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Abstract

Over the past decade, sustainable bimetallic nanoparticles (NPs) have attracted significant scientific attention. However, challenges
related to synthesis efficiency and environmental impact remain major concerns. In this study, we present the green synthesis of
bimetallic selenium nanoparticles (SeNPs) using pomegranate peel extract (PPE) as a natural, eco-friendly reducing and stabilizing
agent. The synthesized nanoparticles were thoroughly characterized using Fourier-transform infrared (FTIR) spectroscopy, X-ray
diffraction (XRD), ultraviolet-visible (UV-Vis) spectroscopy, transmission electron microscopy (TEM), and energy-dispersive X-ray
(EDX) analysis, confirming their successful formation, uniform morphology, and homogeneous distribution. The biosynthesized
SeNPs demonstrated potent in vitro anticancer activity against the human breast cancer cell line (MCF-7), exhibiting a half-maximal
inhibitory concentration (ICso) of 11 pg/mL, while remaining non-toxic and biocompatible at lower concentrations. These findings
highlight the significant biomedical potential of PPE-mediated bimetallic SeNPs as safe and effective anticancer agents. Overall, this
green biosynthetic approach provides a sustainable and efficient alternative to conventional chemical synthesis methods for

producing functional metal oxide nanoparticles.
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1- Introduction

Nanoparticles are frequently used as an alternative to an
tibiotics to target microorganisms.  Nanomaterials and
nanostructures demonstrate broad-spectrum antibacterial
properties [1]. Bimetallic nanoparticles (NPs), such as
selenium nanoparticles (SeNPs), are known for their low
cytotoxicity and promising anticancer potential. Another
noteworthy example is Cu/Zn bimetallic nanoparticles
synthesized using plant-based methods, which have
shown a synergistic cytotoxic effect against MCF-7 breast
cancer cells when combined with the anticancer drug
doxorubicin, thereby enhancing therapeutic efficacy
through a biocompatible and sustainable approach [2]. In
light of global concerns about rising populations, it is
vital to implement all agricultural measures to improve
fruit and vegetable production worldwide.

Furthermore, although many fruit varieties, including
bananas, watermelon, papayas, mangoes, and pineapples
are appreciated for their flavor and nutrient content, over
40% of their mass, including the peel, pulp, and seeds, is
inedible [3]. These NPs are produced in clean, non-toxic,
and environmentally conscious ways, using high-energy
renewable materials to enhance the safety and reliability
of NP production processes [4]. The development of
plant-fabricated NPs can proceed more rapidly because
the specific media and culture conditions required for

other biological entities don't need to be maintained.
Green pathway NPs often have strong catalytic
capabilities, which increase toxicity in bacterial cells and
cancer cells, due to their large surface areas and capacity
to promote reactivity by generating reactive oxygen
species [5]. Many researchers now support the use of
selenium nanoparticles (SeNPs) due to their high stability
and low toxicity, and they are recommended for use
across a range of scientific domains [6]. Selenium
nanoparticles  exhibit  strong  adsorption  and
microbiological properties due to their interactions with
various protein structures, compared to alternative
techniques (chemical and physical).

Biologically generated SeNPs are easier to use, more
environmentally friendly, and economically viable [7].
Using biomaterials like microbes, algae, biopolymers,
plant materials, or their derivatives in the bio- (green)
production of NPs could successfully address most of the
aforementioned problems by providing a straightforward,
affordable, environmentally friendly, and controllable
process [8]. Sustainable bimetallic nanoparticles (NPs)
have gained considerable attention over the past decade.
However, challenges related to synthesis efficiency and
environmental impact remain key concerns in optimizing
their properties. In this study, we report the green
biosynthesis of bimetallic selenium nanoparticles (SeNPs)
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using pomegranate peel extract (PPE) as an eco-friendly
reducing and stabilizing agent. Characterization by
ultraviolet-visible (UV-Vis) spectroscopy, Fourier-
transform infrared (FTIR) spectroscopy, X-ray diffraction
(XRD), transmission electron microscopy (TEM), and
energy-dispersive X-ray spectroscopy (EDX) confirmed
the successful synthesis of the nanoparticles [9].

