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Abstract 
Biosynthesis of silver nanoconjugates using agro-waste has drawn the attention of the researchers in recent years due to 
eco-friendly and low-cost methods. A comparative study on various techniques (sunlight, probe ultrasonication, and micro-
wave irradiation) of silver-bio-nanoconjugate production was carried out using lyophilized pomegranate peel polyphenols. 
Polyphenols from pomegranate peel extract were identified by LC–MS. The reaction time of each technique for the synthesis 
of pomegranate peel’s polyphenols-based silver nanoconjugates was optimized by UV–visible spectroscopy, dynamic light 
scattering, and antioxidant activity. Further, they were characterized by FT-IR spectroscopy, XRD, FESEM–EDX, elemen-
tal mapping, TEM, and zeta potential. UV-spectroscopy and DLS results showed that the sunlight, probe ultrasonication, 
and microwave irradiation technique could reduce silver (Ag+) ions to silver nanoparticles (Ag0) at λ max ~ 420 nm with 
Z-average diameters 51.63–94.76, 40.51–61.47, and 43.40–66.52 nm, respectively. The antioxidant activity was maximum 
at 50 s of microwave irradiation treatment followed by 15 min of probe ultrasonication and 20 min of sunlight exposer. 
However, TEM analysis revealed that the probe ultrasonication treated nanoconjugates were spherical, smaller, and less 
aggregated. FT-IR spectra confirmed the involvement and conjugation of various functional groups from pomegranate peel 
polyphenols. Probe ultrasonic-assisted-silver nanoconjugates showed good antibacterial activity against S. aureus and E. 
coli as compared to microwave-assisted silver nanoconjugate.
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Abbreviations
AA  Antioxidant activity
DPPH  2,2-Diphenyl-1-picrylhydrazyl
EDX  Energy dispersive X-ray
FESEM  Field emission scanning electron microscope
FTIR  Fourier-transform infrared
HHDP  Hexahydroxydiphenoyl
LCMS  Liquid chromatography–mass spectroscopy
PPP  Pomegranate peel polyphenol
PPP-SNC  Pomegranate peel polyphenol-based silver 

nanoconjugate
TE  Total ellagitannin
TEM  Transmission electron microscope
TPC  Total phenolic content
UV–vis  Ultraviolet–visible

XRD  X-ray diffractometer
ZOI  Zone of inhibition

Statement of Novelty

Pomegranate peel contains valuable polyphenol is consid-
ered too wasteful in the absence of suitable techniques of 
value addition. However, the utilization of pomegranate peel 
in the biosynthesis of silver nanoconjugates is a zero-waste 
strategy that could support the green technology campaign. 
Probe ultrasonication-assisted greener-synthesis of silver is 
proved as a simple, eco-friendly and efficient technique to 
produce well structured, pomegranate peel polyphenol sil-
ver nanoconjugates having high antioxidant and antimicro-
bial properties which would find application in the field of 
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biomedical as well as food preservation including designing 
of the novel food packaging system and postharvest manage-
ment of fruits and vegetables.

Introduction

Nanoparticles have gained special attention recently given 
their unique physical, chemical, and optical properties. Char-
acteristic properties are due to the very small size of parti-
cles  (10−9) having a high surface area to volume ratio and 
show efficient behavior even at a very lower concentration 
[1, 2]. Due to its nano size, it can penetrate the cells and help 
in delivering the drug on the specific site.

Application of nanotechnology in health, food, and agri-
culture has been well recognized especially in antimicrobial 
based food packaging, formulation of nano-preservatives, 
delivery of nanomedicine/drugs and nutraceuticals, vectors 
for gene delivery, nano-imaging and biosensors [2, 3].

Metal nanoparticles have been synthesized using chemi-
cal reducing agents [4], ultrasonication [5], UV- ray expo-
sure [6] microwave irradiation [7], the ionic-liquid supported 
method [8], gamma rays [9] and biological methods [10], 
etc. Nano-silver is one of the metallic nanoparticles with the 
highest degree of commercialization [1]. The majority of the 
methods used for metallic nanoparticle production involve 
expensive and toxic chemicals that restrict its use in the 
synthesis of nanoparticles. To overcome these drawbacks, 
the research has been focused on the biological synthesis 
of nanoparticles. Numerous studies have been reported on 
the synthesis of nano-silver using plant extract and microor-
ganisms [11–17]. The mechanism governing the production 
of biosynthesized nanoparticles is the conjugation of silver 
ions with various biomolecules to achieve the reduction of 
Ag+ to Ag0. The conjugation of plant polyphenols with 
metal nanoparticles exhibit the advantageous properties of 
both the materials [18]. The polyphenol not only acts as a 
reductant and capping agent during the synthesis of metal-
lic nano-particles but also enhances the antioxidant activity 
of nanoparticles whereas conjugated silver nano-particles 
improve the stability of polyphenols under adverse condi-
tions (such as heat, light, etc.).

Toxicity of silver nanoparticles towards cell is the main 
safety concern which prohibits its application. Although 
many studies already claimed that low concentration 
(5–250 µg/ml) of biosynthesized nanoparticles are non-
toxic towards normal cells while toxic for cancer or bacterial 
cells [19–22]. Khorami et al. [21] studied cell cytotoxic-
ity of wall nut green husk extract-based silver nanoparti-
cles against tumor cell lines (MCF-7) and normal cell lines 
(L-929). They observed that biosynthesized nanoparticles 
showed 15% maximum cell death for the normal cell after 
48  h. whether commercial chemical synthesized silver 

nanoparticles showed 60% cytotoxicity towards normal 
cells. On the contrary silver nanoparticles showed superior 
cytotoxic effect against cancer cells. It was reported that the 
combined effect of silver nanoparticles and polyphenols not 
only increased the ROS generation but also inhibited the 
transcription process. The antioxidants compounds such as 
polyphenols exhibit toxicity only against the non-healthy 
cell. In a conclusion of the above discussion polyphenol-
rich plant extract-based silver nanoparticles exhibit a better 
result in the direction of cell cytotoxicity either normal or 
carcinogen cells as well as bacterial cells.

