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ABSTRACT
This study first time reports the novel synthesis of silver nanoparticles (AgNPs) using a Punica granatum
leaf extract (PGE). The synthesized AgNPs were characterized by various analytical techniques including
UV–Vis, Fourier transform infrared (FTIR), X-ray powder diffraction (XRD), X-ray photoelectron spectros-
copy (XPS), field emission scanning electron microscopy and energy-dispersive spectra (FESEM-EDS) and
high-resolution transmission electron microscopy (HRTEM). FTIR analysis revealed that the involvement
of biological macromolecules of P. granatum leaf extract were distributed and involved in the synthesis
and stabilization of AgNPs. A surface-sensitive technique of XPS was used to analyse the composition
and oxidation state of synthesized AgNPs. The analytical results confirmed that the AgNPs were crystal-
line in nature with spherical shape. The zeta potential study revealed that the surface charge of synthe-
sized AgNPs was highly negative (�26.6mV) and particle size distribution was ranging from �35 to
60nm and the average particle size was about 48nm determined by dynamic light scattering (DLS).
The PGE-AgNPs antidiabetic potential exhibited effective inhibition against a-amylase and a-glucosidase
(IC50; 65.2 and 53.8lg/mL, respectively). The PGE-AgNPs showed a dose-dependent response against
human liver cancer cells (HepG2) (IC50; 70lg/mL) indicating its greater efficacy in killing cancer cells.
They also possessed in vitro free radical-scavenging activity in terms of ABTS (IC50; 52.2lg/mL) and
DPPH (IC50; 67.1lg/mL) antioxidant activity. PGE-AgNPs displayed strong antibacterial activity and
potent synergy with standard antibiotics against pathogenic bacteria. Thus, synthesized PGE-AgNPs
show potential biomedical and industrial applications.
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Introduction

In recent years, nanotechnology has become a leading
research field in health and medicine. Nanomedicine has
made a rapid and broad impact on health care and pro-
vided a plethora of possibilities in various industries and sci-
entific endeavours [1]. Nanoparticles (NPs) are more
biocompatible than conventional therapeutics. Thus, NPs can
be exploited for drug encapsulation and site-specific deliv-
ery, increasing the drug efficacy compared to larger-sized
particles and assisting to reduce the undesired toxicity of
the drug [1,2]. A literature survey suggests that NPs have
enhanced antimicrobial activity because they can evade the
immune response by crossing through impermeable mem-
branes [3]. Silver nanoparticles (AgNPs) are gaining predom-
inant interest due to their remarkable properties, such as
good conductivity, chemical stability, antibacterial and anti-
fungal activity, and anticancer, antidiabetic and antiinflam-
matory potential [2,4].

A metabolic disorder known as “diabetes” is usually con-
sidered as elevated glucose level in the blood presently
affecting more than 100 million people worldwide [5]. Thus,
there is an urgent need to develop nanomedicine which can
facilitate significant inhibition of carbohydrate-hydrolysing
enzymes with high degree of specificity as well as to achieve
maximal therapeutic efficacy with minimal side effects [6].
Cancer is a group of diseases which causes abnormal cell
growth and having ability to spread and thus remains one of
the world's most devastating disease. There are various treat-
ment options including surgery, radiation and chemothera-
peutic drugs but during this treatment mostly kill healthy
cells and produces toxicity. The rapidly developing field of
various nanomaterials and nanodevices using AgNPs has
increased the possibility for the early diagnosis and treatment
of cancer with least adverse effects [7–11].

Antioxidants play a major role in balancing the free radi-
cals since these free radicals mostly attack macromolecules
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(lipids, proteins and nucleic acids) which lead to cell damage.
The higher accumulation of reactive species leads to diverse
chronic pathologies, such as development of cancer, cardio-
vascular and neurodegenerative diseases [12–15]. The litera-
ture suggests that AgNPs display considerable antioxidant
activity in vitro; however, their clinical significance has not yet
been determined well [16–17]. In the past two decades,
human pathogens mainly bacteria have developed resistance
against most of the antibiotics resulting their decreasing effi-
cacy. This problem is a challenge in medical science, and
there is an urgent need to find environmentally benign bio-
material/bioresources in the synthesis of silver nanoparticles
and their synergistic role with antibiotics to improve anti-
microbial properties with the prospect of untreatable infec-
tions [8].