Another study by [10] found that the antioxidant
activity of SeNPs exceeded 90% across all tested
concentrations, ranging from 250 to 4000 pg/mL.
Hemocompatibility  studies indicated that SeNP
concentrations of 500 pug/mL or lower are safe for use. In
cytotoxicity assays, SeNPs exhibited an ICso value of
113.73 pg/mL. Furthermore, SeNPs demonstrated potent
anticancer activity against MCF-7 and MG-63 cancer cell
lines, with ICso values of 69.8 pg/mL and 47.9 pg/mL,
respectively. Therefore, in the present investigation,
SeNPs with distinct anticancer properties were
synthesized using crude pomegranate peel extract (PPE).
Physicochemical, topographical, and biological activity
evaluation tests were included in the comparative study.

2- Experimental work
2.1. PPE preparation

Fruit peels from organically grown pomegranates
(Punica granatum L.) were manually obtained after the
fruits were washed with double-distilled water (DW) and
allowed to air-dry for 62 hours at 44 + 2 °C. After being
mechanically ground into a powder (100 g, approximately
60 mesh size), the dried peels were extracted employing 1
L of 70% diluted ethanol, stirred at 110xg for 65 hours at
room temperature (RT; 25 + 2 °C), and filtered to get rid
of any remaining plant debris. To obtain a 10%
concentration, the P. granatum peel extract (PPE) was
redissolved in DW after being vacuum-dried at 41 °C. [9].
as shown in Fig. 1.

2.2. Biosynthesis of PPE- Selenium nanoparticles
(SeNPs)

An aqueous solution of sodium selenite, *Na,SeOs" (10
mM), was formulated with DW. A Na;SeOs solution (10
mM) and 10 ml of PPE (1%, w/v) were subsequently
combined and stirred at 610 x g for 55 minutes at room
temperature. The brownish-orange color of the fluid
indicated the biosynthesis of SeNPs via PPE. The
PPE/SeNPs matrix was precipitated from the solution by
centrifugation at 11600 xg for 37 minutes. To obtain plain
SeNPs, portions of the PPE/SeNPs matrix were
subsequently washed three times with DW and twice with
ethanol, with centrifugation performed after each wash.
After that, the PPE/SeNPs and regular SeNPs were
freeze-dried [11].

2.3. Particle size and charging

NPs Zeta (§) potentialities and particle size (Ps)
evaluation of PPE-synthesized SeNPs and their combined

forms (PPE/SeNPs) were implemented using the DLS
"dynamic light scattering” approach, employing the Zeta
plus.

2.4. Nanoparticles ultrastructure

Using a 20 kV accelerating voltage, the SEM (scanning
electron microscope) was used to examine ultrastructure,
including particle topography and dispersion. TEM
imaging was used to investigate further the ultrastructure
of PPE-synthesized SeNPs, particularly their shape,
dispersion, and Ps.

2.5. Characterization of SeNPS

Fourier-transform infrared spectroscopy (FTIR) (FTIR,
Bruker Co., Ettlingen, Germany). SeNPs of energy
dispersive X-ray (EDX), atomic force microscopy (AFM),
and ultraviolet-visible spectroscopy (UV-VIS). SeNPs
were measured from 200 to 600 nm using a UV-Vis
spectrophotometer (UV-1800, Shimadzu, Kyoto, Japan),
and X-ray diffraction (XRD) was used to investigate the
shape and dimensions of the SeNPs in a powdered
sample. The images were taken with a scanning electron
microscope (SEM) with a resolution of 500 nm (Hitachi
S-3400N). Energy-dispersive X-ray analysis EDX
analysis can be used to identify the qualitative and
quantitative state of elements that may be involved in the
formation of nanoparticles. These examinations were
conducted at the University of Baghdad's College of
Sciences Department of Chemistry labs, which served
[12].

