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ARTICLE INFO ABSTRACT

Keywords: The preparation approaches of nanomaterials using organic residuals seek to strengthen the sustainable envi-
Biomaterials ronment in the field of so-called Green Synthesis. The current study provides the experimental evaluation of
AuNPs residuals of the fleshy pulp (mesocarp) of pomegranate (Punica granatum L.) as a new reducing agent for AuNPs
lljll:ll;[;osymhesis of nanoparticles fabrication. This process took just 10 min to form AuNPs, and the reaction has included 25 pL of the pomegranate
Pomegranate mesocarp extract with 50 mL Chloroauric acid (0.1 mM). The visual change in color, UV-vis spectroscopy,

Zetasizer, Zeta Potential, FE-SEM, XRD, EDX, and FTIR were used to investigate AuNPs. These analyses have been
demonstrated the generation of spherical AuNPs (18—30 nm) with high stability (—27.2 mV). The XRD pattern is
crystalline and shows the Bragg peaks indicating the face-centered cubic (FCC) structure attributed to gold nano-
structures (26.59 nm). FTIR revealed that the reducing agent formed from phenolic acids, flavonoids, tannins and
anthocyanins, amino acids, and polysaccharides. The fabricated AuNPs by this green approach are useful and

cheap at the commercial level to apply as a method remarkable in nanomedicine sciences in the future.

1. Introduction

The modern technology facilitated that huge amounts of materials
such as carbon, wires, fibers, and rods were synthesized in the nano-
scale range. The researches in nanomaterials associated with tiny
things showed numerous applications in numerous scientific fields like
biological, physical, chemistry, and materials sciences (Madhusudhan
et al., 2014; Murray, 2008; Owaid, 2019; Sardar et al., 2009). These NPs
can control single atoms that formed molecules. Nanotechnologies have
a large potential to give technological explanations for various issues in
science and medical fields (Aravind et al., 2013; Farkas et al., 2010).
Nanomaterials as suspension particles with averaged size below 100 nm
were prepared by green methods in addition to the chemical approach.
Plants (Al-Bahrani et al., 2018; Muslim and Owaid, 2019) and fungi
(Jaloot et al., 2020; Owaid et al., 2019; Rabeea et al., 2020) extracts
widely have been effectively used as a reducer agent to synthesize
metallic nanoparticles.

The pomegranate (Punica granatum L.) fruits consist of the calyx,
seeds, peel (rind) (exocarp), pulp, or albedo (mesocarp) and carpellary

membranes (endocarp). P. granatum fruits have different phenolic
compounds showed antioxidant (He et al., 2012) and anticancer activ-
ities (Sharrif and Hamed, 2012). However, the fleshy pulpy mesocarp is
extensively used in folk medicine due to its aldehydes, alcohols, and
terpenes compounds (Vazquez-Aratjo et al., 2011). Also, mesocarp has
some tannic and phenolic compounds like punicalagin, gallic acid,
ellagic acid, p-coumaric acid and protocatechuic acid (Fischer et al.,
2011) while the exocarp contains anthocyanin, catechins, punicalin,
ellagic acid, (Ismail et al., 2012), caffeic acid, gallic acid, pelletierine
alkaloids, ellagitannins, kaempferol, luteolin, quercetin (Sreekumar
et al., 2014), hydroxybenzoic acids, punicalagin (Kazemi et al., 2016)
tannin compounds (Saad et al., 2012), which exhibit antioxidant activ-
ity. For centuries, peels of this fruit have been used for the treatment and
prevention of diabetes, diarrhea, dysentery, dental plaque, and as anti-
microbial, anti-influenza, anticancer, anti-inflammatory, anti-allergic
(Ismail et al., 2012) and antioxidant (Abid et al., 2017) agents and were
used to stimulate osteoblastic differentiation and prevent the bone loss
(Spilmont et al., 2015). Only a few studies have concentrated on the
synthesis of some metallic NPs with assistance pomegranate peels. Peels

* Corresponding author at: Department of Environmental Sciences, College of Applied Sciences-Hit, University Of Anbar, Hit, Anbar 31007, Iraq.