The use of plant extracts for the synthesis of AgNPs are
most promising due to their viability, low cost and eco-friend-
liness that brings significant opportunity to synergize green
chemistry and nanosynthesis [18]. Biomacromolecules/phyto-
chemicals from plant extracts have continued to receive
unprecedented attention, because they are believed to have
antibiotic, anthelmintic, and antitumor properties. It also
reduces the use of toxic and hazardous substances and
serves as potential capping and stabilization molecules of
NPs [19–20]. The use of plant leaves to synthesize AgNPs is
popular because it offers a facile and affordable process com-
pared to synthetic techniques and can yield well-character-
ized NPs [21]. A literature survey proves that leaf extracts
from various plants, such as Argyreia nervosa [22], Terminalia
cuneata [23], Tamarix gallica [24], Mussaenda erythrophylla
[19], Prunus yedoensis [25], Iresine herbstii [14], Clerodendrum
phlomidis [26], Lonicera japonica [16], Abutilon indicum [15],
Lantana camara [13], Rosmarinus officinalis [20], Catharanthus
roseus [27] and Prunus japonica [28] can be used to synthe-
size AgNPs.

Pomegranate, Punica granatum (L.) is an ancient fruit
belonging to the Punicaceae family. It is found in more arid
regions of Southeast Asia, the East Indies and tropical Africa
[29]. Pomegranate juice is a rich source of flavonoids, alka-
loids and ellagic acid and has been used as a remedy for dia-
betes in the Unani system of medicine practiced in the
Middle East and India [30]. The leaves of P. granatum are
glossy and lance-shaped and their extracts contain ellagic
acid, tannins (punicalin and punicafolin) and flavone glyco-
sides (luteolin and apigenin) [31].

The current study aimed to develop a cost-effective green
synthesis of AgNPs using a P. granatum leaf extract (PGE).
The synthesized AgNPs were characterized using several
microscopic and spectroscopic techniques. The in vitro free
radical-scavenging potency and antidiabetic potential of the
AgNPs was also evaluated. Furthermore, we investigated the
anticancer activity of the AgNPs against a liver cancer cell
line (HepG2) based on their ability to inhibit cell viability. The
synergistic antibacterial activity of AgNPs with standard anti-
biotics was determined. Until now very few reports show the
use of P. granatum peel extract for the synthesis of gold
nanoparticles and there is no detail study on the use of P.
granatum leaves for AgNPs reported. In this study, we first

time report P. granatum leaves mediated synthesis of silver
NPs and to evaluate their various biological properties.

Materials and methods

Chemicals and microorganisms used

Silver nitrate (AgNO3, 99%) was obtained from Sigma–Aldrich
(St. Louis, MO). All other chemicals required for antibacterial,
antioxidant, antidiabetic and anticancer studies were of the
highest purity available and of analytical grade. All glassware
was washed with non-ionic detergent, rinsed with Millipore-
Milli-Q distilled water and ethanol multiple times to remove
the detergent and then dried before use. Staphylococcus aur-
eus and Escherichia coli cultures were used model microor-
ganisms for antibacterial studies. Commercial antibiotic discs
containing vancomycin, streptomycin, oxytetracycline, genta-
micin and amoxicillin, were, respectively, purchased from
Liofilchem, Italy.

Preparation of the PGE

Fresh P. granatum leaves were collected and washed with tap
water, and then, surface washed with Milli-Q water until no
impurities remained. The dirt-free leaves were dried in the
shade at room temperature for 10 days to remove residue
moisture. The dried leaves were pulverized in a sterile electric
blender to obtain a fine powder and stored in an airtight bot-
tle, avoiding sunlight. An aliquot of the leaf powder (5 g) was
mixed thoroughly with 100mL of Milli-Q water and then
boiled at 60 �C for 15min, followed by cooling and filtration
through Whatman no. 1 filter paper to obtain the leaf extract.
The filtered extract was collected and used for AgNPs
synthesis.

Synthesis of AgNPs

PGE was mixed with an aqueous solution of AgNO3 (1mM)
(1:10 mixing ratio) at pH 5.0, at room temperature. The colour
change (pale yellow to dark reddish-brown), indicating the
chemical reduction, and thus, the AgNPs formation was moni-
tored by UV-vis spectrometry at 300 – 600 nm and occurred
within 20min. The stability of the synthesized AgNPs was
monitored at room temperature for up to 6months. A
change in surface plasmon resonance (SPR) of the AgNPs was
detected through UV–vis measurements. The synthesized
AgNPs were separated by centrifugation at 12,000 rpm for
20min (Labogene, 1736 R). The obtained pellets were re-dis-
persed in sterile deionized water three times to remove any
free biomass residue. The purified pellets were oven-dried
at 60 �C for 12 h and the dried AgNPs were scrapped out for
further characterization.

