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This work aimed to synthesize silver nanoparticles via an environmentally benign route, using the

aqueous extract of Punica granatum as a precursor as well as a stabilizing and reducing agent. The as-

synthesized silver nanoparticles were confirmed using UV-visible spectroscopy with an absorbance

peak at 450 nm and were thereafter further confirmed using dynamic light scattering (DLS), High

Resolution Transmission Electron Microscopy (HR-TEM) and X-Ray Diffraction (XRD). TEM analysis

revealed 6–45 nm and spherically dispersed nanoparticles and XRD showed the crystalline nature of the

nanoparticles. The free radical scavenging activity of the nanoparticles for DPPH and intracellular reac-

tive oxidative species (ROS) production were observed using dihydroethidium (DHE) non-fluorescent

stain and a CellROX® Deep Red fluorescent probe. Antibacterial assays against the most common Gram

negative (Escherichia coli) and Gram positive (Staphylococcus aureus) bacteria showed a higher zone of

inhibition against S. aureus. Furthermore, the anti-cancerous activity of the biologically synthesized

silver nanoparticles was revealed by the inhibited cell growth of lung cancer A549 cells and no cyto-

toxicity was observed. This may be due to their ability to arrest the cell cycle at G1 phase. Thus, this

work provides a gateway to explore more about the anticancer properties of biogenically synthesized

silver nanoparticles and these biologically prepared silver nanoparticles have the potential to be utilized

in biomedical science.

1. Introduction

Plants always play a key role as troubleshooters for tackling

environmental problems. With respect to this, it has been

observed over the last decade that researchers and scientists

have taken a keen interest in plant-derived materials,

especially in the developing nanosciences.1 Nanotechnology is

an extremely exploited field of research which includes novel

methods of nanoparticle fabrication and their potential appli-

cations in various fields. Basically, nanoparticles are known to

have clusters of atoms with sizes ranging from 1–100 nm and

significantly enhanced physical, chemical and biological pro-

perties compared to those of their macro-scaled counterparts.

Nowadays, various applications of metallic nanoparticles are

largely dependent upon their shape and controlled size due to

their high surface to volume ratio.2 Nanoparticles are not con-

fined to use in technology based systems such as electronics,3

sensors,4 optics,5 electro-optics, water treatment6 and space

industries, and are instead finding applaudable applications

in biomedical fields such as antimicrobials,7 drug delivery,8

biomolecular detection and diagnostics,8 tissue engineering,9

therapeutics,10 theranostics11 and bioimaging.12

Among different noble metal nanoparticles such as gold13

and silver, silver has been put forth for biomedical appli-

cations. However, its toxicity towards humans and bodies of

water has already been revealed by several researchers with

respect to silver ions, which are highly toxic to human cells.14

On the other hand, the toxicity of biologically synthesized

nanoparticles is considered to be less than that of convention-

ally synthesized nanoparticles, which involve toxic and harsh

chemicals and the by-products released are also toxic.

Additionally, with the prevalence and enhanced antibiotic re-

sistance of microbes, silver nanoparticles can play a beneficial

role because they also exhibit good antimicrobial activity. The
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procedure for a one-pot green method for the fabrication of

silver nanoparticles would be not only environmentally benign

but cost-effective too, which is why a green method is a wise

route which also avoids the adverse effects of conventional

methods. A huge amount of data is available about green

routes for the synthesis of silver nanoparticles using plants

and plant extracts, including leaf extracts such as Terminalia

arjuna,15 Withania somnifera,7 Coriandrum sativum16 and

Crotolaria retusa,17 root extracts such as Diospyros paniculata,18

flower extracts such as Cassia auriculata,19 fruit extracts

such as Tamarindus indica20 and Citrullus lanatus,21 fruit peel

extracts such as Citrus sinensis, Citrus limetta and Citrus limon,22

seeds and seed oil extracts such as Dimocarpus longan,23 pod

husk extracts24 and paper wasp nests25 as well. Additionally,

bacteria such as Bacillus safensis LAU 13 have been utilized in

the synthesis of silver nanoparticles.26,27 In all of these cases,

the biochemicals present in the extracts act as capping or

stabilizing agents.