E-mail address: mustafanowaid@uoanbar.edu.iq (M.N. Owaid).

https://doi.org/10.1016/j.enmm.2020.100390

Received 23 June 2020; Received in revised form 29 August 2020; Accepted 20 October 2020

Available online 23 October 2020
2215-1532/© 2020 Elsevier B.V. All rights reserved.


mailto:mustafanowaid@uoanbar.edu.iq
www.sciencedirect.com/science/journal/22151532
https://www.elsevier.com/locate/enmm
https://doi.org/10.1016/j.enmm.2020.100390
https://doi.org/10.1016/j.enmm.2020.100390
https://doi.org/10.1016/j.enmm.2020.100390
http://crossmark.crossref.org/dialog/?doi=10.1016/j.enmm.2020.100390&domain=pdf

G.A. Naeem et al.

Time Amax (nm)Abs (a.u)

. 5 min 525 0.456
* v lomin 530 0451
12 min 530 0.376
0.5 12min  ——10 min 5 min Extract

Pomegranate =
mesocarp A

Absorbance (a.u)

400 450 500 550 600 650
‘Wavelength (nm)

Fig. 1. UV-vis spectra of AuNPs and the mesocarp extract.

were used to synthesize AgNPs, which had antibacterial (Yang et al.,
2016) and anticandidal efficacy (Fernandes et al., 2018) and AuNPs,
which lead to killing Roundworms (Patel et al., 2019). Besides, proan-
thocyanidin isolated from Peels was used to synthesize AuNPs, which
applied to decolorize Methylene blue dye (Biao et al., 2018).

To this time, there is no mention preparation of AuNPs using the
aqueous pomegranate mesocarp extract (a pomegranate fruit residue).
Therefore, this article has been focused on using small volume of the
pomegranate mesocarp extract as an eco-friendly reducing agent to the
rapid synthesis of AuNPs. This approach could be facilely commercial-
ized for large amounts of production of AuNPs.

2. Materials and method
2.1. Chemicals

Chloroauric acid (HAuCl3.4H;0) was obtained from Direvo Indus-
trial Biotechnology, Germany (purity, 99 %).

2.2. Samples of pomegranate fruits

The fruits of red pomegranate (Punica granatum L.) (Punicaceae)
were collected from the local market of Hit city, Iraq. The pulp (meso-
carp) of the fruits, which is considered a residual from consuming this
fruit, was used to prepare the watery extract.

2.3. Preparation of the mesocarp extract

To prepare the mesocarp extract, the waste of pomegranate fruits
was washed with deionized water. The mesocarp was collected and then
cut into small pieces. The organic compounds in the fleshy mesocarp of
pomegranate have been extracted using D.W at 70 °C (Lopez Mds et al.,
2010) with stirring for 30 min. The extract was stored in the freeze at

Table 1
Phytochemical analysis of the mesocarp by HPLC (Ambigaipalan et al., 2016).
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Fig. 2. FT-IR of the mesocarp extract (A) and AuNPs (B).
—20 °C.
2.4. The green fabrication of Au nanoparticles

The gold NPs were achieved by adding 25 pL of the aqueous meso-
carp extract on 50 mL trichloride hydrochloride (10™* M) at 90 °C in
Erlenmeyer flask-100 mL. The mixture color directly altered from
colorless to light purple. Then after 5 min, the mixture became constant
with the pink color, which indicated that the nucleation process
finished.