Characterization of AgNPs

The aqueous extract was monitored by using a UV-vis spec-
trophotometer (Optizen, Model 2120 UV plus) over
300–600 nm at regular time intervals to determine the time
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point of maximum production of the AgNPs. X-ray powder
diffraction (XRD) patterns of the AgNPs were recorded with
2h scans from 30 to 80� at 0.04� per min with a time con-
stant of 2 s by an X-ray diffractometer (Rigaku, Japan). The
same sample thin film without scratch was used for X-ray
photoelectron spectroscopy (XPS) analysis to measure the
elemental composition using (Veresprobe II, Japan).

Fourier transform infrared (FTIR) (Perkin Elmer, Norwalk,
CT) spectra of PGE and PGE-synthesized AgNPs were acquired
to reveal the combination and distribution of biological mac-
romolecules on the surface of the NPs. Spectra over the
4000–400 cm�1 range were obtained by the coaddition of 32
scans at a resolution of 4 cm�1.

The surface morphology and elemental composition of the
NPs were studied by using field emission scanning electron
microscopy (FESEM) and energy-dispersive spectra (EDS)
(JEOL-64000, Japan). The acceleration voltage and the emis-
sion current were 15 kV and 12 lA, respectively, from a cold
field emission gun. Small amounts of sample were dropped
on a carbon-coated copper grid then gold-coated to prepare
thin films. The films were dried with a mercury lamp for
5min. The surface morphology and size distribution of the
NPs were observed with high-resolution transmission electron
microscopy (HRTEM) images and selective area diffraction
patterns (SAED) were recorded using a Tecnai G2 20 S-TWIN
(FEI Company) instrument. The related size distribution pat-
tern of the AgNPs was plotted by manual counting of 100
individual particles from various TEM images.

The particle size distribution and zeta potential analysis of
biosynthesized AgNPs were evaluated. Zeta potential analysis
was done by using ELS-8000 (OTSUKA Ltd., Japan). DLS is par-
ticularly employed for sizing nanoparticles and determining
their state of aggregation in suspensions. Dynamic light scat-
tering (DLS) analysis was performed on BI-9000AT
(Brookhaven, NY) in the range of 0.1–1000lm at 25 �C.

Determination of biological potential of PGE-AgNPs

Antidiabetic potential of biosynthesized AgNPs
The a-amylase assay mixture, consisting of sodium phosphate
buffer (0.5mL, 0.02 M, pH 6.9) containing a-amylase (1 U/mL)
and AgNPs 20–100lg/mL, was pre-incubated at 37 �C for
20min. A 250lL aliquot of starch solution (1%) was added to
the tubes, which were further incubated at 37 �C for 15min.
The reaction was then terminated by adding 1mL of dinitro-
salicylic acid reagent and heating in a boiling water bath for
10min [32]. The tubes were further cooled and the absorb-
ance was recorded at 540 nm. The a-glucosidase inhibition
was determined according to a modified method [16]. The
assay mixture, consisting of 150 lL of 0.1 M sodium phos-
phate buffer (pH 6.9), a-glucosidase (1 U/mL), and AgNPs at
20–100 lg/mL, was preincubated at 37 �C for 10min. Then,
50 lL of 2mM para-nitrophenyl-a-D-glucopyranoside in
sodium phosphate buffer was added to the mixture and incu-
bated at 37 �C for 20min. The reaction was terminated by
adding 50 lL of 0.1 M sodium carbonate (Na2CO3). The
absorbance was measured at 405 nm. In both enzyme assays,
the tube with enzyme but without AgNPs served as the

control with 100% enzyme activity. Acarbose served as the
positive control. The inhibitory activity was expressed as the
percentage of inhibition.