a.  Ultraviolet-visible absorption spectroscopy UV-VIS

(Shimadzu/Japan) UV-visible spectroscopy is used to
quantify plasmon resonance and bulk electron oscillations
in the conduction band in response to electromagnetic
waves to confirm nanoparticle synthesis. It contains
detailed information on the structure, size, aggregation
and stability of nanoparticles. Selenium nanoparticles can
be produced on a spectrophotometer in the range of 200
nm to 800 nm.

b. Atomic force microscopy AFM

(UNICCO/USA) was used to determine the size and

surface morphology of SeNP nanoparticles. A
thin layer of prepared SeNPs was deposited on
aquartzglass plate  byapplyingafew drops of

SeNPs to the plate and allowing them to dry at room
temperature in the dark. The lowered glass plate was then
scanned with AFM.

c.  Fourier transform infrared (FTIR) spectroscopy
Using FTIR spectroscopy, the presence of functional

groups involved in the bio-reduction of SeNPs was
confirmed. FTIR analysis of the chemical bonds of the
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prepared SeNPs was performed by scanning in the
wavelength range of 400-4000 cm™.

d. Energy-dispersive X-ray analysis EDX

(Bruker/Germany) EDX analysis can be used to
identify the qualitative and quantitative states of elements

Collection
pellet and Dry
on microwave

Pomegranate Peel

that may be involved in nanoparticle formation. The
element’s content in selected areas within the SEM
sections was examined using EDX microanalyzers. These
studies have confirmed that high-purity selenium

nanoparticles are generated, which depends on the
interaction between the sample and the X-ray excitation
sources.
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Fig. 1. PPE preparation

e. Field emission scanning electron microscope FESEM

(Hitachi Ltd./Japan) The images were taken with a
scanning electron microscope (SEM) at 500 nm resolution
(Hitachi S-3400N) and with secondary
electron (BSE) detectors;  quad-type  semiconductor
detectors were used to study the size and shape of SeNPs.
This approach is used
to obtain detailed information about surface NPs. This
approach was used to characterize the average particle
morphology and diameter of the nanoparticles. After
sonication with distilled water, a tiny drop of the sample
was placed on a microscope slide and left to dry. The
samples were then coated with a thin layer of platinum to
make them conductive.

f.  X-ray diffraction XRD

XRD (Shimadzu/Japan) measured the crystal structure
of SeNPs to investigate the shape and dimensions of the
SeNPs powdered sample.

2.6. Cytotoxicity assay

The cytotoxic effects were assessed using an in vitro 3-
(4,5- dimethylthiazol-2 - yl) -2, 5- diphenyltetrazolium
bromide (MTT) assay. Each well of a 96-well plate
contained 7,000 MCF7 cells, which were incubated
overnight to ensure cell adhesion. After that, cell lines
(MCF7) were treated with substances at progressively
higher SeNPs concentrations (6.25-100 pg/ml); three
replicate wells were employed for each treatment. After

24 hours of incubation, the culture medium was removed
from each well, and 20 puL of MTT solution (5 mg/mL;
Shanghai Macklin Biochemical Co., Ltd.) was added. The
plate was then incubated for 3 hours at 37 °C in the dark.
Subsequently, 50 yL of DMSO (Bio Basic Inc.) was
added to each well, and the plate was gently shaken for 10
minutes to dissolve the formazan crystals. [13].
Absorbance at 490 nm was measured using a microplate
reader from the raw absorbance data, and the proportion
of live cells was calculated using Eq. 1.

A test—A blank

T 0,
A control — A blank x100%

Viability= Q)
The absorbance was denoted as "A". GraphPad Prism
software (version 6, Dotmatics) was used to generate the
dose-response curve, from which the half-maximal
inhibitory concentration (ICso), the concentration required
to reduce cell viability by 50% was calculated [14].