2.5. Characterization of AuNPs

A UV-vis spectroscopy was used to observe the bioreduction agents
of Au" ions to Au° atoms in the watery extract of mesocarp by the dual-
beam spectrophotometer (Shimadzu, AV-1800) at range from
400—650 nm and to check the lambda max. FESEM (FESEM-FEI/Nova
NanoSEM 450) (Field Emission Scanning Electron Microscopy) images
confirmed the shape and size of mesocarp-AuNPs. The elemental
composition of the sample was done using EDX (Energy Dispersive X-
ray) analysis (Oxford-Instrument INCA400). The Zeta Potential value
and hydrodynamic particle size of AuNPs were done using Zetasizer
(Malvern Instruments Ltd., UK). The nondestructive technique XRD (X-

Phenolic acids Flavonoids

ellagic acid deoxyhexoside

tetragalloylglucopyranose

trans-p-coumaric acid
vanillic acid

gallic acid

brevifolin carboxylic acid
coutaric acid
p-hydroxybenzoic hexoside
vanillic acid hexoside
caffeic acid hexoside
ferulic acid hexoside
5-0O-caffeoylquinic acid

quercetin 3-O-rhamnoside
kaempferol 3-O-glucoside
cis-dihydrokaempferol hexoside
trans-dihydrokaempferol hexoside
Tannins

ellagic acid

monogalloyl hexoside

ellagic derivative, I, IIT

ellagic acid pentoside

ellagic acid derivative

ellagic acid hexoside

valoneic acid bilactone I, IT

HHDP hexoside I, II

digalloyl hexoside

punicalagin isomers
galloyl-HHDP-hexoside (corilagin)
trigalloylglucopyranose I
galloyl-HHDP-glucoside (lagerstannin C)
bis-HHDP-hexoside (pedunculagin I)
digalloyl-HHDP-gluc (pedunculagin II)

digalloyl-HHDP-glucoside (punigluconin)
galloyl-bis-HHDP-hexoside (casuarinin)
pentagalloylglucopyranose I
galloyl-HHDP-DHHDP-hex (granatin B)
HHDP-gallagyl-hexoside I, II, III, IV (punicalagin)
Anthocyanins

cyanidin-3-O-pentoside
pelargonidin-3-O-glucoside
cyanidin-3-O-glucoside
delphinidin-3-O-glucoside
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Ellagic acid-AuNPs

Fig. 3. The schematic chart of AuNP formation and the expected composition of ellagic acid (tannin) around atoms of gold.

Ray Diffraction) pattern confirmed the crystallinity of AuNPs by Bruker
X-ray diffractometer (Shimadzu, Japan). The functional groups in the
aqueous extract and the synthesized AuNPs were analyzed by FTIR
(Fourier-Transform Infrared) Spectrometer (JASCO 4100).

3. Result and discussion

The current study includes eco-friendly synthesis of AuNPs from the
fleshy pulp (mesocarp) of pomegranate as a new stabilizing and
reducing agent. The phytosynthesis process steps started through
observation of the color change in media (50 mL of 0.1 Mm AuNPs
mixed with 25 pL of the aqueous mesocarp extract at 90 °C). Fig. 1
exhibited the kinetic schematic of the UV-vis of AuNPs and the aqueous
extract. The spectrum line of UV-vis has recorded a lambda max at
520 nm. The color change in the aqueous solution from colorless to

bright purple has been immediately exhibited with adding the first drop
of the reducing agent, and then the color changed to pink after 5 min.
The color intensified with advancing the reaction time that denoted
AuNPs formed with more concentration after 5 min. The media color
was constant on pink-red at the 8th min, due to the SPR (surface plasmon
resonance) (Dheyab et al., 2020; Owaid et al., 2017) of Au°, indicated
the formation and distribution of AuNPs uniformly. In addition, the
remarkable intensity of AuNPs may be due to finding phenolic and
polysaccharides components, which reduced and capped the formed NPs
(Rabeea et al., 2020). The plot in Fig. 1 demonstrated that the increasing
time to 12 min has no obvious impact on the SPR band and color of
AuNPs compared to 10 min, so the optimum time is required to convert
Au' to Au® by the mesocarp extract is 10 min. The achieved results
surpass the earlier works in this area (Biao et al., 2018; Patel et al., 2019)
in terms of the maximum absorption peak of UV-vis. This is an

Fig. 4. FE-SEM images of the mesocarp-AuNPs.
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Fig. 5. XRD pattern of AuNPs biosynthesized using the aqueous extract of the
pomegranate mesocarp.

interesting finding, and it could be hypothesized that the mesocarp is
hopeful in the phyto-synthesizing AuNPs using the extract of plant
residues.