Various plant extracts are used for the synthesis of silver 
nanoparticles which includes the use of agro-waste derived 
from bark, lemon, grape, and orange processing industries. 
Utilization of agro-waste for the above purpose is an attrac-
tive approach due to its low cost and a resourceful alternative 
for waste minimization [23–27]. Pomegranate peel extract 
was reported as one of the most powerful agro-waste having 
high antioxidant activity and potential for green synthesis 
of silver nanoparticles [28, 29]. Polyphenols are responsi-
ble mainly for the reduction of silver ions which trigger the 
synthesis of silver nanoparticles [30].

Despite their crucial involvement in the synthesis of silver 
nanoconjugate, reports on the efficient production of pome-
granate peel extract assisted silver nanoparticles are scarce. 
A few reports are available wherein the silver nanoparticles 
have been synthesized using an incubation shaker for 24 h 
and magnetic stirrer. They characterized the synthesized sil-
ver nanoparticles by UV-spectra, FT-IR, SEM, and antibac-
terial activity [31, 32]. However, few reports claimed that a 
combination of physical and biological techniques produce 
more uniform and stable nanoparticles [19, 33–35] in a short 
duration.

Cultivars are another factor that significantly affects the 
synthesis of silver nanoparticles and their bioactivity [36, 
37]. Matties et al. [36] observed that leaves of two culti-
vars (Leccino and Carolea) belonging to the species of 
Olea Europea produce different shapes and sizes of nano-
particles. Their anticancer and antibacterial properties are 
also varied. Therefore, the use of specific variety for the 
production of silver nanoparticles would be aid beneficial 
for a particular study. In our previous study, it was already 
reported that Bhagwa variety pomegranate peel is a pow-
erful source of antioxidant as compared to other cultivars 
[28]. As a continuation of our previous study hereby we 
report the bioinspired synthesis of silver nanoparticles using 
specific (Bhagwa) variety of pomegranate peel. Addition-
ally, in the current study first time, comparative studies on 
three different nano-conjugation techniques were carried 
out using pomegranate peel polyphenol (PPP) and expos-
ing the reaction in the presence of sunlight, microwave 
irradiation, and probe ultrasonication. Initially, the time of 
exposer was optimized for the synthesis of pomegranate 
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peel polyphenol-silver nano-conjugate (PPP-SNC) using 
three approaches based on visual observation, UV spectral 
analysis, DLS, and bioactivity (TPC, TE, and AA). Further, 
nanoconjugates were characterized using FESEM–EDX, 
Elemental mapping, TEM, XRD, FT-IR spectroscopy, and 
Zeta potential. Antimicrobial activity was also studied.

Materials and Chemicals

Silver nitrate was collected from Merk Life Science Pri-
vate Limited (Mumbai). Bhagwa variety’s pomegranates 
were collected from the garden of Sholapur, Maharashtra 
in August 2019. Deionized water (Merck Millipore ultra-
purification system, M Progard TS2) was used throughout 
the study of extraction, synthesis, and purification. All the 
chemicals were used analytical grade and HPLC grade sol-
vent used for LCMS study.

Extraction of Polyphenols from Pomegranate Peel

Peels were separated from fruits and washed with deionized 
water. The peels were shredded and tray dried at 40 ± 2 °C 
until the moisture reaches < 5% on a wet basis. Peels were 
ground and passed through a sieve (60 B.S.S mesh size). 
Polyphenols from pomegranate peel powder were extracted 
according to the method of Foujdar et al. [28]. Purified sam-
ples were lyophilized and used for further analysis.

Liquid Chromatography–Mass Spectroscopy (LC–
MS)

Identification of phenolic compounds of the lyophilized 
sample was done using LC–MS (Waters, Micromass Q-TOF 
micro) having X- bridge waters C-18 column (4.6*250 mm 
length, 5 µm diameter). The experiment was performed by 
following the described method of Seeram et al. [38]. Sol-
vent A (2% acetic acid/water), B (2% acetic acid/ methanol) 
was used throughout the study. The volume of injection was 
20 µl and the flow rate was 0.8 ml/min. Mass spectra were 
recorded at electron spray negative mode with a scan range 
of 120–1500 amu. Presence of compounds in each peak of 
the mass spectra was identified by matching their molecular 
ions [M-H]−1 from the standard mass spectra and available 
literature data [39–41].

Synthesis of Pomegranate Peel’s Polyphenols‑Based 
Silver Nanoconjugate (PPP‑SNC)

PPP-SNC was prepared by following the method [42] with 
modification. Briefly, 50 ml of silver nitrate (10 mM) was 
mixed with 20 ml of extract (1 mg of dry weight extract/ml 
of deionized water). Three different techniques were used for 

the synthesis of silver nanoconjugate namely sunlight expo-
sure (5, 10, 15, 20 and 25 min), probe ultrasonication at fixed 
an amplitude (40%) and temperature (50 °C) for 5, 10, 15, 20 
and 25 min and microwave irradiation at 600-W power for 
20, 30, 40, 50 and 60 s. After treatment, the beaker contain-
ing the mixture was covered with aluminum foil and kept for 
24 h at room temperature. The reduction of silver nitrate to 
PPP-SNC was initially observed visually by colour change. 
The UV–Vis spectrophotometer (Shimadzu, UV-1800, 
Malaysia) was used to check the variation of absorbance 
spectra of synthesized nanoconjugates. The PPP -SNC was 
separated by centrifugation (REMI-PR 24) at 8000 rpm for 
20 min and purified by washing three times with deionized 
water following centrifugation (8000 rpm for 15 min). The 
precipitate of silver nanoconjugates was further dispersed 
in 5 ml of deionized water and analyzed for particle size, 
total phenolic compound, total ellagitannin, and antioxidant 
(DPPH scavenging) activity.