Cancer or tumors are one of the leading causes of death

worldwide due to severe complications in the body. Since

conventional treatments, such as chemotherapy, laser

therapy and surgery, can damage tumor cells as well as some

normal healthy cells, are expensive and lead to side effects,

such as hair loss, fatigue, bone marrow problems, emesis

and nausea, it is necessary to develop cost effective, novel

and efficient methods for treatment. Silver nanoparticles are

quite often utilized by many researchers to treat different

types of cancerous cell, due to their unique remarkable pro-

perties including antibacterial, antiviral, anti-platelet, anti-

tumor and anti-angeogenesis.28 Durai et al. studied the

apoptotic effect of silver nanoparticles on the colon cancer

HT29 cell line28 and Nayak et al. and Jacob et al. revealed the

cytotoxic effect and anticancer activity of green synthesized

silver nanoparticles on the breast cancer MCF-7 cell line,

respectively.29,30 Similarly, Sukirtha et al. observed the cyto-

toxic effect of silver nanoparticles on HeLa cervical cancer

cells and Sriram et al. revealed from his in vitro and in vivo

studies that silver nanoparticles significantly increased the

survival time for tumor mouse models by about 50% in com-

parison with tumor controls and therefore they exhibit good

antitumor and anti-angiogenic effects. However, neither the

inherent biochemical mechanism nor the toxicity mecha-

nism of silver ions or silver nanoparticles have been justified

yet.31 Besides, other nanoparticles such as copper nano-

particles have also been explored for a prostate cancer cell

line.32

This article reports on the efficacy of biogenically syn-

thesized silver nanoparticles using the fruit waste (peel)

aqueous extract of Punica granatum towards antimicrobial

activity against E. coli and S. aureus, antioxidant activity with

DPPH and ROS production using dihydroethidium (DHE) non-

fluorescent stain and CellROX® Deep Red fluorescent probe,

cell viability and anticancer activity against the lung cancer

cell line A549. Moreover, the combined effect of silver nano-

particles and doxorubicin drug was also observed against the

cancerous cell line A549.

2. Experimental section
2.1 Materials and methods

Fresh pomegranates were procured from a local market in New

Delhi, India. Silver nitrate was purchased from Merck

Chemicals (Mumbai, India) and was used as purchased

without any further purification. All of the glassware was

washed thoroughly with chromic acid, then with double dis-

tilled water and then transferred to an oven for drying before

being ready to use. Chemicals, including DMSO solution, di-

hydroethidium (DHE), butylhydroxytoluene (BHT) and doxo-

rubicin drug, were all purchased from Sigma-Aldrich and used

without further purification. Fresh blood (around 5 mL) was

drawn from healthy individuals as per protocol number CUPB/

cc/14/IEC/4483, Government of India. For blood cells,

RPMI-1640 media with 5% fetal calf serum (FCS), RBC lysis

buffer (1×) and CellROX® Deep Red from Invitrogen was used.

MacConkey broth and MacConkey Agar were purchased from

HiMedia, Mumbai. All of the cell lines were acquired from the

National Cell Repository, NCCS, Pune, India. For the lung

cancer cell line A549, DMEM media augmented with 10% fetal

bovine serum (FBS) and 1× antibiotic solution with 1%

Pentsrip (50 U mL−1 penicillin G, 50 Ig mL−1 streptomycin

sulfate and 1.25 lg mL−1 amphotericin B) was obtained from

Invitrogen.

2.2. Preparation of the plant extract

Initially, Punica granatum was peeled and washed twice with

distilled water, then with double distilled water to remove dust

particles and debris. The peel was dried and weighed about

10 g. Then, it was poured into a 250 mL round bottom flask

containing doubled distilled water and heated at 50 °C for

30 min. The peel extract thus obtained was filtered using

Whatman no. 1 filter paper to remove solid particles and the

filtrate was stored at a low temperature of about 4 °C in a glass

media bottle for further experimental usage.

