell viability (Fig. 4e and f).This finding suggests
that the AgNPs-PLE would be therapeutically more suitable
than PLE or AgNPs-citric acid, and therefore, DU145 cells
were selected for further study with AgNPs-PLE.

Effects of AgNPs-PLE on Proliferation and Viability of
Human Prostate Cancer Cells

On the basis of MTT data, we further evaluated the growth
inhibitory efficacy of AgNPs-PLE on human prostate carci-
noma DU145 cells. It was observed that treatment with
AgNPs-PLE (0.5, 1, 2.5, 5 μg/ml) at 24 h and 48 h reduced
the cell proliferation and lead to cell death in a dose-dependent
manner (Fig. 5). At 24 h, a decrease in the total cell number of
17–24% (P < 0.0001) and induced cell death up to 2.5–5.8%
(P < 0.05) was observed after treatment with AgNPs-PLE
(Fig. 5a and b), whereas after 48 h of treatment, a decrease
in the cell number of 36% (P < 0.05) and an increase in cell

death up to 16% (P < 0.0001) were observed (Fig. 5c and
d).These results suggest that AgNPs-PLE have potential to
inhibit cell proliferation and induce cell death in DU145 cells.

AgNPs-PLE Induced Cell Cycle Arrest in Prostate
Cancer Cells

Induction of cell cycle arrest is one of the mechanisms of
decreased cell proliferation by various anti-cancer agents.
We explored the effects of AgNPs-PLE on cancer cell cycle
progression, when DU145 cells were treated with different
concentrations of AgNPs-PLE (0.5–5 μg/ml) (Fig. 6). We
observed that G2/M phase of cell cycle arrests at both 24 h
and 48 h time points in response to the higher dose of AgNPs-
PLE (5 μg/ml) (Fig. 6a and b), while at 48 h time point, G1
phase arrest occurred in presence of lower doses of AgNPs-
PLE (0.5, 1, and 2.5 μg/ml) (Fig. 6c and d). Western blotting
data showed decreased level of cyclin D1 and increased levels
of cip1/p21 and kip1/p27 expression in presence of AgNPs-

Fig. 4 Effect of AgNPs-PLE on
cell viability of a human prostate
cancer DU145, b lung cancer
A549, c breast cancer MCF-7,
and d skin cancer A431 cells by
MTT assay. Cells were treated
with 0, 0.5, 1, 2.5, and 5 μg/ml of
AgNPs-PLE for 24 h. Cells were
processed for MTT assay as per
standard protocol. Furthermore, e
DU145 and f HaCaT cells were
treated with 5 μg/ml concentra-
tions of PLE or AgNPs-citric acid
or AgNPs-PLE for 24 h followed
by MTT assay. #P < 0.001 com-
pared with control
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PLE compared with the control (Fig. 9a).These molecular
changes in presence of AgNPs-PLE further suggest its role
on cell cycle arrests resulting in inhibition of growth and pro-
liferation of cancer cells.

AgNPs-PLE Induced Intracellular ROS Generation in
Prostate Cancer Cells

ROS formation is known to be one of the phenomena in
apoptosis induction; therefore, we examined whether ROS
contributed in AgNPs-PLE induced apoptosis in DU145
cells. To quantify the level of ROS generation, we per-
formed DCFHDA assay [39 , 60] . We observed
concentration-dependent AgNPs-PLE mediated increased
ROS generation at very early time points such as 30 min
and 1 h (Fig. 7a and b). The positive control H2O2 sequen-
tially induced ROS generation at all the time points. We
also observed the anti-oxidant effect of NAC inhibited the
ROS generation (Fig. 7a–f).