The extract of the mesocarp was diagnosed using the infrared spec-
trum (FT-IR) to check the chemical components and the functional
groups in their aqueous solution, as in Fig. 2. Also, it was applied to
mesocarp-AuNPs. The similarity is observed in some bands’ locations for
the spectrum of the mesocarp extract and mesocarp-AuNPs. However,
the spectrum of nanostructure has little differences in bands, especially
in the region of functional groups such as hydroxyl of phenols and
carboxylic acids. Fig. 2A exhibits two absorption bands at 1395 and
1425 cm™!. While locations of these absorption bands in Fig. 2B shift at
1390 cm ™! and 1420 cm ™. All of these bands are due to the aromatic
ring vibrations. The set of absorption bands appears at 2865, 12,845,
and 2920 cm™! due to homogeneous stretch vibration of methyl and/or
ethyl groups referees to the presence of the fatty acids in the mesocarp
extract, while the heterogeneous stretch vibration band (2865 cm™ D)
disappears in the mesocarp-AuNPs spectrum (Fig. 2B). Continuously,
absorption bands at 1045 cm™! and 1035 cm ™! belong to a single bond
C—C in the extract and gold nanoparticles, respectively. Besides, the
spectrum 2A shows the absorption band at 1710 em™! relates to the
vibration of the carbonyl group (C=0) in mesocarp extract because of
the finding of flavonoids and lipids. The other broad stretch vibrating
band at 3390 cm ™! relates to the hydroxyl (—OH) groups, which imputes
to phenolic compounds and lipids in the mesocarp composition. These
two bands (C=0 and —OH) shifted at 1700 cm ™' and 3400 cm ™! in
mesocarp-AuNPs.

Many studies recorded active biological compounds in the mesocarp
of pomegranate (Ambigaipalan et al., 2016; Campillo et al., 2015; Mena
et al., 2012; Russo et al., 2020; Souleman and Ibrahim, 2016) as in
Table 1. The mesocarp of pomegranate is rich with phenolic acids,
tannins, flavonoids anthocyanins (Ambigaipalan et al., 2016), proteins
(Miklavcic Visnjevec et al., 2017), and polysaccharides (Balli et al.,
2020). Based on the orientations of its —OH and COOH groups in the
FT-IR spectrum (Fig. 2), polyphenolic compounds relating to Ellagic acid
have been proved. These types of bands (2800—3700 em™Y) are
compatible with the —OH band which is found on the benzene ring, and
the band is broadly composed of a mixture of COOH and —OH groups on
the ring. Additionally, the C=0 stretching bands at 1710 cm ™' and the
bands in the regions of 1000-1710 cm ™! obtained can belong to Ellagic
acid in the mesocarp of pomegranate. Ellagic acid, found in the fruit of
pomegranate, is composed from 4 phenolic groups, 4 lipophilic rings,
and 2 lactones, which may play a significant role as an electron acceptor.

Environmental Nanotechnology, Monitoring & Management 14 (2020) 100390

Table 2
The particles size and microstructral parameters of the synthesized Au
nanoparticles.

d-spacing Crystallite Size FWHM Dislocation 20 Planes
A (D) (nm) ® density (5)
(10 lines/
m?)
2.35751 11.73 0.7200 7.2678 38.14° 111
2.08473 41.45 0.2067 0.5820 43.40° 200
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Fig. 6. Size distribution report of AuNPs by the intensity.

(Gumienna et al., 2016). The schematic chart of AuNP formation and
expected composition of ellagic acid (tannin) of the gold atoms has been
illustrated in Fig. 3.

The characterization of FESEM was performed to know the shape and
size of AuNPs (Fig. 4). This figure displays FESEM images of the syn-
thesized AuNPs with a magnification of 400 nm. The FESEM micrograph
of AuNPs clearly shows that the average size of the nanoparticles at
room temperature is around 18—30 nm, with various spherical shapes.
The images show the embedding of spherical gold nanoparticles in the
bio-matrix (Madhusudhan et al., 2014). Each spherical particle contains
an even smaller aggregate of nanoparticles. The appearance of a few
nanoparticles with a large size may be due to the agglomeration of gold
nanoparticles (Farkas et al., 2010). This aggregation may be due to the
decrease in the coating on the nuclei of the capping agent, which was
developed at the later stage of nucleation and growth.