2.3. Synthesis of the AgNPs

Silver nitrate aqueous solution (4 mM) was prepared in a

250 mL Erlenmeyer flask. To 10 mL of AgNO3, 1 mL of Punica

granatum peel extract was added to the aqueous solution in a

dark chamber, in order to reduce the photoactivation of the

AgNO3 aqueous solution. A colour change was observed and

UV-vis spectra were recorded thereafter. The colour of the solu-

tion changed from colourless to light yellow and further to a

brownish colour, which somewhat confirms the formation of

silver nanoparticles. Further characterisation was performed

using various advanced techniques to determine the size and

shape of the synthesised nanoparticles.

2.4. Characterisation techniques

Different characterisation techniques were utilised in order to

confirm the formation of silver nanoparticles. UV-vis spectra

were obtained using a Shimadzu (UV-1800, Japan) UV-Visible

spectrophotometer at room temperature with 1 nm resolution

from 300 nm to 700 nm for maximum absorption. Dynamic
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Light Scattering (DLS) was carried out using a DLS spectroscat-

ter 201 to determine the size of the synthesised nanoparticles.

TEM images were obtained using a 300 kV HRTEM TECHNAI

G2 30S TWIN operated at 3000 kV accelerated voltage. X-ray

diffraction using a Rigaku Ultima IV was used to characterize

the size of the silver nanoparticles.

2.5. Antioxidant activity of the nanoparticles

The DPPH free radical scavenging activity was evaluated using

the method reported by Marinova et al. with a few modi-

fications.33 Three hundred microliters of 200 µM DPPH

(in methanol) was added to one hundred microliters of S4

(10 μg ml−1), E4 (10 μg ml−1) and BHT (50 mg ml−1 or

100 mg ml−1), using the given concentrations as standard.

Then, the mixture was incubated in the dark for 30 min after

mixing. The absorbance at 517 nm was measured against a

blank (methanol). The scavenging of free radicals was deter-

mined using the following formula:

% Scavenging

¼

Absorbance control� Absorbance of Test Sample

Absorbance of Sample
:

2.5.1. Intracellular ROS production using DHE staining. In

order to evaluate intracellular reactive oxygen species, DHE

stain (non-fluorescent) was used to evaluate the intracellular

ROS levels in A549 cells, seeded in 96-well plates at 1.0–1.2 ×

104 cells per well. H2O2 treatment was used as a positive

control. The cultured cells were treated with S4 (5, 10 μg ml−1)

and E4 (10 μg ml−1) for 48 h. Then, DHE solution was

added and incubated for 30 min in the absence of light,

which becomes fluorescent upon superoxide oxidation.

Fluorescence with an excitation wavelength of 518 nm and

emission wavelength of 605 nm was measured using a micro-

plate reader.

2.5.2. Intracellular ROS production using CellROX® Deep

Red staining. The generation of intracellular ROS was detected

using the CellROX® Deep Red fluorescent probe (Invitrogen).

The cells were treated with S4 and E4 (10 μg ml−1) for 24 h and

exposed to CellROX® Deep Red (5 μM, 30 min) at 37 °C under

5% CO2 atmosphere in the dark. Then, the florescence was

measured at an excitation wavelength of 633 nm and an emis-

sion of 665 nm.

2.6. Antimicrobial assay

Antimicrobial experiments were performed against Gram nega-

tive (Escherichia coli) and Gram positive (Staphylococcus aureus)

bacteria through an agar well diffusion method. Firstly, a

nutrient medium, MacConkey broth (purchased from

HiMedia), was prepared to subculture the bacteria. The bac-

teria were grown after overnight incubation at 37 °C for

24 hours. All of the equipment was first autoclaved for sterili-

zation and then used for further experimental procedures.

5 mm diameter holes were made in the agar plates and satu-

rated with P. granatum peel aqueous extract, AgNPs and double

distilled water as a control. After that, bacteria was spread

across the agar plates and they were then sealed with paraffin

wax. These agar plates were then again incubated at 37 °C for

24 hours. The zones of inhibition around the peel extract and

silver nanoparticles were observed and reported.