Bioactivity Study of PPP‑SNC

Total Phenolic Content

TPC was quantified by using the method described by 
Kazemi et  al. [43] using a spectrophotometer (HACH, 
DR-6000 Model) at 765 nm wavelength with slight modifi-
cation. The modification included as 1 ml colloidal solution 
was added into 5 ml of FCR reagent (tenfold dilution) and 
4 ml of sodium carbonate solution (7.5%). The TPC was 
expressed in terms of μg Gallic acid equivalent (GAE)/ml 
of silver nanoconjugate solution.

Total Ellagitannin

Total Ellagitannins (hydrolysable tannins) were determined 
using the method described by [29]. Results were expressed 
as μg Tannic acid equivalent (TAE) per ml of silver nano-
conjugate solution.

Antioxidant (DPPH Scavenging) Activity

The spectrophotometric method described by [43] was fol-
lowed for the analysis of the free-radical scavenging activity 
of PPP-SNC using 2,2-diphenyl-1-picrylhydrazyl (DPPH). 
1 ml of nano colloidal solution was added into 3.9 ml of 
DPPH activity. Absorbance was taken at 517 nm wavelength. 
Scavenging % was calculated by following the equation:

DPPH scavenging (%) = [(A − B)∕A] × 100,
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where ‘A’ and ‘B’ is the absorbance of control and sample.

Comparative Study Between Peel Extract and PPP‑SNC 
on Antioxidant Compounds

To conduct a comparative study between extract and PPP-
SNC on TPC, TE, and AA, the same sample concentration 
(dry weight basis) was used. The sample was dissolved 
into dimethyl sulfoxide (DMSO). The method was per-
formed as described by our previous study [28].

Characterization of PPP‑SNC

UV–Vis Spectrophotometer

Reduction and conjugation of silver ions to PPP-SNC 
were observed by ultraviolet–visible spectrophotometer 
(Shimadzu, UV-1800, Malaysia). UV–Vis spectra of sam-
ples were taken in the wavelength range between 200 and 
800 nm.

Dynamic Light Scattering (DLS)

Particle size and zeta potential were measured by dynamic 
light scattering technique (Malvern-Zetasizer Instrument). 
The temperature of the cell was maintained at 25 °C.

Fourier Transform Infrared (FT‑IR)

FT-IR study was performed by Fourier transform infra-
red-spectroscope (Perkin Elmer, USA) to determine which 
functional group of pomegranate peel polyphenol respon-
sible for reduction and conjugation of PPP-SNC. In FT-IR 
spectra analysis, a small amount of hot air oven-dried sam-
ple (at 37 ± 3 °C temperature) was used to form KBr pellet, 
and spectra were recorded in between 4000 and 400 cm−1 
infrared range with a resolution of 4 cm−1.

X‑Ray Diffractometer (XRD)

XRD (BRUKER, D-8 Advance) equipped with K αCu 
radiation generator (λ = 1.5419  Å) and nickel mono-
chromator was used to obtain X-ray pattern at 30 kV and 
100 mA. The scanning was recorded in the region of 2θ 
from 10° to 90°. The crystal size of nanoparticles was 
calculated by Scherer’s equation [44]:

D = Kλβ Cos θ,

 where D is the average crystal size, K is the Scherer coef-
ficient (0.89), λ is the wavelength of X-ray (1.5406 Å), β is 
the full width at half maximum and θ is Bragg’s angle (2θ).

Field Emission Scanning Electron Microscopy (FESEM)–
Energy Dispersive X‑Ray (EDX) with Elemental Mapping

Morphology of the PPP-SNC was analysed by FESEM 
(Ultra High Resolution, scanning electron microscope 
SU8010, Hitachi Model). The dried powder sample was 
mounted on a carbon-coated copper grid. EDX and elemen-
tal mapping were accomplished by FESEM equipped with 
EDX and elemental mapping attachment.

Transmission Electron Microscopy (TEM)

The internal morphology of the PPP-SNC was obtained 
by TEM (Hitachi, model H-7650) image analysis using an 
accelerating voltage of 80 kV emitted at 11.8 µA.

Antibacterial Activity of PPP‑SNC

The antibacterial activity of synthesized PPP-SNC was eval-
uated by agar well diffusion method [42]. Two food poison-
ing bacteria namely, Staphylococcus aureus-gram positive 
(MTCC-3160) and Escherichia coli- gram-negative (MTCC-
452) were used in the study. All the nanoconjugates were 
dissolved in DMSO at a concentration of 5 mg/ml. Tetra-
cycline (50 µg) used as a positive control and DMSO as a 
control. Zone of inhibition measured in mm after incubation 
at 37 °C for 24 h.

Statistical Analysis

The data have represented the average of three readings. One 
way-analysis of variance (ANOVA) with Duncan’s multiple 
range test (Software SPSS 253 16.0) was used to determine 
significant differences at P < 0.05 among the mean values.

Results and Discussion

Identification of Polyphenols from Pomegranate 
Peel Extract Using LCMS

Chromatogram of pomegranate peel polyphenols showed 
nine major peaks (Fig. 1). Mass spectra and fragmenta-
tion patterns were used to identify the peaks. Peak 1 was 
identified as galloyl hexoside where one single fragment 
found in mass spectra at m/z 331.09 (Table 1). Compound 
eluted at 8.29 min produced a molecular ion at m/z 331.10 
[M-H]−1 and a characteristic fragment ion at m/z 271. 
Compound at (Peak 2) was identified as galloyl hexoside. 
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Peak 3 eluted at 9.33 has [M-H]−1 ion at m/z 483.12 and 
a strong fragment ion at m/z 331.10 and identified as 
digalloyl hexoside. Similar characteristics fragment ion 
was reported [40, 41] in pomegranate juice and identified 
as digalloyl hexoside. Peak 4 eluted at 10.47 min has a 
deprotonated ion at m/z 633.17 [M-H]−1 and product ion 
at m/z 541.09, 331.10, and 271.07. The fragment pattern 
of this study was different from the existing literature data 
[39–41]. But the presence of punicalagin isomers (m/z 
541.09) and galloyl hexoside (m/z 331.09) indicated that 
this compound should be galloyl-hexahydroxydiphenoyl-
hexoside. This compound was identified in pomegranate 
flower polyphenols by [39]. Peak 5 and 6 eluted at 12.80 
and 13.01 min was accounted for punicalagin α and β 
(Table 1). This compound was confirmed by comparing 
with standard retention time and mass spectra. Peak 6 has 
a molecular ion at m/z 1083.22 [M-H]−1. The fragment 