Fig. 5 showed the XRD pattern of AuNPs synthesized by an aqueous
extract of the fleshy pulp (mesocarp) of pomegranate, indicates pure
crystalline gold nature. The reflection peaks show the high purity of
AuNPs, appeared at 38.14 and, 44.4 which correspond to (1 1 1), and (2
0 0), Miller indices, respectively.

The XRD pattern is crystalline and shows the Bragg peaks indicating
the structure of FCC (face-centered cubic) attributed to the nano-
structure of gold, which correlates well with the standard peaks from the
data card 04-0784 (JCPDS) for the gold element. Two peaks are
observed (1 1 1) and (2 0 0) planes. The characteristic of FCC structure
and the broadening of peaks confirmed the phytosynthesizing AuNPs.
The grain sizes (D) of the synthesized gold nanoparticles are 11.73, and
41.45 nm for (1 1 1) and (2 0 0) planes, respectively and the average size
is 26.59 nm. Similar results were observed by Rajakumar et al. (Raja-
kumar et al., 2016), who found that the average nanoparticle size of
phytosynthesized gold nanoparticles was 28 nm. The Debye-Scherrer
Eq. (1) was employed to evaluate the average nanoparticle size
(Owaid et al., 2020) :

kA

- f cosO W
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Table 3
Comparison of the synthesis of metallic NPs from pomegranate fruits with the previously published related literature.
The used part as a Metallic NPs  Sizes of Shapes of Crystallized nature and ~ Conditions (temperature Ratio of extract:salt References
reducing agent Type NPs NPs planes peaks and time of reaction)
Peels AgNPs 15-35 nm spherical five crystal faces 35°C(1h) 50 mL + 100 mL (Yang et al.,
(111),(200),(220), (5 mM, AgNOs3) 2016)
(311),(222)
Peels AgNPs 89 nm various face centered cubic 50 °C (12 min) 30 mg/mL +(100 mM (Fernandes
(111),(200),(220), AgNO3) et al.,, 2018)
(311),(222)
Peels AuNPs 11 nm round ND 25°C (24 h) 900 pl + 25 mL (1 mM, (Patel et al.,
HAuCl3.4H,0) 2019)
Proanthocyanidin AuNPs 14.5 nm spherical face centered cubic 140°C (4 h) 50 mL of 0.64 mM (Biao et al.,
isolated from Peels (111),(200),(220), +0.64 mL (2 %, 2018)
311 HAuCl3.4H,0)
Mesocarp AuNPs 18—30 nm spherical face-centered cubic 90 °C (10 min) 25 pL + 50 mL (0.1 mM, This study
(111),(200) HAuCl;.4H,0)
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Fig. 7. The Zeta potential image (mV) of AuNPs.

Fig. 8. EDX of the phytosynthesized AuNPs using the mesocarp extract.

where ‘D’ is particle diameter size, A (Lambda) is the X-ray wavelength
used (0.15406 nm), K is a constant approximately equal to 0.89, 6 is the
Bragg angle for the diffraction, p is the Full Width Half Maximum
(FWHM) values converted from (degree) to the radial angle after

multiplying it by (ﬁ). The particle sizes and microstructural parame-

ters of the mesocarp-AuNPs are recorded in Table 2. While the dislo-
cation density (5) was calculated by Eq. (2) (Abdul-Hadi et al., 2020):

5 = (1/D?) 2

Fig. 6 displays the particle size distribution measurements for the
synthesizing smallest Au nanoparticles. This study was done with Zeta
sizer, which gave a distribution of the particle size. Zeta potential was
calculated in the same way for Au nanoparticles. The distribution of the
particle size by intensity was found to change from 21 nm to 911 nm.
The peak amplitude, peak area, and peak number provide significant
interpretations for the nanoparticles in size and size distribution. When
there is one peak, Zeta sizer shows a real particle size average. If there is
more than one peak at Zeta sizer distribution, the particle size should be
considered for the measurements.