Anticancer activity of AgNPs against the HepG2 cell line
The anticancer activity of the PGE and AgNPs and the cyto-
toxicity potential of the PGE-AgNPs was determined by the
MTT (3-(4,5-dimethyl thiazol-2yl)-2,5-diphenyl tetrazolium
bromide) assay using HepG2 cells. Human liver cancer cell
line (HepG2) was obtained from American Tissue Culture
Collection (ATCC). The cells were cultured and maintained in
RPMI 1640 media supplemented with 10% foetal bovine
serum). The cells were maintained in monolayer culture at
37 �C under a humidified atmosphere of 5% CO2. The cells
were subcultured by trypsinization (0.025% trypsin and
0.0025% EDTA) and maintained in tissue culture laboratory.
The cells were grown in 96-well microtitre plates at
1.25� 104 cells/well for 24 h. For the MTT assay, the medium
from the wells was carefully removed after incubation. The
cells were washed twice with 100lL of serum-free medium
and starved for an hour at 37 �C in a CO2 incubator. Then,
the cells were treated with PGE and various concentrations of
AgNPs (5–100lg/mL) and incubated for 24 h. A 20 lL aliquot
of MTT reagent (10%) was then added to each well and the
plates incubated in a water bath at 37 �C for 4 h. Then, DMSO
(10%) was added and the plates agitated for 30min using a
plate shaker in the dark. Finally, the absorbance of the sam-
ples (including the blanks) was measured in a microtitre plate
reader at 590 nm (Biotek, Epoch microplate spectrophotom-
eter, Winooski, VT). The results were expressed as the IC50 val-
ues (effective concentration showing 50% inhibition of
activity) of the respective MTT assay. The percentage of cell
viability was calculated to obtain the anticancer potential of
the AgNPs.

In vitro free radical scavenging activity of biosynthesized
AgNPs
The DPPH scavenging effect of the AgNPs solution was deter-
mined according to an earlier study [16]. About 2mL of DPPH
(2,2-diphenyl-1-picrylhydrazyl) solution was added to 0.2mL
of various concentrations of the AgNPs solution. The mixture
was vortexed and kept at room temperature for 30min in the
dark to allow DPPH radical scavenging to occur. The absorb-
ance of the solution was then measured at 517 nm using cat-
echol solution as a standard. For the ABTS assay, ABTS salt
(7.0 lM) and potassium persulphate (2.45 lM) were combined
to produce the ABTSþ and kept in the dark at 25 �C for 16 h.
A portion of the ABTSþ solution was diluted with 80% (v/v)
ethanol to an absorbance between 0.700 ± 0.005 at 734 nm
using a spectrophotometer [33]. An aliquot (0.2mL) of the
AgNPs solution at various concentrations was combined with
2mL of ABTSþ solution and the reaction mixture vortexed for
10 s immediately and after 6min. Then, the absorbance was
read spectrophotometrically at 734 nm using ascorbic acid as
a standard. A blank experiment (without NPs) was also carried
out. All assays were performed in triplicate. The results were
expressed as the IC50 values (effective concentration showing
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50% inhibition of activity). The scavenging percentages of
DPPH and ABTSþ radicals by the NPs were calculated using
the formula reported earlier [11,22]:

Free radical scavenging ð%Þ ¼ ½AC� AT�
AC

� 100

where AC is the absorbance of the DPPH and ABTSþ controls
in the respective assays, while AT is the absorbance of DPPH
and ABTSþ free radicals in the presence of NPs, at 517 and
734 nm, respectively.

Synergistic antibacterial potential of AgNPs with standard
antibiotics
Initially, the antimicrobial activity of the PGE and synthesized
AgNPs were tested against Gram-positive and Gram-negative
bacteria including Staphylococcus aureus and Escherichia coli
by the standard agar disc diffusion method [34]. Each individ-
ual culture (100 lL) was uniformly spread onto the
Luria–Bertani agar plates using glass rods. Then, 25 lL of PGE
(control) and 25 lL of AgNPs were loaded on each sterile
Whatman no. 1 paper disc (5mm diameter) placed on each
plate. The combined in vitro antibacterial activity of the
AgNPs and antibiotics, vancomycin, streptomycin, oxytetra-
cycline, gentamicin and amoxicillin against E. coli and
S. aureus were also evaluated by further impregnating the
discs with 25 lL of the synthesized AgNPs. Standard sterile
antibiotic discs were used as the positive control. The plates
were incubated at 37 �C for 24 h and the bactericidal activity
evaluated by the size of the clear zone. The greater the zone
of inhibition, the greater is the bactericidal activity. The syner-
gistic antibacterial activity was documented by calculating
the increase in fold area of the zone of inhibition using the
following formula:

Fold area in zone of inhibition ð%Þ ¼ ½B� A�
A

� 100

where “A” and “B” refer to the zones of inhibition for anti-
biotic alone and AgNPs impregnated with antibiotics,
respectively.

Statistical analysis
Anticancer, antimicrobial and radical scavenging data were
analysed using analysis of variance (ANOVA) followed by
Tukey’s HSD test (p< .05). JMP 11 was used for all the
analyses.