ions were found at m/z 783.17, 707.14, 633.15, 541.09, 
483.14, and 301.03 and matched with the fragment pattern 
of standard (punicalagin). Retention time and fragment 
pattern of standard conferred the presence of punicalagin 
β. Peak 5 has also a production at 1083.19 [M-H]−1 which 
showed a similar fragment pattern. Based on existing lit-
erature [39] and reference of the standard this compound 
was identified as punicalagin α. Punicalagin is the main 
ellagitannin compound of pomegranate peel identified 
by Seeram et al. [38] during a large scale of purification 
of ellagitannin from pomegranate peel. Peak 7 and 8 have 
a deprotonated ion at [M-H]−1 m/z 783.16 and 783.20 and 
a production at m/z 331.10 (galloyl hexoside) and 481.12 
(di galloyl hexoside). This peak was identified as (Pen-
duculagin I isomers). Each of the two different retention 
times resembled the isomeric structure. These compounds 
were also reported by Fischer et al. [40]. Peak 9 had depro-
tonated ion at [M-H]−1 481.12 which was assigned for 

Fig. 1  Chromatograph of lyophillized pomegranate peel extract

Table 1  Identification of polyphenol compounds from pomegranate peel extract using mass spectra

Peak no. Retention time 
(min)

Compound name Molecular weight 
[M-H]−1

Fragment pattern (M/Z)

1 1.39 Galloyl hexoside 331 331.09
2 8.29 Galloyl-hexoside 331 331.09, 271.06
3 9.33 Digalloyl-hexoside 483 483.12, 481.11, 331.10, 271.06
4 10.47 Galloyl-HHDP-hexoside 633 633.13, 541.09, 331.10, 271.07
5 12.80 Punicalagin α 1083 1083.19, 783.17, 707.15, 541.09, 483.13
6 13.01 Punicalagin β 1083 1083.22, 783.17, 707.15, 633.15, 541.09, 

483.14, 301.03
7 14.90 Pedunculagin I isomer 783 783.16, 481.12, 331.10
8 17.63 Pedunculagin I isomer 783 783.20, 481.12, 331.10
9 30.23 HHDP-hexoside 481 481.12, 275.84
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HHDP-hexoside (Fig. 1, Table 1). A similar compound 
was identified in Punica granatum L. Juice by Mena et al.
[41]. 

Synthesis of Pomegranate Peel’s Polyphenols‑Based 
Silver Nanoconjugate (PPP‑SNC)

Visual Observation and Spectral Analysis

Visual observations of PPP-SNC were confirmed by a col-
our change from yellow to dark brown (Fig. 2a–c). The 
colour intensity increased with the increase in exposure 
time for all three methods. However, there is a marked 
increase in the colour under sunlight exposure. Change 
of colour indicates the formation of silver nano-conju-
gates [15, 45, 46]. In line with the colour changes, the 
reduction of silver ions into nanoconjugate was further 
evaluated by UV visible spectroscopy. Spectral analysis 

showed that all nanoconjugates have maximum absorb-
ance near about 420  nm whereas peel extract showed 
maximum absorbance spectra at 370 nm (Fig. 3a–c). The 
λmax of all the treated silver nanoconjugate samples were 
respectively for sunlight (433.5–429 nm), probe ultrason-
ication (424–415 nm), and microwave (421.5–410 nm) 
wavelengths. However, several literatures reported that 
the nanoparticles showed a spectral wavelength range of 
220–800 nm [25, 32, 47–49]. It has been observed that 
absorption spectra were influenced by the shape, size, and 
morphology of nanoparticles. The characteristic peak of 
nano-silver is mainly due to surface plasmon resonance 
which indicates the formation of silver nanoparticles. It 
was observed that the absorbance of all nanoconjugates 
increased with increasing time of exposure (Table 2). 
The wide absorbance peaks indicate a larger particle size 
[50]. The Fig. 2b and c showed that probe ultrasonication 
and microwave irradiation treated PPP-SNC have smaller 
peak area and hence smaller particle size as compared to 
the large peak area of sunlight treated PPP-SNC sample 

Fig. 2  Visual observation of a sunlight, b probe ultrasonication and c microwave based PPP-SNC

Fig. 3  UV-spectra of a sunlight, b probe ultrasonication and c microwave based PPP-SNC
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(Fig.  2a). This result was further confirmed by DLS, 
FESEM with EDX, and TEM.  

Effect of Exposure Time PPP‑SNC Synthesis on the Particle 
Size

The particle size of PPP-SNC varied respectively for sunlight 
(51.63–94.76 nm), probe ultrasonication (40.51–61.47 nm), 
and microwave irradiation (43.39–66.52 nm). The particle 