3- Results and discussion

3.1. Synthesis of SeNPs

The suspension’s color shifts to red once Se;Osz has
been reduced to Se0. Observing the solution gradually
change from pale yellow to a deep brownish-orange tint
after 60 minutes was the first hint of the SeNPs synthesis.
Several metal NPs have been biosynthesized using PPE.
Significant amounts of phenolic compounds, including
hydrolysable tannins and flavonoids, which are essential
for the creation of metal nanoparticles, are present in
pomegranate peel. PPE was used in the current
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investigation to manufacture SeNPs. The biogenesis of
SeNPs was indicated by the weak red, white, and red hues
observed, with PPE serving as a capping or reducing
agent. Bioactive phytochemicals in plant extracts act as
capping agents, preventing nanoparticle agglomeration
and altering their biological activity. The outcome
complies with [15]. The phenolic chemicals existing in
the peel of fruit, such as pomegranate (Punica granatum
L.), comprising apigenin, caffeic acid, chlorogenic acid,
cyanidin, ellagic acid, gallic acid, granatin A, granatin B,
pelargonidin, punicalagin, punicalin, and quercetin, have
been receiving a lot of attention in recent years. PPE-
MAUNPs and PPE-MAgNPs are examples of extracts

from pomegranate peel (PPE) that support the synthesis of
PPE-mediated nanoparticles (PPE-MNPs).
3.2. Characterization of biosynthesized SeNPS

a. UV-Visible (UV-VIS) spectroscopy

UV-Vis spectroscopy was used to examine the
morphological characteristics of biosynthesized SeNPs,
including size and shape. As shown in Fig. 2 a, an
absorption peak at 217 nm for Se in sodium selenite
indicates successful PPE production. In Fig. 2 b, the peak
reached 362 nm. Fig. 2 c illustrates the UV-visible 283nm
method used to characterize the biosynthesized SeNPs,
which included individual NPs [16].
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Fig. 2. UV—VIS spectroscopy analysis (a) pomegranate pn)gél extract (b) NazSeQs (c) Selenium nanoparticles
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b.  Atomic force microscopy (AFM)

The average diameter of SeNPS, along with their two-
and three-dimensional shapes, was measured using atomic

force microscopy as a confirmatory method for
understanding their biogenesis in general. The study's
results, displayed in Fig. 3, showed that the synthesized
SeNPs had a diameter of 68 nm.
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Fig. 3. The biosynthesized SeNPs under AFM, 2D and 3D images of SeNPs

c. FTIR analysis

The PPE spectrum identified key biological linkages of
the extract. The PPE spectrum’s designative peaks were
found at 3347, 2977, 2888, 1723, 1601, 1361, 1439, 1182,
1042, and 879 cm™ as shown in Fig. 4 a. The functional
groups in PPE responsible for the biosynthesis of SeNPs
were identified through the comparative spectral analysis
of PPE and PPE/SeNPs, as illustrated in Fig. 4 b. The C—
H stretching band observed at 2888 cm™ in the PPE
spectrum nearly disappeared in the PPE/SeNPs spectrum,
consistent with the findings of [17], indicating its
involvement in the reduction and conjugation processes
during SeNP formation. Additionally, the broad
absorption band at 3426 cm™ in the PPE spectrum shifted
to 3482 cm™ in the PPE/SeNPs spectrum, confirming the
interaction of selenium with N-H and O-H functional
groups, which play a crucial role in nanoparticle
stabilization and capping.

d. Energy dispersive X-ray (EDX)

The EDX analysis was used to determine the elemental
composition of the SeNP powder. The existence of
several different elements connected to the selenium,
oxygen, sodium, and chloride components was
determined by the EDX spectra of the SeNPs shown in
Table 1 and Fig. 5. SeNPs may have coatings of carbon
and oxygen. The "selenium" in the mapping pertains to

the synthesis of SeNPs, whereas the "carbon" and
"oxygen" correspond to the PW extract. These findings
are in line with earlier research and concur with [18].