Results and discussion

UV–Vis spectra study of synthesized AgNPs

As a fundamental analytical technique, UV-vis spectroscopy
was done to confirm the formation of AgNPs. Indeed, when
PGE was added to the AgNO3 solution, it transformed from a
pale-yellow solution to a dark brown at room temperature
within 20min. The spectra of the AgNPs showed a maximum
SPR peak at about 415 nm, which is the characteristic absorb-
ance band for AgNPs (Figure 1), which is observed in litera-
ture studies at 410–450 nm [13,19]. The presence of

phytochemicals, such as phenolics, flavonoids, tannins and
alkaloids, present in the leaf extract play a key role in the
conversion of the ionic form of silver to the metallic nano-
form [30–31]. The possible mechanism of AgNPs formation,
capping and stabilization using PGE is illustrated in Figure 2.

XRD analysis of synthesized AgNPs

The XRD pattern of the synthesized AgNPs is shown in
Figure 3. The diffraction peaks at 2h¼ 38.1, 44.2�, 64.4� and
77.4� were assigned to the corresponding diffraction signals
(111), (200), (220) and (311), respectively, which indicate the
face-centred cubic crystalline AgNPs (Joint Committee on
Powder Diffraction Standards; JCPDS no. 04-0783). The high
intensity of reflection (111) relative to the other reflections
(Figure 3), indicates the silver nanocrystals because these
peaks are mainly oriented along the (111) plane [35]. The
results are consistent with previous studies, reporting similar
diffraction peaks of AgNPs [25,35].

XPS analysis of synthesized AgNPs

XPS study provides the surface chemical nature and oxidation
state of the synthesized AgNPs. Figure 4(A) is the XPS survey
spectrum for the product showing the presence of Ag, O,
OKLL, AgMNN elements at their respective binding energy
positions due to the binding of PGE biochemical constituents
with AgNPs. The strong sharp signal of Ag3d at 370 eV shows
the presence of Ag metal. High resolution XPS spectrum of
the Ag3d was evaluated to check the valence state of AgNPs
in the assembly (Figure 4(B)). The binding energies of Ag3d3
and Ag3d5 were identified at 373.85 eV and 367.60 eV,
respectively and the splitting of the 3d doublet of Ag was
�6 eV, indicates the existence of AgNPs at their Ag�

state [13].

FTIR analysis of PGE and PGE-synthesized AgNPs

FTIR spectra revealed the combination and distribution of bio-
logical macromolecules of PGE on the surface of the AgNPs.

Figure 1. UV–Vis spectral analysis of Punica granatum leaf extract (PGE) and
synthesized PGE-AgNPs after incubation at room temperature for 20min (inset
is the digital photographs of the corresponding AgNPs).

4 R. G. SARATALE ET AL.



FTIR analysis was performed to determine the functional
groups involved in the reduction of silver into the respective
AgNPs by the PGE. The FTIR spectra of the aqueous leaf extract
of P. granatum and the synthesized AgNPs, shown in Figure 5,
respectively, revealed strong absorption peaks at 3400 and
3384 cm�1, 2940 and 2928 cm�1, 1640 and 1632 cm�1, 1438
and 1428 cm�1 and 1070 and 1058 cm�1, respectively. The
peak IR bands observed at 3400 and 3384 cm�1 are character-
istic of the O–H and C¼O groups, possibly due to polyphenols,
such as flavonoids or aromatic acids, present in the leaf extract
[13,17]. The peaks at 2940 and 2933 cm�1 are assigned to the
asymmetric and symmetric C–H stretching (alkanes) vibration
of flavonoids, respectively [36]. The peaks at 1640 and
1632 cm�1 derive from the –C–C– stretching vibration in the
aromatic ring [37]. The absorption peaks at 1438 and
1428 cm�1 represent –C–C stretching mode, confirming the
presence of an aromatic group [36–37]. The peaks at 1070 and
1058 cm�1 are assigned to C –OH stretching of secondary
alcohols [38]. The relative shift of these peak positions and
intensity distribution in the IR of the two spectra (Figure 5)
indicates that different functional groups of the PGE were
probably involved in the AgNPs formation, and play an import-
ant role in the capping and stabilization, which helps avoid
the AgNPs agglomeration.