size of sunlight, probe ultrasonication, and microwave irra-
diation treated PPP-SNC decreased with increasing expo-
sure time (Table 3). Reduction in the particle size with an 
increase in the incubation time could be attributed to the 
fact that time needed to react the polyphenols on the sil-
ver nitrate for reduction of silver ions to nanoparticles was 
available. On the other side, an increase in the time beyond 
20 min, 15 min, and 50 s for sunlight, probe ultrasonica-
tion, and microwave irradiation caused aggregation of par-
ticles hence the particle size increased. Similar report on 
agglomeration was discussed by Fatimah and Indriani [51]. 
Another reason for the increase of the particle size with 
extending the probe ultrasonication time could be due to 
high amplitude and longer probe ultrasonication led to the 
formation of free radicals and destabilization of the PPP-
SNC by intramolecular regrouping and depolymerization 
of the molecules [52]. These results were in line with the 
UV–vis study of PPP-SNC reported earlier. A similar result 
was reported by Guzmán et al. [7] who found that particle 
size of gallic acid-chitosan modified silver nanoparticles was 
larger at 20 min (54.90 ± 64.8 nm) than 10 min of probe 
ultrasonication (39.78 ± 13.2 nm) exposure. In the case of 
microwave irradiation, initially, the particle size is reduced 
with irradiation time (20–50 s) since irradiation can easily 
penetrate the reaction solution and produce heat homoge-
nously, giving rapid crystal growth and uniform nucleation 
[53]. Further, increasing the irradiation time beyond 50 s 
the particle size was increased because irradiation time is 
directly proportional to temperature. As time increases the 
temperature of solution reach nearly about boiling tempera-
ture which causes degradation of the stabilizing molecules 
present in the plant extract. The stabilizing molecules help to 
prevent the aggregation by making a layer around the surface 
of nanoparticles. Degradation of these molecules results in 
agglomeration of particles subsequently led to the forma-
tion of large particles. A similar observation was reported 
by Kazemzadeh et al. [54]. As they observed that increas-
ing microwave irradiation exposure, initially it reduced the 
particle size and beyond 75 s larger agglomerated particle 
size obtained.

Effect of Exposure Time PPP‑SNC Synthesis on TPC, TE, 
and AA

The antioxidant activity of synthesized nanoconjugates 
depends on the properties of various polyphenolic compo-
nents attached to their surface. The effect on the exposure 
time of different techniques used for the synthesis of PPP-
SNC on TPC, TE, and AA are represented in Fig. 4a–c. The 
results indicated that exposure time has a significant effect 
on TPC, TE, and AA of synthesized PPP-SNC for each 
technique. It was found that the TPC, TE, and AA of syn-
thesized silver nanoconjugates increased significantly with 

Table 2  UV–vis spectroscopy results of PPP-SNC using three differ-
ent techniques

Sl. no. Techniques Time (min) Maximum 
wavelength 
(nm)

Maximum 
absorbance

1 Sunlight 5 432 1.826
10 433.5 2.057
15 433.5 2.296
20 431.5 2.293
25 429 2.56

2 Probe ultrasonica-
tion

5 424 2.041
10 421 2.477
15 424.5 2.841
20 423.5 3.357
25 415 3.765

3 Microwave 5 415 2.132
10 421.5 1.532
15 413 2.476
20 410 3.286
25 410.5 3.548

Table 3  Effect of time and techniques on the particle size of PPP-
SNC

Sl. no. Methods Time Particle size 
(Z-average diameter 
in nm)

1 Sunlight 5 min 94.8
2 10 min 86.2
3 15 min 85.3
4 20 min 51.6
5 25 min 90.5
6 Probe ultrasonication 5 min 49.8
7 10 min 41.7
8 15 min 40.5
9 20 min 52.2
10 25 min 61.5
11 Microwave irradiation 20 s 66.5
12 30 s 53.9
13 40 s 59.1
14 50 s 43.4
15 60 s 46.3
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increasing the sunlight exposure time (314.49 ± 14.91 µg 
GAE/ml, 562.0 ± 16.75 µg TAE/ml, 34.02 ± 2.69% of DPPH 
scavenging) up to 20 min thereafter a significant reduc-
tion (12.91% of TPC, 24.55% of TE, 41.97% of AA) was 
observed (Fig. 4a). In the case of probe ultrasonic expo-
sure, the maximum TPC, TE, and AA of PPP-SNC were 
found at 15 min. Similarly, 50 s of microwave irradiation 
gave maximum values of TPC, TE, and AA (Fig. 4b–c). 
Further increase in exposure time the antioxidant activity 
significantly reduced. It may be due to increasing the time 
of exposure irrespective of the process followed, degradation 

and structural changes of polyphenols might have occurred 
which led to the reduction in antioxidant activity. PPP-SNC 
prepared by following the probe ultrasonication and micro-
wave process exhibited enhanced antioxidant compounds 
(Fig. 4). It may be due to the functional group of pomegran-
ate peel polyphenol attached/conjugated to the surface of 
silver nanoparticles which enhanced the antioxidant effect 
of PPP-SNC [55].

Fig. 4  Effect of time (5–25  min for sunlight and probe ultrasonica-
tion and 20–60 s for microwave) for the synthesis PPP-SNC using dif-
ferent techniques on a TPC (µg GAE/ml), b TE (µg/TAE/ml) and c 
AA (% of DPPH scavenging). Different lowercase letter superscript in 

the column graph represent significant differences (p ≤ 0.05) between 
the time of a particular technique. Different uppercase letter super-
script in the column graph represent significant differences (p ≤ 0.05) 
between different approaches
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Comparative Study on Antioxidant Activity 
of Extract and Silver Nanoparticles

Table 4 represents a comparative study of TPC, TE, and 
antioxidant activity between extract and silver nanoparticles 
obtained from three different methods at a constant time 
(20 min, 15 min and 50 s for sunlight, ultrasonication and 
microwave irradiation time). It was revealed that the TPC 
and TE are maximum in the extract as compare to silver 
nanoconjugates. Phenolic and ellagitannin compounds have 
been reported as the most important compounds which are 
responsible for antioxidant capacity in pomegranate peel 
extract [56]. Therefore, the higher amount of TPC and TE 
in PPP can be taken as a fine indication of its higher antioxi-
dant ability. Similar results were recorded by Mahendran and 
Kumari [57], who observed that TPC and total tannins were 
higher in N. nimmoniana fruit extract than silver nanopar-
ticles. A parallel result was also observed in Iresin herbstii 
leaf extract assisted silver nanoparticles [58]. The results of 
TPC and TE are in line with the results of DPPH scaveng-
ing activity. The silver nanoparticles showed a good anti-
oxidant activity but lower than extract. It was reported that 
the antioxidant activity of synthesized nanoparticles is due 
to the conjugation of phenolic compounds which showed a 
deleterious effect against free radicals [59]. Our results are in 
agreement with the results of Mahendran and Kumari [57]. 
They observed that N. nimmoniana fruit extract has a lower 
value of IC50 than silver nanoparticles. The lower value of 
IC50 indicates a higher antioxidant activity. A similar obser-
vation was also reported by Mittal et al. [59] in Syzygium 
cumini and Reddi et al. [60] in Piper longum fruit. 