e. Field emission Scanning Electron
(FESEM) and TEM

Microscope

The SeNPs were spherical and varied in size from 10 to
60 nm, based on the TEM image shown in Fig. 6 a. TEM
micrographs also demonstrated the homogeneous
dispersion of the SeNPs. The SEM was used to evaluate
the surface morphologies and particle sizes of SeNPs, as
shown in Fig. 6 b. The shapes of SeNPs were nearly
spherical. At room temperature, the Se-Nano generated
from the plant extract is colloidal, with a size range of 50
to 150 nm [19]. Additionally, within the 80-220 nm
range, spherical SeNPs were produced with maximum
frequencies of 120-140 nm, compared with the SeNP
sizes reported in the previous results, which varied from
100 to 500 nm; the SeNP size generated in this
investigation is preferred [20].

f.  X-ray diffraction method (XRD)

It is abundantly evident that the initial precursors lack
any distinctive peaks. Bragg's reflections at (100), (101),
(111), (201), and (210) are represented by the SeNPs
XRD diffraction peaks and the diffraction characteristics
concerning 20 at 23.46°, 30.08°, 41.76°, 53.12°, and

185



Z. M. Ahmed and M. E. Ahmed / Iragi Journal of Che

mical and Petroleum Engineering 26, 4 (2025) 181 - 192

64.76°, respectively as shown in Fig. 7. We explain the
results by pointing out, that previous studies have
demonstrated that crystallite, cubic phase form SeNPs
may be successfully fabricated at the same XRD

160—

%T |

diffraction planes using mediators derived from plant
extracts [21]. The generated SeNPs were highly
crystalline to improve application, according to the XRD
data.
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Fig. 4. FTIR spectra of (a) pomegranate peel extract (PPE) (b) SeNPs (PPE/SeNPs)

Table 1. Energy dispersive X-ray (EDX) of SeNPs

Line Apparent

W1t% Atomic Standard Factory

1 0,
Element Type Concentration kRatio W% Sigma % Label Standard

0 K 5.01 0.01687 25.78 0.33 48.61 SiO, Yes
series

Na K 7.01 0.02958 24.55 0.24 32.20 Albite Yes
series

K

Cl series 0.08 0.00067 0.47 0.09 0.40 NaCl Yes

Se L 5.87 0.05867 49.20 0.34 18.79 Se Yes
series

Total: 100.00 100.00
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g. Zeta potential (ZP)

Depicts the diameter of PPE-SeNPs, which ranged from
75.5 to 4085.6 nm, with a mean size of 624.4 nm. Fig. 8
shows the zeta potential, which was —20.1 mV. On the

other hand, 30 observed that the SeNPs made using
pomegranate peel extract had a much greater zeta
potential of -68.93. Mv and a smaller average particle size
distribution between 57.7 and 42.4 nm.
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Fig. 8. Zeta potential of the synthesized SeNPs

3.3. Anticancer and Cytotoxic Activities of Biogenic
Selenium Nanoparticles

The flow of materials, such as nutrients and oxygen, to
tumorous tissues is enabled by the extensive vascular
network and its pores [22]. It makes it simple for
nanoparticles to gather and travel through these pores to

N Sl (G
Fig. 9. The cytotoxic

effect of SeNPs at 200x magnification (a) Control

these locations. The cytotoxic activity of selenium
nanoparticles on the human breast adenocarcinoma cell
line MCF7 was studied, as seen in Fig. 9. It is possible to
observe changes in the shape of a cell after treating it with
selenium nanoparticles to compare the morphology of
control cells with treated cells with two concentrations
(50ug/ml and 100ug/ml).

S (YN

MCF7 cell (b) MCF7 cells after tre;atment with

SeNPs at a concentration of 50 pg/ml (c) MCF7 cells after treatment with SeNPs at a concentration of 100 pg/ml

Studies have indicated that as the concentration of
SeNPs, cell viability declined, SeNPs had a Glso value of
nearly 11ug/ml. These nanoparticles exhibited significant
cytotoxicity against the MCF-7 cell line, with cytotoxicity
reaching 65.4% at 25 pg/mL. SeNPs were evaluated for in
vitro cytotoxicity against MCF-7 cells across a
concentration range of 6.25-100 pg/mL. Consistent with
our findings, several studies have also reported the
cytotoxic potential of SeNPs against various cancer cell
lines.

