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Abstract: A novel approach known as seed priming has been developed to improve seed germination
and, ultimately, increase growth and yield. For high-value crops like pomegranates (Punica granatum)
in high-altitude regions like the Taif area, affordable, sustainable, and efficient seed treatments are
yet to be discovered. In this study, we employed a green synthesis method using pomegranate
peel and coffee ground extracts to synthesize silver nanoparticles (AgNPs) at a concentration of
80 mg/mL. These AgNPs were then utilized to prime pomegranate seeds for 24 h. Furthermore,
a chemical reduction method using trisodium citrate was used for comparison. The adsorption of
NPs was verified using scanning electron microscopy (SEM) and energy dispersive X-ray (EDX),
while their incorporation was confirmed by transmission electron microscopy (TEM). We further
validated our EM results with X-ray fluorescence (XRF) and inductively coupled plasma—optical
emission spectroscopy (ICP-OES). According to the findings of this study, AgNPs were observed to
be present within seeds even after undergoing storage during priming. There is a possibility that the
results obtained could potentially contribute to maintaining the quality of crops in a sustainable and
eco-friendly manner.

Keywords: seed priming; silver nanoparticles; Punica granatum; integrated approaches

1. Introduction

The escalating global population is exerting substantial pressure on food security, pos-
ing a major challenge to meeting the food needs of the growing population. Fertilizers play
a pivotal role in augmenting crop yields, but conventional options have certain constraints.
Soluble fertilizers present a substantial environmental problem, as they can dissolve in
water and easily seep into groundwater and bodies of water, leading to pollution. On the
contrary, insoluble fertilizers offer a sustainable solution. Nevertheless, their restricted
bioavailability hampers their effectiveness. The inability of plants to access the essential
micronutrients that are locked in insoluble particles hinders their capacity to foster robust
plant growth. Such challenges underscore the urgent need for cutting-edge and eco-friendly
fertilization methods to support agricultural productivity while minimizing environmental
impacts [1,2]. Nanotechnology offers significant promise for agricultural applications.
Nanoparticles, due to their distinct qualities, possess the potential to distribute nutrients
among plants more effectively. Recently, nanotechnology has garnered considerable atten-
tion, especially in the context of agriculture, as it can function as a growth stimulant, plant
protection agent, additive, and nano-fertilizer [3]. Many studies have demonstrated that
various nanostructures produce favorable effects on numerous crops, especially during the
embryonic and seedling stages. Seeds constitute the fundamental foundation for natural
crop development, as they represent the initial stage in the agricultural production process.
Seed production is a vital component of the food security system [4].
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Many crop seeds, including pomegranates (Punica granatum L.), possess a tough outer
coat that regulates gas exchange, water uptake, and nutrient flow. This rigid coat, while ben-
eficial for seed protection, can hinder water permeability and ultimately reduce germination
rates [4]. This challenge is particularly pertinent for high-value crops like pomegranates,
which are widely cultivated and commercially important in Saudi Arabia [4]. The fruit
boasts a wealth of polyphenolic phytochemicals with potent antioxidant properties [5,6].
These properties have contributed to the use of pomegranates in traditional medicine for
treating various diseases [5,6]. Pomegranate peel, which constitutes a significant portion
(around 60%) of the fruit’s weight, is often considered agricultural waste [7]. However, it is
rich in valuable nutrients like minerals, vitamins, phenolics, and antioxidants with poten-
tial health benefits [7-9]. Finding ways to utilize this byproduct would be a sustainable
practice. By overcoming the seed germination challenge with techniques like seed priming,
we can ensure the continued cultivation and economic viability of this valuable crop in
Saudi Arabia.

Seed priming is a technology that may provide an effective solution to overcome
the challenge posed by the hard seed coat in pomegranates, which presents a significant
obstacle to successful germination. This approach involves applying pre-sowing treat-
ments with various amendments to improve the physiological state of seeds prior to
germination [4,10]. Seed priming offers numerous advantages that directly address the
limitations of the hard seed coat. It ensures quick and consistent germination, thereby
enabling better resource management, including water, fertilizer, and labor [11,12]. Further-
more, it notably shortens the imbibition period, activates germination inducers, initiates
DNA repair processes, promotes absorption, and triggers antioxidant responses linked
to pre-germination metabolism [13-17]. For that, the technique of priming is applied to
enhance seed germination in both optimal and unfavorable conditions [18]. By reducing the
need for re-seeding and supplemental resources, seed priming contributes to sustainable
pomegranate cultivation, particularly in water-scarce regions like Saudi Arabia [19].