Characterization of Synthesized PPP‑SNC Prepared 
by Different Techniques

As discussed earlier, it was observed that 20 min of sunlight, 
15 min of probe ultrasonication, and 50 s of the microwave 
irradiation was suitable exposure time for the synthesis of 
PPP-SNC and the same samples were used for further char-
acterization to find out the efficiency/effectiveness of these 
techniques.

FT‑IR Spectroscopy

The Fourier transform infrared spectroscopy (FT-IR) is 
used to identify the possible phenolic compounds respon-
sible for conjugation and reduction of metallic nanopar-
ticles synthesized by PPP. The FT-IR spectra of PPP and 
PPP-SNC synthesized by three different processes (sun-
light, probe ultrasonication, and microwave irradiation) 
are shown in Fig.  5a–d. The spectrum of peel extract 
showed a broad band at 3366 cm−1, which is assigned 
to the stretching vibration of –C–O–H group. The small 
peak observed at 2997 and 2127.1 cm−1 is characteristic 
of the stretching vibration band of aliphatic C–H groups. 
A peak at 1727.9 cm−1 and 1612.12 are attributed to C=O 
stretching vibrations of the carbonyl group. The peaks 
observed at 1226.7  cm−1 are attributed to the stretch-
ing vibration band of O–H group. The peak at 1513.2, 
1444.1, and 1347.6  cm−1 are assigned to the skeletal 
vibration of the aromatic ring. A band at 1062.1 cm−1 is 
attributed to stretching vibrations of C–OH groups and 
875.9 cm−1 is assigned for isolated hydrogen in the ben-
zene ring Fig. 5a. Similar FT-IR spectra of pomegran-
ate peel extract are reported [29]. Apart from, this, FT-IR 
spectra of sunlight assisted PPP-SNC showed the sharpest 
peak at 3432.4 cm−1 and other peaks were obtained at 
1623.0, 1384.8, 1055.4, 693.7 cm−1 respectively (Fig. 5b). 
The major peak of probe ultrasonic treated PPP-SNC was 
observed at 1384.1  cm−1 and other peaks were found 
at 3434.2, 2923.8, 1628.9 cm−1, respectively (Fig. 5c). 
While a sharp peak was found at 1384.1 cm−1, followed 
by 3462.5, 2924.2, 1626.9, 1032.7, 685.4 cm−1 respec-
tively for microwave irradiated PPP-SNC (Fig. 5d). The 
comparison of the FTIR spectrum of peel extract and sil-
ver nanoconjugates revealed only a few changes in the 
position as well as the absorption band. The broadband 
appearing at 3432.4 cm−1 (sunlight), 3434.2 cm−1 (probe 
ultrasonication), and 3462.5 cm−1 (microwave irradiation) 
which are sifted from 3366 cm−1 (peel extract) assigned 
for OH stretching vibration. According to many reports, 
this peak confirmed the presence of phenolic hydroxyl 
groups which are responsible for reduction as well as 

Table 4  Comparative study of antioxidant activity of PPP-SNC with pomegranate peel extract

Results are expressed as average values ± standard deviations (n = 3). Different letters superscript in the column represents significant differences 
(p ≤ 0.05)

Sl. no. Sample name TPC (mg GAE/g of 
sample)

TE (mg TAE/g of sample) Antioxidant activity (% of 
DPPH scavenging activity)

1 Pomegranate peel extract 350.41 ± 7.75a 325 ± 9.42a 92.03 ± 0.69a

2 Sunlight assisted PPP-SNP 179.48 ± 14.28c 186.67 ± 9.10c 43.78 ± 1.88c

3 Ultrasonication assisted PPP-SNC 211.85 ± 10.82b 221.33 ± 11.47b 50.26 ± 2.39b

4 Microwave assisted PPP-SNC 212.47 ± 7.90b 223.67 ± 11.09b 52.98 ± 1.34b
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conjugation or capping agent of nanoparticle [30, 47]. 
The peaks located at 2923.8 and 2924.2 cm−1 shifted from 
2927 (peak of extract) are attributed to methylene stretch-
ing vibrations of alkanes and aldehydes [49]. While peaks 
at 1623.0, 1628.9, and 1626.9 cm−1 shifted from extract 
peak at 1612.2 are due to carbonyl compounds indicates 
the presence of protein [16]. The strong peak at 1384.8, 
1384.1, and 1384.1 cm−1 are related to stretching of nitro 
compounds (N=O), and at 1055.4 and 1032.4 cm−1 can 
be allocated to the stretching of amines (C–N) and C–OH. 
Many reports on plant extract-based silver nanoparticles 
are reported which suggested that the carbonyl group of 
amino acid residues (free amines, peptides, and cysteine) 
in proteins can bind with silver. FTIR analysis of PPP-SNC 
confirmed that some bioactive compounds of peel extract 
such as phenolic compounds, ellagitannin, alkaloids, and 
amino acids are responsible for the biosynthesis of silver 
nanoparticles from silver nitrate solution. LC–MS data has 
been already witnessed for the presence of ellagitannin and 
other phenolic compounds in the extract (Table 1).