2.7. Cytotoxicity and anticancer activity

The non-toxic doses of silver nanoparticles S4 and E4 were

selected based on preliminary cytotoxic studies (MTT assay).

Cell cycle analysis was conducted to explore the potential of

the biologically synthesized silver nanoparticles acting inside

the cell. Cell toxicity was evaluated using an MTT assay.

Human peripheral blood mononucleated cells (hPBMC) were

seeded in 96-well culture plates and maintained in a

RPMI-1640 medium supplemented with 5% fetal calf serum

and antibiotics. The cells were treated with six different con-

centrations of S4 (0.5, 1, 5, 10 and 50 µg ml−1) and non-treated

cells were used as the control. Cell viability was evaluated

under three time periods i.e. 24 h, 48 h and 72 h at 37 °C with

5% CO2. Then, 20 μL of MTT solution (5 mg mL−1) was added

to each well and incubated for 3 h in the dark at 37 °C. 100 μL

of DMSO was added and incubated for 30 min. The resultant

formazan formed by viable cells was measured using a multi-

mode plate reader at 570 nm wavelength.

2.8. Cell cycle analysis

Cells were treated with S4 and E4 (10 μg ml−1) for 24 h for cell

cycle analysis and uniformly fixed in ethanol for staining.

About 200 μL of ethanol-fixed cells were processed according

to the Muse cell cycle analysis kit. Then, the cell suspension

samples were transferred to microcentrifuge tubes prior to

analysis using a Muse™ Cell Analyzer.

3. Results and discussion
3.1. Visual observations

Upon adding 1 mL of extract to 10 mL of 4 mM AgNO3 solu-

tion, there was a colour change in the solution from yellowish

to dark brown after 15 minutes of incubation time (Fig. 1).

This colour change inferred the formation of silver nano-

particles because it was due to the excitation of surface

plasmon vibrations. When the electrons of a conduction band

oscillate or vibrate collectively in resonance then a unique

optical property is exhibited, known as surface plasmon

resonance.

Fig. 1 Visual representation of the formation of silver nanoparticles.
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3.2. UV-visible spectroscopy

Upon the addition of 1 mL of extract to 10 mL of AgNO3 solu-

tion, the colour of the solution changed to reddish dark

brown, indicating the formation of nanoparticles. This was

further confirmed by UV-visible spectroscopy. The plasma

resonance band of the UV-visible spectra was observed in the

range of 440–460 nm (Fig. 2). There is an increase in the inten-

sity of the band on increasing the time interval, indicating the

formation of more nanoparticles with time and colour inten-

sity also increases with increasing incubation time. The results

are very close to those already reported in the literature.34

3.3. Dynamic light scattering

The DLS histograms of the synthesized silver nanoparticles

show two peaks at around 11 nm and 49 nm, as depicted in

Fig. 3. The studies based on DLS revealed that the average size

of the biogenically synthesized silver nanoparticles was

observed at around 10–50 nm. This was due to large water

molecules present in the solution with hydrogen bonding,

leading to increments in the hydrodynamic radius of the

nanoparticles.

3.4. X-ray diffraction

The XRD patterns show the distinctive diffraction peaks of

silver nanoparticles at 2θ = 35.53, 38.20, 43.52, 64.49 and 77.29

(Fig. 4). A strong diffraction peak was ascribed to the silver

nanoparticles with plant extract. The XRD pattern thus clearly

indicated that the synthesized silver nanoparticles were crystal-

line in nature. Due to the crystallization of the bioorganic

phases of the rind extract over silver nanoparticles, some small

peaks were also observed. The results are in good agreement

with those found in the literature.35

3.5. High resolution transmission electron microscopy

HR-TEM was used to confirm the formation, shape and size of

the biogenically synthesized silver nanoparticles and it was

found that these biologically synthesized silver nanoparticles

were universally dispersed, spherical in shape and around

6–45 nm in size (Fig. 5).