AgNPs-PLE Induced Apoptosis in Prostate Cancer Cells

To determine, whether the inhibition of cancer cell prolifera-
tion by AgNPs-PLE was in part due to the induction of apo-
ptosis, we used AO/EtBr staining of cells to quantify the

apoptotic cells. Figure 8 summarizes the apoptotic effects of
AgNPs-PLE in DU145 cells. A dose-dependent increase in
apoptosis was clearly observed when cells were treated with
0.5, 1, 2.5, and 5 μg/ml of AgNPs-PLE for 24 h and 48 h.
When compared with the control, 50% and 57% of the cell
population in 5μg/ml AgNPs treated cells displayed apoptosis
after treatment of 24 h and 48 h, respectively (Fig. 8a and b).
Furthermore, we studied the effect of AgNPs-PLE on apopto-
tic markers through western blotting, and the protein levels of
cleaved-caspase-3 (17 kDa and 19 kDa) and cleaved-PARP
(89 kDa) molecules were upregulated significantly compared
with the control (Fig. 9b). Elevated level of Bax, a pro-
apoptotic molecule, was also found in the treated cells as
compared to the control (Fig. 9c), suggesting the apoptotic
effect of AgNPs-PLE on cancer cells.

Discussion

In the last decade, the synthesis of silver nanoparticles using
plant extracts is getting more attention due to their application
in biomedical sciences such as anti-parasitic, anti-malarial,
bactericidal, and fungicidal including anti-cancer activity
[20, 22, 61]. Nanoparticles in different shapes and sizes have
been reported for anti-cancer activities both in vivo and

Fig. 5 Effect of AgNPs-PLE on
cell growth and death on human
prostate carcinoma DU145 cells.
Cells were treated with 0.5–
5 μg/ml of AgNPs-PLEfor24 h
and 48 h, and total cells were
counted using a hemocytometer,
and dead cells were scored using
trypan blue dye exclusion meth-
od. For 24 h treatment: a total cell
number and b dead cells. For 48 h
treatment: c total cell number and
d dead cells. *P < 0.05, #P <
0.001 compared with control
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in vitro. In the current scenario, green synthesized nanoparti-
cles are at focused area due to its biocompatibility nature and
exhibiting better cytotoxicity towards cancer cells. There are
several reports in making a desirable (size and shape), stable,
environmental friendly nanoparticles by applying variations in
concentration, pH, temperature [4, 44]. Moreover, anti-tumor
activity of different types of green synthesized NPs such as
gold, silver, or graphene oxide has been documented against
3T3 mouse fibroblasts, A549 lung cancer, HCT116 colorectal
cancer, and Hep-2 laryngeal carcinoma.Most of the cases, it is
the nanoparticles formed better compared with the base (tyro-
sine, catalase, diastase) used for green synthesis significantly
affecting the cytotoxic potentials against cancer cells of dif-
ferent origin [5, 59, 61–63] .

In the present study, we have synthesized and characterized
AgNPs with Carica papaya leaf extract (PLE) and investigat-
ed its anti-proliferative, cell cycle, and apoptosis effects on
cancer cells. For the synthesis of AgNPs-PLE, it is essential
to control not only the size of nanoparticles but also the

distribution and shape as well. Large numbers of studies are
going on exploring the anti-cancer aspects of green synthe-
sized nanoparticles. There are few reports where possible side
effects of such nanoparticles were discussed may vary case
wise depending upon the method applied, biological sources
taken, or conditions of synthesis [64, 65]. Therefore, we have
tried to optimize our green nanoparticle synthesis approach in
order to overcome the above limitations associated with anti-
cancer therapeutics. PLE was prepared as discussed in the
“Materials andMethod” section, while in control experiments,
the UV-visible spectra of silver nitrate solution and PLE were
taken; they did not show any peak indicating that leaf extract
was accountable for the synthesis of AgNPs. Characterization
of nanoparticles using standard techniques is necessary to en-
sure its purity, effectiveness, and acceptability [66].
Microscopy techniques such as TEM, STM, and SEM were
carried out to know the size, shape, and surface characteristics
such as topography and porosity of AgNPs-PLE. Size of
AgNPs-PLE ranged from 10 to 20 nm and was spherical in

Fig. 6 Effect of AgNPs-PLE on
cell cycle arrest in DU145 cells.
Cells were treated with 0.5–
5 μg/ml of AgNPs-PLE for 24 h
and 48 h, then collected and in-
cubated overnight with saponin/
PI solution at 4 °C and analyzed
by flow cytometer as detailed in
materials and methods. a and c
Representative diagrams and b
and d quantitative cell cycle phase
distribution data for 24 and 48 h
of treatments, respectively.
Results are representative of three
independent experiments.
*P < 0.05 compared with control
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shape. The EDS spectrum recorded from the AgNPs-PLE
along with SEM. The EDS analysis showed strong signal of
silver that confirms the existence of metallic silver [42]. Apart
from silver peak, we also observed the presence of trace ele-
ment such as S, Cl, and O, which may be originated from the
biomolecules present in PLE bound to the surface of the
AgNPs.