XRD Analysis

The XRD spectra of synthesized PPP-SNC using sunlight, 
probe ultrasonication, and microwave is shown in Fig. 6a–c. 
The pattern of XRD spectra of synthesized PPP-SNC 
showed a sharp peak at 38.4°, 44.33°, 64.44°, and 77.42° 
for sunlight which slightly varied with probe ultrasonication 
(38.17°, 44.23°, 64.54° and 77.43°) and microwave (38.23°, 
44.33°, 64.53° and 77.50°). The sharp peaks were corre-
sponding to 111, 200, 220, and 311 diffraction patterns of 
the face-centered- cubic silver metal (ICSD file No. 98-005-
3761), which is in agreement with the earlier reports [7, 
19, 47]. The extra peaks around 27.80°, 32.23°, and 46.26° 
(sunlight), 27.84°, 32.27° and 46.27° (probe ultrasonica-
tion), and 27.97°, 32.29°, and 46.29° (microwave irradia-
tion) assigned to the presence of bio-organic compounds on 
the particle’s surfaces. These studies explained the fact that 
the polyphenol compounds of pomegranate peel extract can 
accelerate the reduction of silver ions to nanoparticles via 
conjugation. XRD- spectral peaks for PPP-SNC synthesized 
by microwave irradiation process showed low intensity due 
to the copious amount of polyphenols’ layer in comparison 
to PPP-SNC synthesized by probe ultrasound and sunlight 
assisted techniques (Fig. 6). XRD-spectral peaks of PPP-
SNC synthesized by sunlight exposure showed the high-
est intensity due to a thin layer of polyphenol compounds 
(Fig. 6a). The results are also supported by the results of 
the antioxidant activity of nanoconjugates which showed 
that microwave irradiation PPP-SNC has higher antioxi-
dant activity followed by probe ultrasonication and sun-
light (Fig. 4). PPP-SNC nanoparticles were calculated for 

its crystallinity (74.40, 63.90, and 62.30%) and crystal size 
(34.99, 14.24, and 14.3 nm) respectively for sunlight, probe 
ultrasonication, and microwave. Both the crystallinity and 
size of crystal of PPP-SNC prepared by sunlight exposure 
were higher in comparison other two processes.

FESEM–EDAX and Elemental Mapping

FESEM study demonstrated that all synthesized PPP-SNC 
have a spherical shape (Fig. 7). Whereas probe ultrasonica-
tion treated PPP-SNC showed uniform distribution of par-
ticles with spherical shape (Fig. 7) which is followed by 
microwave irradiated PPP-SNC (Fig. 7). Sunlight assisted 
PPP-SNC showed uneven distribution with large parti-
cles (Fig. 7). A similar shape of silver nanoparticles was 
observed by Sana and Dogiparthi [49] using FESEM.

EDX used to estimate the amount of silver present in syn-
thesized PPP-SNC and are shown in Fig. 8a–c. EDX analysis 
indicated that probe ultrasonication based PPP-SNC has the 
highest amount of silver (79.61%) than microwave (71.41%) 
and sunlight (73.07%). The results of EDX were confirmed 
by elemental mapping which indicated that the silver par-
ticles of probe ultrasonication treated PPP-SNC were more 
densely arranged as compared to microwave and sunlight 
(Fig. 9a–c). 

Transmission Electron Microscopy (TEM) of PPP‑SNC

Images from TEM of synthesized PPP-SNC showed that all 
the synthesized silver nanoparticles have a roughly spherical 
shape and well dispersed (Fig. 10a–c). However, the probe 
ultrasonication process gave more homogeneously distrib-
uted and smaller particles as compared to the other two pro-
cesses (Fig. 10b). The particle size (mean diameter) of crys-
talline PPP-SNC was 32 ± 3.84 nm (probe ultrasonication), 
37 ± 5.58 nm (microwave irradiation), and 40 ± 5.69 nm 
(sunlight) respectively. The pattern of the crystalline size of 
PPP-SNC using three different techniques is aligned with 
the pattern of XRD results. Ultrasonication (14.24 nm) has 
a smaller particle size than microwave-based PPP-SNC 
(14.3 nm) followed by sunlight which showed a larger crys-
talline size (34.99 nm) among them. Although, the average 
crystalline size of synthesized PPP-SNC observed in TEM is 
almost large to the average particle size calculated by XRD 
using Scherrer’s equation. Our findings are similar to the 
observation of Alsamhary et al. [61].

All the nanoparticles surrounded by a thin layer of cap-
ping agent which should be assigned as polyphenol com-
pound. The results of TEM are supported by [19, 24, 48, 55]. 
However, to the best of our knowledge, there is no report 
available till date on the comparative morphological study 
of bionanoconjugates prepared by three techniques viz. sun-
light, microwave irradiation and probe ultrasonication. The 
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morphological study revealed that probe ultrasonication has 
a positive effect on the synthesis of PPP-SNC. Many works 
of the literature suggested that probe ultrasonication is a 
high energy approach that efficiently produces non-aggre-
gated nanoparticles following the principle of acoustic cavi-
tation [33, 51, 62, 63].

Zeta Potential

The zeta potential of PPP-SNCs is shown in Fig. 11a–c. 
The average zeta potential of PPP-SNCs was for probe 
ultrasonication (− 25.0 mv), sunlight (− 20.8 mv), and 
microwave irradiation (− 11.4 mv). It was observed that 
the average zeta potential of probe ultrasonication PPP-
SNC was higher than the other two processes. The high 
negative zeta potential value inferred the long period sta-
bility of silver nanoconjugates due to negative–negative 
charge repulsion [19, 25].

Yield of PPP‑SNC

Probe ultrasonication process gave a maximum yield of PPP-
SNC which is followed by sunlight and microwave (Table 5). 
Similar observations are reported where thermal and probe 
ultrasonication approach was used for the synthesis of silver 

nanoparticles and Ficus carica fruit [55]. Probe ultrasonica-
tion produces cavitation within the liquid system could be 
the reason for the higher yield of nanoparticles [46, 64].