Table 2 demonstrates the interactions amongst the cell
lines illustrated in Fig. 10, at various amounts of SeNPs

(6.25-100 pg/ml), expressed as cell viability (%). In
every instance, as nanoparticle concentration increases,
the cell viability ratio decreases. The result agrees with
[23]. The cytotoxicity of chemically synthesized SeNPs
was significantly lower than that of the corresponding
chemical controls. This study aimed to investigate the
cytotoxic and apoptotic effects of selenium nanoparticles
on cancer cell lines, specifically MCF-7 (breast cancer)
and HepG2 (liver cancer) cells. Transmission electron
microscopy (TEM) analysis confirmed that the SeNPs
were approximately 20 nm in size, with predominantly
spherical and cubic morphologies, and exhibited well-
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defined crystalline characteristics. The cytotoxic potential
of SeNPs was assessed using MTT and NRU assays,
revealing that both cell lines displayed variable sensitivity
to SeNP-induced cytotoxicity, highlighting differences in
their response to selenium nanoparticle treatment [24].
The primary cytotoxicity mechanism of SeNPs is the

generation of intracellular ROS, leading to cell death and
mitochondrial dysfunction. The mitochondria control the
apoptosis process, however SeNPs can cause apoptosis by
changing the Bcl-2 protein, which weakens the outer
membrane of the mitochondria and progressively speeds
up the death process [25].

Table 2. The cytotoxicity of SeNPs on cell line MCF7 raw data, the viability %

CVv 6.25 ug/ml 12.5 ug/ml 25 ug/ml 50 ug/ml 100ug/ml
SeNPs Raw data 0.305 0.245 0.113 0.275 0.263 0.257
TR1 % survival 100 80.32786885 37.04918033 90.16393443 86.2295082 84.26229508
SeNPs Rawdata  0.305 0.275 0.13 0.305 0.277 0.268
TR2 % survival 100 90.1639344 42.6229508 100 90.81967 87.86885
SeNPs Raw data 0.305 0.275 0.129 0.283 0.278 0.257
TR3 % survival 100 90.1639344 42.295082 92.78689 91.14754 84.2623
CV: Control vehide, TR: Technical replicate
SeNP
1251
g - MCF7 (Breast Cancer)
= 100
c
o
o
«— 751
o
g
O R R LR LR EEEEEEEEEEEEEE Y COEEEEEEEREEEE
©
2
Z 25
S
0 T T 1
0 5 10 15

Conc. (ug/ml)
Fig. 10. The cytotoxic effect of SeNPs on MCF7 cells

4- Conclusion

Selenium nanoparticles (SeNPs) exhibit significant
antioxidant and anticancer properties and have also been
explored as dietary supplements. Numerous toxicity
studies have demonstrated that SeNPs are relatively safe
when administered at appropriate doses. Future research
should focus on advancing characterization techniques,
exploring their potential in targeted drug delivery
systems, and improving green synthesis methods to
enhance scalability and sustainability. SeNPs are
significant nanoparticles with a wide range of medical
uses. Interest in these techniques is heightened by the
bioactive properties of SeNPs produced via green
synthesis and their biocompatible architectures. SeNPs
were created in this work using a simple, inexpensive, and
environmentally friendly process. The synthesis-derived
Pv-SeNPs' characteristics were assessed using XRD,
EDX, UV-vis, TEM, AFM, DLS, and TGA-DTA data.
Nanoparticle characteristics, including concentration,
size, shape, surface charge, interaction time, and degree of
deposition, all affect toxicity. Chemical adsorption,
electrostatic attraction, hydrophobic interaction, or

189

chemical bonding are how nanoparticles interact with
cells.
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