In this study, the sizes 18—30 nm of AuNPswere synthesized from the
mesocarp for the first time by using a small volume of the extract (only
25 pL) with a very low concentration of the gold salt (0.1 mM) during
just 10 min. The planes of crystal were face-centered cubic (1 1 1) and (2
0 0), which showed controlling on the shapes and sizes of NPs as in XRD
and FE-SEM (Figs. 4 and 5). Only a few studies have concentrated on the
synthesis of some metallic NPs with assistance pomegranate peels like
AgNPs (Fernandes et al., 2018; Yang et al., 2016) and AuNPs (Biao et al.,
2018; Patel et al., 2019). The previous studies showed different mea-
surements, as in Table 3.

The negative charge of the Zeta potential was also another significant
measure of particle size (Murray, 2008). Zeta potential calculations were
negative at the end of the reduction reaction due to resulting ions.
Hence, this study obtained the diameters of nanoparticles smaller than
100 nm. In the framework of this analysis, the zeta potential of the
synthesized AuNPs was obtained of -27.2 mV. The findings were also
consistent with the literature results (Sardar et al., 2009).

The zeta potential value calculation has checked the stability of
phytosynthesized AuNPs (Fig. 7). However, it revealed surface zeta
potential, which showed the AuNPs surface charge. Besides, this analysis
showed the constancy of the mesocarp-AuNPs (Srikar et al., 2016).
Therefore, the mesocarp-AuNPs exhibited a remarkable zeta potential
value reached -27.2 4+ 7.27 mV (decent value) with the aggregation of
AuNPs. Besides, the negative value of this analysis suggested that the
gold NP is surrounded by some bioorganic molecules found in the
mesocarp extract with a negative charge, which decreases the
mesocarp-AuNPs repulsion and therefore rise the stability (Suresh et al.,
2011). However, many studies reported how the stabilizers (surfa-
ce-active molecules) formed electrostatic interactions in the reaction
mixture yield more stable gold nanoparticles (Ahmad et al., 2015;
Anand et al., 2015). It is proposed that organic compounds/molecules of
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mesocarp, including phenols, flavonoids, tannins, and anthocyanins
(Ambigaipalan et al., 2016), proteins (Miklavcic Visnjevec et al., 2017),
and polysaccharides (Balli et al., 2020) can act as stabilizers in charge of
phytosynthesis and stabilization of gold NPs.

EDX spectroscopy confirmed the AuNPs formation (Fig. 8). It in-
dicates a high peak energy signal between 1 and 2 keV. The presence of
elemental compounds oxygen, and carbon, along with gold, was also
observed in the EDX graph because of the organic materials of mesocarp.
In contrast, the beryllium element was observed due to the detector of
EDS that uses a beryllium film (thickness, 8—10 pm) as a window ma-
terial for maintaining the vacuum of the semiconductor detector.
Beryllium window EDS detector leads to observe the Be signals in the
EDX pattern (Liao, 2018).

4. Conclusion

In this study, the produced waste from consuming pomegranate
(mesocarp) as a non-toxic surplus substrate is available, eco-friendly,
and very efficient without using any capping agent to synthesize
mesocarp-AuNPs. This approach demonstrated that the physicochemical
properties of biosynthesized AuNPs were enhanced by using the meso-
carp of pomegranate (Punica granatum L.). Applicable analyses have
been shown the fabrication of 18—30 nm AuNPs (spherical) by FESEM
images with high stability about —27.2 mV by the value of Zeta Poten-
tial. The XRD pattern showed a crystalline nature and face-centered
cubic structure attributed to gold nanostructures with a size of
26.59 nm. FTIR indicated that the reducing agent formed from phenolic
acids, flavonoids, tannins and anthocyanins, amino acids, and poly-
saccharides. The fabricated AuNPs by this green approach are useful and
cheap at the commercial level to apply as a method remarkable in
various filed.
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