Anti‑Bacterial Activity of PPP‑SNC

On a comparison of the result obtained from different tech-
niques used to the characterization of PPP-SNC, it has been 
observed that probe ultrasonication and microwave were 
capable of producing silver nanoconjugates with higher anti-
oxidant activity and smaller particle size. Therefore, these 
two techniques-based PPP-SNC were used for antibacterial 
analysis against one gram-positive and one-gram negative 

Table 5  Yield of PPP-SNC using different techniques

Results are expressed as average values ± standard deviations (n = 3). 
Different letters superscript in the column represents significant dif-
ferences (p ≤ 0.05)

Sl. no. Techniques Yield of PPP-SNC 
(mg/100 ml of solu-
tion)

1 Sunlight 5.120 ± 0.271b

2 Probe ultrasonication 7.633 ± 0.485a

3 Microwave 3.790 ± 0.574c

Fig. 5  FT-IR spectra of a PPP, b sunlight, c probe ultrasonication and d microwave treated PPP-SNC
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food pathogenic bacteria. The results of the antibacterial 
activity expressed as a zone of inhibition (mm) are shown 
in Fig. 12a–d and Table 6. 

The zone of inhibition against E. coli. was larger than 
S. aureus. It may be due to the rigid cell wall structure of 
S. aureus (Gram-positive) which has a thick layer of pepti-
doglycan and composed of a linear chain of polysaccharides 

cross inked with small peptides [65, 66]. Probe ultrasoni-
cation assisted PPP-SNC showed the highest ZOI against 
both bacteria (Gram-positive and negative). But microwave-
assisted PPP-SNC showed only ZOI against E. coli. The 
results could be explained by the fact that the antibacterial 
activity was dependent on the shape, size, and dose of syn-
thesized nanoparticles [67, 68]. As discussed earlier, DLS 
results and TEM images, the particle size of nanoconjugates 
were smaller and evenly distributed in PPP-SNC synthe-
sized by probe ultrasonic. Since smaller size relates to the 
increased surface area which could easily bind with the cell 
membrane of bacteria and damage the DNA and subsequent 
cell death. On another side, aggregated and larger particles 
with a lower dose of microwave irradiated PPP-SNC were 
not efficient to inhibit the growth of S. aureus. It may be 
due to less penetration of the silver nanoparticles into the 
rigid cell wall.

A comparison of the antibacterial activity of PPP-SNC 
with other metals nanoparticles has been represented in 
Table 7. It was explored that the PPP-SNC exhibits bet-
ter antibacterial activity than other materials-based nano-
particles such as iron, zinc, copper, and gold [61, 69–74]. 
Apart from it, the antibacterial efficacy of pomegranate peel 

Fig. 6  XRD-spectra of a sunlight, b probe ultrasonication, and c 
microwave treated PPP-SNC

Fig. 7  FESEM images of PPE-SNC at a 500, b 400, c 300 and d 200 nm resolution
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extract against E. coli and S. aureus was already studied 
and reported in our previous study [28]. The observations 
revealed that the extract at a concentration of 500 mg/ml 
showed ZOI 25 and 21 mm while the PPP-SNC at a con-
centration of 5 mg/ml showed 13.75 and 15.04 mm of ZOI 
against S. aureus and E. coli. This observation indicates that 
at the same concentration, the PPP-SNC will be exhibited 
higher antibacterial activity than PPP individually. Similar 
observation made by numerous studies [14, 24, 75].

Conclusion

Polyphenols from pomegranate peel were found capable 
to act as a capping and reducing agent for the synthesis 
of silver nanoparticles using sunlight, probe ultrasoni-
cation, and microwave irradiation. An enhanced yield, 
small spherical, and uniformly distributed PPP-SNC were 

Fig. 8  EDX results of a sunlight, b probe ultrasonication, and c microwave treated PPP-SNC

Fig. 9  Elemental mapping of a sunlight, b probe ultrasonication, and c microwave treated PPE-SNC
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obtained using probe ultrasonication at 40% of amplitude 
for 15 min in comparison to the other two approaches. 
FT-IR spectroscopy study provides clear evidence for the 
presence of polyphenols on the surface of silver nanopar-
ticles. Antioxidant activity study showed that microwave 
irradiation and probe ultrasonication assisted PPP-SNC 

showed significantly enhanced antioxidant activity in 
comparison to sunlight assisted PPP-SNC. However, 
probe ultrasonication assisted PPP-SNC showed a good 
antibacterial activity at low concentration (50 µg/ml) 
against both gram-positive and negative bacteria. There-
fore, probe ultrasonication-assisted greener-synthesis of 

Fig. 10  TEM images with the histogram of a sunlight, b probe ultrasonication, and c microwave treated PPP-SNC. Highlighted red arrow indi-
cates the presence of polyphenols as capping agent. (Color figure online)

Fig. 11  Zeta potential (mv) of a sunlight, b probe ultrasonication, and c microwave treated PPP-SNC
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silver is proved as a simple, eco-friendly, and efficient 
technique to produce a well structure-based smaller par-
ticle silver nanoconjugates. These nanoparticles will be 
delivered either in silver colloidal solution or dried pow-
der form depends upon the type of application or intended 
uses. The emulsion-based nano colloidal silver can be 
used as a coating agent on the surface of fruit peels. The 
application of dried silver nanoparticles powder would 
subsidize as a filler in the biodegradable films to increase 
its tensile strength as well as provide protection against 

Fig. 12  Zone of inhibition of probe ultrasonic-assisted (a, b) and microwave-assisted PPP-SNC (c, d) against E. coli and S. aureus 

Table 6  Antibacterial activity of PPP-SNC

No. Sample Zone of inhibition

E. coli S. aureus

1 Control No ZOI No ZOI
2 Probe ultrasonication treated PPP-SNC (U) 15.04 13.75
3 Microwave treated PPP-SNC (M) 13.73 No ZOI
4 Tetracycline (positive control) (U-Petri 

plate)
24.44 32.92

5 Positive control (M-Petri plate) 24.27 32.72
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many food pathogens. The green synthesized PPP-SNC 
would contribute a significant role as antioxidant and 
antimicrobial in the field of food preservation including 
designing the novel food packaging system and posthar-
vest management of fruits and vegetables. However, in the 
future, the study on cell cytotoxicity must be conducted 
to ascertain its safety use in various sectors.
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