Morphological and elemental analysis of synthesized
AgNPs by FESEM and EDS

The morphology and size analysis of the synthesized AgNPs,
which were investigated by FESEM, showed that the particles

were spherical in shape and small in size (Figure 6(A)). A
slight agglomeration of the synthesized AgNPs was noticed.
However, each agglomerate was composed of small crystalli-
tes. The EDS spectrum of the PGE synthesized AgNPs shows
the intense silver peak at 3 keV (Figure 6(B)), which is the
characteristic absorption of metallic silver due to SPR [22,35]
and provides the qualitative and quantitative status of ele-
ments. The presence of small peaks corresponding to Cl, C, O
and S in the EDS spectrum confirmed the existence of the
biomolecules of PGE on the surface of the synthesized
AgNPs. The quantitative analysis gives the weight percentage
of all the elements present in the synthesized AgNPs
(Figure 6(B)). The EDS results showed the highest proportion
of silver was 89.9%, which is evidence of the green synthesis
of AgNPs.

HRTEM analysis of synthesized AgNPs

HRTEM showed that most of the AgNPs were uniform spher-
ical NPs with an average size of �20 – 45 nm and some were
variably distributed (Figure 7(A)). The SAED pattern, shown in
Figure 7(B) has bright circular rings corresponding to the
(111), (200), (220) and (311) planes, revealing the highly poly-
crystalline nature of the AgNPs, consistent with the XRD
results and previous literature studies [39–40].

Stability studies of synthesized AgNPs

The stability of the synthesized PGE-AgNPs recorded over
6months showed no aggregation or any significant change
in the SPR. Thus, the synthesized AgNPs were stable and
could, therefore, be useful for various biomedical applications
(Figure 8(A)). In addition to this, we have analysed the DLS
and zeta potential, in order to know the stability and charge
of the synthesized PGE-AgNPs. Zeta potential is an important
parameter that represents the surface charge of NPs, predict-
ing interactions between NPs and useful to foretell the long-
term stability of NPs in suspension [13]. The literature survey
suggests that if the NPs with higher negative (�25mV) or
positive (þ25mV) zeta potential, then they will repel each
other and showed high degrees of stability [41]. The zeta
potential value of dispersed synthesized PGE-AgNPs in deion-
ized water in the absence of any electrolyte was�26.6mV
(Figure 8(B)). The negative charge on PGE-AgNPs confirms
the repulsion among the particles, and thus, particles do not
undergo coalescence avoiding agglomeration, which supports
the long-term stability of synthesized AgNPs. Moreover, the

Figure 2. Schematic representation of the synthesis, capping and stabilization of AgNPs using Punica granatum leaf extract.

Figure 3. XRD pattern of the synthesized PGE-AgNPs.
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zeta potential of NPs strongly depends on pH and electrolyte
concentration of the dispersion [13,41]. The DLS size distribu-
tion image of PGE-AgNPs is depicted in Figure 8(C). Particle
size distribution curve reveals that AgNPs obtained are poly-
dispersed in nature. It was observed that the size distribution
of AgNPs ranges from �35 to 60 nm. The calculated average
particle size distribution of AgNPs is 48 nm (Figure 8(C)).

Antidiabetic potential of PGE-AgNPs

Diabetes mellitus is a group of metabolic diseases in which
there are high blood sugar levels over a prolonged period.

A therapeutic approach to decrease the hyperglycaemia is
to inhibit the carbohydrate digesting enzymes (a-glucosi-
dase and a-amylase), thereby preventing the breakdown of
carbohydrates into monosaccharides which is a main cause
of increasing blood glucose level [6,42]. Therefore, develop-
ing compounds having inhibitory activities towards carbo-
hydrate hydrolysing enzymes may be a useful way to
manage diabetes [6,42]. As shown in Figure 9(A,B), a-amyl-
ase and a-glucosidase were significantly inhibited in a
dose-dependent manner by the PGE-AgNPs. The results
suggest that with the increased AgNPs concentration, the
activity levels of enzyme were remarkably reduced, produc-
ing IC50 values of 65.2 and 53.8lg/mL, respectively, which

Figure 4. XPS spectra of (A) Survey and (B) Ag 3d of the synthesized PGE-AgNPs.

Figure 5. FTIR spectra of Punica granatum leaf extract (PGE) and synthesized PGE-AgNPs.
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Figure 6. (A) FESEM images and (B) EDS spectrum of synthesized PGE-AgNPs.

Figure 7. (A) HRTEM micrographs of PGE-AgNPs and (B) SAED results illustrating the formation of AgNPs.