3.6. The antioxidant activity and intracellular ROS

scavenging activity of AgNPs

The free radical scavenging capacity of the nanoparticles was

determined using a DPPH free radical scavenging assay. DPPH

tests demonstrated that these nanoparticle were good free

radical scavengers, as depicted in Fig. 6. The results showed

that the nanoparticles at 10 µg ml−1 concentration achieved

100% scavenging activity compared to BHT at concentrations

of 50 and 100 µg ml−1 as reference compounds. Therefore,

these nanoparticles exhibit the potential to combat free rad-

icals generated as a result of oxidative stress. In this context, it

was further planned to monitor antioxidant activity in vitro by

Fig. 2 UV-vis spectral representation of silver nanoparticles.

Fig. 3 Dynamic light scattering (DLS) of silver nanoparticles.

Fig. 4 X-ray diffraction pattern of silver nanoparticles.
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inducing oxidative stress using H2O2 and pesticides in the

upcoming sections.

Intracellular ROS scavenging was measured using

CellROX® Deep Red and a DHE assay via inducing oxidative

stress using H2O2 and pesticides. Cells were treated with nano-

particles as well as H2O2 pretreatment (30 µM for one hour)

followed by nanoparticles at different concentrations: S1

(0.5 µg mL−1) and S2 (10 µg mL−1) and extract E1 (1 µL) and

E2 (10 µL) treatment for 24 h. The next day, the treated cells

were exposed to DHE in the absence of light to evaluate intra-

cellular ROS in the cells in response to the nanoparticles. Non-

fluorescent DHE easily permeates cell membranes that get oxi-

dized by O2
− and converted to ethidium bromide (fluorescent)

and intercalates into nuclear DNA.

The H2O2 treatment resulted in a significant increase in

fluorescence intensity, indicating higher intracellular free

radical production inside the cell (Fig. 7a). In contrast, the

nanoparticles at both concentrations (S1 and S2) demonstrated

less intensity than the control, indicating that the treatment

resulted in decreased ROS production. Interestingly, fluo-

rescence intensity decreased in the cells treated with H2O2 fol-

lowed with treatment by nanoparticles, indicating that the

nanoparticles have the potential to quench the induced reac-

tive oxygen species. Similarly, free radical scavenging activity

was evaluated in response to oxidative stress induced using

pesticide exposure and H2O2 (Fig. 7b). The nanoparticle treat-

ment scavenges free radicals produced as a result of pesticides

that enter the food chain, as reported by many researchers.

Intracellular ROS generation using the fluorescent probe

Fig. 5 TEM images of biogenically synthesized silver nanoparticles.

Fig. 6 The antioxidant activity of the S4 AgNPs and the extract using a

DPPH assay.
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CellROX® Deep Red revealed similar results to the DHE assay.

The nanoparticle treatment resulted in decreased oxidative

stress induced due to H2O2 as well as pesticide treatment in

the cells (Fig. 7a and b).

3.7. Antimicrobial activity

The results of the antimicrobial activity of the biologically syn-

thesized nanoparticles are shown in Table 1. Good anti-

microbial activity is shown against E. coli in comparison to

S. aureus, which might be due to interactions between nano-

particles and different microorganisms. The mechanism of the

antimicrobial activity of the nanoparticles probably involves

the attachment of particles to the cell walls of the microorgan-

isms, where they disrupt the plasma membrane. Studies also

confirm that silver nanoparticles and silver ions invade bac-

terial walls and inhibit many enzymes, leading to protein inhi-

bition and death.

3.8 Cytotoxicity of the green synthesized AgNPs with anti-

cancer properties

Cell viability was evaluated using an MTT [3-(4,5-dimethyl-

thiazolyl)-2,5-diphenyl-tetrazolium bromide] assay, i.e. based

on the reduction of MTT by mitochondrial dehydrogenase to

purple formazan in living cells, reflecting the functioning of

mitochondria in viable cells, allowing for the measurement of

cell viability and cytotoxicity.