FTIR spectroscopy data clearly indicates that biomole-
cules present in papaya leaf extract were having major role
for the synthesis and stabilization of AgNPs. Papaya leaf
extract contains alkaloids, polyphenols, and flavonoids [38,
67]; therefore, we can speculate that these molecules were
served as reducing and capping agent for the AgNP synthe-
sis. In fact, these molecules have antioxidant properties
which particularly help in the reduction of silver ions to
silver atoms. The key mechanism is the hydrogen abstraction
from OH groups which is usually present in the polyphenol
molecules [68]. Crystal structure and phase purity of AgNPs

have been evaluated by XRD. The XRD spectrum of pow-
dered AgNPs confirmed the crystalline nature. All the peaks
shown in XRD graph of AgNPs can be attributed to cubic
structure of metallic silver as per existing literature (JCPDS,
File No. 4-0783).

In the present study, we explored the anti-cancer activity of
synthesized AgNPs-PLE on various human epithelial cancer
cells and found maximum cytotoxicity in DU145 cells com-
pared with the other cancer cells. More importantly, it showed
relatively very less toxicity to HaCaT normal cells.
Furthermore, anti-cancer activity of AgNPs-PLEwas assessed
in DU145 cells by using trypan blue assay that showed growth
inhibitory activity accompanied with an increase in the popu-
lation of dead cells. Increased proliferation and unregulated
growth of cell are major hallmarks of cancer [46].
Development of cancer is associated with uncontrolled cell
cycle and it is one of the most significant cellular events which
are usually observed in cancer cells [47]. We found that treat-
ment of AgNPs-PLE on DU145 cells showed G2/M and G1
arrests in cell cycle progression. Molecules that are involved
in cell cycle progression and regulation play crucial role in
maintaining routine growth of various type of cells [69].

The cell cycle check-point regulators such as cyclin and
cyclin-dependent kinase and their protein expression and ac-
tivities describe the fundamental status of cells and fate of cell
proliferation. Our western blotting data for cyclin D1 protein
expression, a regulator of G1-S phase transition, was signifi-
cantly down-regulated in AgNPs-PLE treated DU145 cancer
cells which were in concurrence with the previous studies
reporting G1 cell cycle arrest [70]. p21/cip1, a universal
CDK inhibitor, and p27/kip1 belong to Cip/Kip family pro-
teins that regulate the activity of cyclins and CDKs and there-
by responsible for controlling cell proliferation wherein p21
and p27 expressions are linked to anti-cancer signals [71].
These two important CDK inhibitors are upregulated during
cell cycle arrest mediated through different anti-cancer agents
[70, 72, 73]. An important anti-tumor event such as decreased
cyclin D1 and the increased p21/cip1 and p27/kip1 were me-
diated by AgNPs-PLE treatment in DU145 cells.

There are evidences of cancer cells undergoing apoptosis
due to ROS generation i.e., group of short-lived, highly reac-
tive, oxygen-containing molecules in the presence of anti-
tumor agents [48, 60, 74]. DCFHDA results suggesting ROS
events occurring in presence of AgNPs-PLE at earlier time
points may be playing role behind apoptosis process in
DU145 prostate cancer cells. Generally, resistance to apopto-
sis is a key defect in cancer cells. Induction of apoptosis is
mainly characterized by the few factors including cell shrink-
age, nuclear condensation, and DNA fragmentation. In the
present study, our data showed that treatment with AgNPs-
PLE causes apoptosis as a mechanism of cell death in DU145
cells. To understand initiation of apoptosis in DU145 cells,
AO/EtBr assay was performed. AO is a dye which can stain