ARTIFICIAL CELLS, NANOMEDICINE, AND BIOTECHNOLOGY 7



were significantly higher than the PGE (Figure 9(a,b)).
Hence, the PGE biomolecules likely enhanced the antidia-
betic potential of the synthesized NPs. a-Amylase and
a-glucosidase inhibitory actions were observed in increasing

order, as PGE < AgNPs < Acarbose (Figure 9). Comparable
results were observed in the literature [16,43]. However,
the foregoing results suggest that the synthesized PGE-
AgNPs are potentially better antidiabetic particles at

Figure 8. Stability of synthesized PGE-AgNPs up to 6months and their (A) SPR spectrum, (B) zeta potential and (C) particle size distribution determined by DLS.
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inhibiting carbohydrate digesting enzymes, and could prove
an effective approach in the diabetes care.

In vitro cytotoxicity assessment of biosynthesized AgNPs

In vitro cytotoxicity against the HepG2 cell line was studied
by the MTT assay using various concentrations of PGE-
AgNPs (5, 10, 20, 40, 60, 80, 100, 150 and 200 lg/mL).
Figure 10 shows that the AgNPs possess significant anti-
cancer activity and approximately 70 lg/mL is required to
induce 50% cell mortality. In contrast, 200 lg/mL AgNPs
significantly inhibited cell growth by more than 90%
(Figure 10), whereas the PGE showed low cytotoxicity (about
10%) (Figure 10). The anticancer activity was directly dose-
dependent, demonstrating the pivotal role of the AgNPs
concentration. Our results collaborated earlier observations
with AgNPs against MCF-7 breast cancer cells [44], rat glial
tumor C6 cells [11], Dalton’s lymphoma ascites [45], lung A-
549 carcinoma cells [46], lung cancer cell lines (A549) and
cervical cancer cell line (HeLa) [47], colon cancer cell lines
(HT29) [48] and the HepG2 liver cancer cell line [43]. The
inhibitory mechanism of AgNPs against cancer cell lines has
not been well known. However, it was supposed that AgNPs
can block the activity of abnormally multiplied signalling
proteins or interact with functional groups of intracellular
proteins and enzymes, as well as with the nitrogen bases in
DNA, which results in cell death [45–49]. Nevertheless, this
is the first report on the cytotoxic effects of PGE-synthesized
AgNPs using the HepG2 liver cancer cell line. Further investi-
gations are, therefore, required to identify the possible
mechanism involved in the anticancer activity.

Figure 9. Antidiabetic activity of synthesized PGE-AgNPs based on inhibition of
a-amylase and a-glucosidase activity.

Figure 10. Anticancer activity of various concentrations of synthesized PGE-AgNPs against the liver cancer cell line- HepG2 (within each tested dose, different letters
above each column indicate significant differences).
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DPPH and ABTS radical-scavenging activity of PGE-
AgNPs

The DPPH and ABTSþ free radical-scavenging antioxidant
potential of the synthesized NPs (Figure 11(A,B)) indicated
that their DPPH activity was dose dependent, with increased
inhibition of 80%, 64% and 48% at 100 lg/mL for catechol,
AgNPs and PGE, respectively. The AgNPs were found to be
effective against the DPPH radicals, displaying an IC50 value
of 67 lg/mL (Figure 11(A)). This result concurs with the
reported DPPH-scavenging activity of AgNPs [15–16,28]. The

ABTSþ radicals scavenging percentage of the AgNPs found to
be increased (19–81%), with an IC50 value of 52 lg/mL
(Figure 11(B)). The results suggest that compared to ABTSþ,
the DPPH free radical scavenging of AgNPs was more effect-
ive, with a higher IC50 value. This might be due to a differ-
ence in their sensitivity towards ABTSþ and DPPH radicals. A
considerable increase in the free radical-scavenging proper-
ties of the synthesized AgNPs against both DPPH and ABTSþ

compared to the PGE was observed. This might suggest a
combined effect of AgNPs and biomolecules present in the
PGE, which increase the surface area-to-volume ratio of NPs
and, in that way, interact and scavenge significantly with
these free radicals. Previous studies on the radical scavenging
activity of AgNPs have been reported using Catharanthus
roseus [27], Iresine herbstii [14], Clerodendrum phlomidis [26],
Lonicera japonica [16] and Abutilon indicum [15]. The above
results suggest the potential application of PGE-AgNPs as
alternative antioxidant compounds to develop new pharma-
ceutical products.