The cytotoxicity of the silver nanoparticles was evaluated

in vitro in hPBMC at different concentrations (0.5, 1, 5, 10 and

50 µg ml−1). The cytotoxicity analysis of the sample shows no

cytotoxicity in the nanoparticles at any selected dose (Fig. 8a)

in normal cells, whereas they inhibited the cell growth of A549

cells (Fig. 8b). The results of cell viability studies in hPBMC

suggest that the cells are growing in a healthier environment

as the cell viability increased after AgNP treatment. On the

other hand, in non-small lung cancer cell lines there was 50%

inhibition in the cell growth at 5 µg ml−1 after 48 and 72 h. It

suggests that the silver nanoparticles are non-toxic for normal

body cells, but cytotoxic for cancer cells only. This is the one of

the major challenges in cancer therapeutics as research on

cancer cell target based medication is lacking. It can be pro-
Fig. 7 Intracellular ROS generation. a. The effect of the AgNPs and the

extract on H2O2 induced free radical production using a DHE assay and

b. the effect of the AgNPs and the extract on H2O2 and pesticide

induced free radical production using the fluorescent probe CellROX®

Deep Red.

Table 1 Zones of inhibition (in mm) of silver nanoparticles against

E. coli and S. aureus bacteria

Components

Zone of inhibition (mm)

E. coli S. aureus

Control N/A N/A
Plant extract N/A N/A
Silver nitrate 9.3 11.0
Silver nanoparticles 15.5 16.5

Fig. 8 Cell viability percentage upon treatment with S4 green AgNPs

on (a) hPBMC and (b) A549 lung cancer cell lines at 24, 48 and 72 h.
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posed that these nanoparticles exhibit anti-cancerous pro-

perties for lung cancer without affecting the normal cells of

the body. Cell proliferation has been monitored at higher con-

centrations (10 and 50 µg ml−1) in normal cells, which may be

due to the higher antioxidant activity of nanoparticles, evalu-

ated in the upcoming sections.

3.9 Cell cycle analysis

Our previous results imply cancer cell specific cytotoxicity by

the nanoparticles and therefore we further explored the effect

of AgNPs on the cell cycle. The nanoparticles effect on cell

cycle progression was demonstrated in A549 cells. The Muse

histogram displayed peaks at G0/G1 (33.3%), G2/M (16%) and

S (22.9%) phases for control. In contrast, the nanoparticle

treatment results show increases in the peak values of G0/G1

and G2/M with increases of 15.92% and 27.5%, respectively

(Fig. 9). The extract resulted in the complete loss of S and

G2/M phases indicating apoptosis at G1 phase. The arrest at

the G2/M checkpoint decides survival with DNA damage that

may activate either repair or apoptosis-like programs and the

G2/M checkpoint is reported to be a major target for DOX-

based chemotherapy. Therefore, combined therapy could also

improve the chemotherapeutic efficacy of doxorubicin drugs.

These results demonstrate a change in cell cycle dynamics in

response to silver nanoparticle and extract treatment.

4. Conclusions

This study presents a green, eco-friendly, cost-effective route for

the synthesis of stable colloidal silver nanoparticles using

pomegranate fruit waste (peel extract). The results show the

formation of silver nanoparticles within a short duration at

room temperature, without the involvement of any hazardous

chemicals or energy use. The synthesised green silver nano-

particles showed good antimicrobial activity against both Gram

positive and Gram negative bacteria. The AgNPs were very

potently anti-oxidant with the ability to quench induced free

radicals from cells, and are therefore effective in protecting cells

from various environmental toxins. In addition, the data

suggests no cytotoxicity of the nanoparticles at any selected

doses in normal cells (hPBMC), whereas the nanoparticles

inhibited the cell growth of A549 cells. This may be due to their

ability to arrest the cell cycle at G1 phase or need further

research. It can be proposed that these nanoparticles exhibit

anti-cancerous properties for lung cancer and this may indicate

a new direction to explore their potential as anticancer therapy.
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