Fig. 9 Effect of AgNPs-PLE on the expression of apoptosis and anti-
proliferative molecular mediators. Western blotting was done in DU145
cells treated with 2.5 and 5 μg/ml AgNPs-PLE and untreated control for
48 h. a Representative images showing expression of cyclin D1,
kip1/p27, cip1/p21, and β-actin as loading control. b Protein level ex-
pression of cleaved PARP (89 kDa), cleaved caspase-3 (17 kDa and
19 kDa), and loading control β-actin. c Images representing the protein
expression of Bax, (20 kDa) and the loading control β-actin.
Densitometric value of each protein is quantified using Image J software
and mentioned below each band as fold change of control
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both live and as dead cells, while EtBr can only stain those
cells which lost their membrane structure and integrity.
Uniformly green cells are live cells and can be readily differ-
entiated from apoptotic cells as they show yellow-orange and
necrotic cells exhibit red color which is dependent on the
amount of loss of membrane integrity [49]. Further western
blotting results of increased expression levels of cleaved
PARP and cleaved caspase-3 mediated by AgNPs-PLE fur-
ther confirm the occurrence of apoptotic events in DU145

prostate cancer cells. Another pro-apoptotic marker Bax was
also found to be significantly upregulated after AgNPs-PLE
treatment. These results are also supported by other studies
reporting apoptosis in various treatment conditions [50, 71,
75, 76]. Overall, our results indicated that biosynthesized
AgNPs-PLE inhibit growth of human prostate cancer cells
involving cell cycle arrest and apoptotic cell death and there-
fore could be a potential anti-cancer candidate against epithe-
lial or prostate cancer cells.

Fig. 7 Intracellular ROS
generation in AgNPs-PLE treated
human prostate cancer DU145
cells. ROS production was mea-
sured byDCFDA assay at 30min,
1 h, 3 h, 6 h, 12 h, and 24 h time
points. a, b, c, d, e. and f Cells
were treated with either DMSO
(control) or 2.5 and 5 μg/ml
AgNPs-PLE. Initially, cells were
treated with DCFDA (10 μM)
followed by NAC (5 mM) treat-
ment. H2O2 (2 μM) was taken as
positive control to measure the
intracellular ROS production and
the fluorescence was noted at re-
spective time points (a–f) as de-
tailed in the “Materials and
Methods” section. Columns mean
triplicate samples; bars, SD ex-
periment was repeated twice with
similar findings. *(P < 0.05),
**(P < 0.01), #(P < 0.001). The P
value is obtained by comparing
control group with each treatment
group and between the treated
groups using one-way ANOVA
followed by Bonferroni’s
Multiple Comparison Test
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Conclusions

The present study reports that biosynthesis of AgNPs with
Carica papaya leaf extract (PLE) which is cost-effective,
eco-friendly, an alternative route of synthesis, and with
promising strong and selective anti-cancer activity against
prostate cancer cells. Microscopic analysis of nanoparticles
showed that the size ranged from 10 to 20 nm and spherical
in shape. XRD data revealed crystalline nature of nanopar-
ticles. In addition, AgNPs-PLE showed anti-cancer activity
against the lung, breast, and epidermoid carcinoma cells.
The anti-cancer activity is associated with cell cycle arrest
and apoptosis may be due to the consequences of increased
ROS production by AgNPs-PLE. After exploring the ma-
jority of cell growth and cell death molecules at protein
levels of Cyclin D1, p21, p27, Caspases, and Bax, PARP
further indicates the anti-tumor potential of green synthe-
sized AgNPs-PLE in vitro. There were certain limitations of
AgNPs where the cytotoxic concentrations against cancer
cells also found to be cytotoxic for normal cells. In this
context, our findings of AgNPs-PLE concentrations used
for anti-tumor effects are quite safer when compared with
a normal cell line HaCaT. Based on the encouraging in vitro
findings in the present study, in vivo animal studies could
be carried to further establish AgNPs-PLE as a potential
drug candidate to treat and control epithelial cancers includ-
ing prostate cancer.
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