Synergistic antibacterial potential of AgNPs with
standard antibiotics

The synthesized PGE-AgNPs showed significant antibacterial
activity against both the Gram-negative E. coli (17mm) and
Gram-positive S. aureus (15mm) bacteria, whereas the control
(PGE) did not produce any zone of inhibition (data not
shown). The difference in the zone of inhibition might be
attributed to the differences in the thickness and constituents
of the cell wall that exist between Gram-positive and Gram-
negative bacteria and could also depend on their interaction
with the charged PGE-AgNPs [9]. PGE-AgNPs with vancomycin
and oxytetracycline showed a significantly enhanced zone of
inhibition (40.9% and 41.5%, respectively) against both E. coli
and S. aureus, respectively (Table 1). Similarly, AgNPs synthe-
sized using Enterococcus sp. showed enhanced antimicrobial
activity with commercial antibiotics against clinical pathogens
[49]. PGE-AgNPs with streptomycin and amoxicillin showed
moderate antibacterial activity against E. coli but were less
effective against S. aureus (Table 1). In contrast, no enhanced
effect was observed for the AgNPs with gentamicin in either
bacterium (Table 1). The growth inhibition around the disc is
due to the release of diffusible inhibitory compounds from
AgNPs. Studies suggest that the AgNPs may interact and

Figure 11. Antioxidant activity of synthesized PGE-AgNPs based on DPPH and
ABTS radical-scavenging activities.

Table 1. Enhanced antibacterial activity of punica granatum leaf extract synthesized silver nanoparticles (AgNPs) against Escherichia coli and Staphylococcus
aureus.

E. coli S. aureus

ZOI (mm) ZOI (mm)

Antibiotic (lg) Ab AbþAgNPs Enhanced ZOI (%) Ab AbþAgNPs Enhanced ZOI (%)

Vancomycin (30) 21.0 ± 0.48a 29.6 ± 0.52b 40.9 ± 1.12 23.4 ± 0.48a 24.8 ± 0.52a 6.00 ± 0.28
Streptomycin (300) 28.2 ± 0.58a 32.7 ± 0.62b 15.9 ± 0.58 23.5 ± 0.52a 25.4 ± 0.55a 8.10 ± 0.66
Oxytetracycline (30) 32.4 ± 0.54a 36.8 ± 0.48b 13.5 ± 0.68 17.8 ± 0.62a 25.2 ± 0.64b 41.5 ± 0.88
Gentamicin (120) 28.3 ± 0.58a 29.5 ± 0.52a 4.20 ± 0.22 23.8 ± 0.60a 23.8 ± 0.62a 00
Amoxicillinþ Clavulanic acid (20þ 10) 25.9 ± 0.44a 30.2 ± 0.48b 16.6 ± 0.45 24.8 ± 0.49a 29.3 ± 0.54b 18.5 ± 0.22

Ab: antibiotic; AgNPs: Silver nanoparticles; ZOI: zone of inhibition.
Values are means of three replicates ± SE.
Within a row, different letters indicate significant differences (ANOVA followed by Tukey’s HSD test).

10 R. G. SARATALE ET AL.



disrupt the surface of the microbial cell wall or plasma mem-
brane, thereby inhibiting the respiration functions of the cell
and disturbing DNA proteins, thereby resulting in cell death
[9,35,49]. However, the exact mechanism has not been fully
elucidated. Photographs of the plates loaded with selected
antibiotics, as well as the AgNPs with the antibiotics, are
shown in Figure S1. The above findings confirm that PGE-
AgNPs are capable of rendering enhanced synergistic antibac-
terial activity, encouraging further explorations aimed at iden-
tifying their potential use in the preparation of antibacterial
drugs.

Conclusions

Overall, AgNPs synthesized through a green route using PGE
is easy, cost efficient and eco-friendly. On storage up to
4months, synthesized AgNPs were found stable and showed
no signs of aggregation, thereby increasing its potential
application. The organic phytochemicals resident in the leaf
extract acted and showed combined effect as a reducing and
a capping agent for the AgNPs, thus avoiding any toxic
chemical usage. The synthesized AgNPs showed significant
antioxidant and antidiabetic activities, suggesting metal NPs
as useful applications in the field of biomedical research. The
green-synthesized AgNPs against the HepG2 liver cancer cell
line showed remarkable cytotoxic activity in vitro with 50%
cell mortality at 70 lg/mL. The antibacterial studies indicated
that the PGE-synthesized AgNPs show potent antibacterial
effect against the tested pathogens, leads to go high poten-
tial uses in biological applications. We believe that with these
obtained results from the synthesized metal NPs, will lead to
extend and could bring awareness toward the application of
nanomaterials as alternative medicines.
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