As previously mentioned, conventional seed priming has proven to be an effective so-
lution for addressing the difficulty posed by the hardiness of pomegranate seeds. However,
recent progress in nanotechnology has opened new avenues for even more precise methods.
Nanoparticles, due to their unique properties, such as a large surface area, exhibit great
potential for seed priming, a technique also known as nano-priming [19]. The utilization of
nanoparticles as carriers for delivering beneficial substances to seeds has the potential to
improve processes such as germination and seedling development. Various studies indicate
that nano-priming can stimulate the breakage of seed dormancy by activating enzymes
that initiate embryonic differentiation. The outcomes of these studies suggest that nanopar-
ticles have the potential to enhance the efficiency of seed treatment by nano-priming, thus
leading to improved crop productivity [6]. This targeted delivery of specific molecules
could be particularly advantageous for pomegranates, as their rigid seed coat impedes
water uptake and enzyme activity. Furthermore, metal nanoparticles hold great potential
as intelligent nano-fertilizers and nano-pesticides [20]. This one-step seed priming method
enhances germination, supplies essential nutrients, and provides potential protection for
young pomegranate seedlings. By merging the established benefits of seed priming with
the precise delivery capabilities of nanoparticles, nano-priming offers a promising avenue
for enhancing pomegranate cultivation.

Silver nanoparticles (AgNPs) possess a high surface area, allowing them to act as effi-
cient carriers for delivering specific molecules directly to seeds [19]. This targeted delivery
has the potential to address the limitations imposed by the rigid seed coat in pomegranates.
By delivering molecules that promote water uptake, enzyme activity, or other germination
processes, AgNPs could significantly enhance and synchronize germination rates. Many
studies have examined the effects of AgNPs on seed germination, root elongation, and
plant reactions such as cellular oxidative stress or cytotoxicity [21-25]. The biochemical and
physiochemical properties of AgNPs are significant compared to bulk materials. Various
applications have been developed using AgNPs, owing to their fungicidal and bactericidal
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properties. Moreover, these nanoparticles may affect oxidative stress in algae, bacteria, and
higher plants [26]. Depending on the dosage, different sizes of AgNPs showed varying
effects on the growth and inhibition of plant species [27]. Research on the influence of silver
nanoparticles (AgNPs) on plant growth has produced inconsistent outcomes. While some
studies have shown positive effects on seed germination and growth, others have reported
negative effects. These studies encompassed a range of plant crops, including Brassica
juncea [28], Phaseolus vulgaris [29], Zea mays [30], Eruca sativa [31], and Oryza sativa [32],

Silver nanoparticles (AgNPs) can be created for agricultural purposes through multiple
methods [33-37]. Conventional approaches involve chemical reactions that employ severe
chemicals. In this process, nanoparticles are generated in a liquid medium that incorporates
a variety of reactants, including reducing agents such as sodium borohydride [38] and
potassium bitartrate [39]. Green synthesis, which involves using plant extracts to produce
AgNPs, presents a promising alternative to traditional methods that raise concerns over
environmental and plant health risks [40]. This eco-friendly method has several benefits.
Plant extracts function as both reducing agents, converting silver ions into metallic silver,
and capping agents for stabilizing the nanoparticles [41—43]. This natural approach poten-
tially reduces cytotoxicity compared to chemically synthesized AgNPs. The effectiveness
of silver nanoparticles (AgNPs) as a seed priming agent might depend on the method
used to synthesize them. AgNPs synthesized via the green synthesis method, due to their
biocompatible properties, could be more effective and safer in promoting seed germination
and seedling development in crops such as pomegranates.

It is crucial to verify the uptake of nano-primed AgNPs before conducting germina-
tion tests. Confirming AgNP uptake helps determine whether the seed priming process
introduces nanoparticles into the seeds, which is essential for understanding how AgNPs
might affect germination and subsequent growth. Without uptake verification, the results
of germination tests might be inconclusive, making it unclear whether any observed effects
on germination are due to the AgNPs themselves or some other factors. Demonstrating
AgNP uptake strengthens the credibility of our research by showing a clear link between
the priming process and the potential impact on seed germination. Techniques like SEM,
EDX, TEM, XREF, and ICP-OES can be used to verify uptake, providing valuable evidence
that the AgNDPs are indeed entering the seeds, which improves result interpretation.

The primary objective of this study is to explore the interactions between silver
nanoparticles (AgNPs) and Taify pomegranate seeds during the seed priming process.
This entails examining two key aspects: adsorption, which involves analyzing the extent to
which AgNPs adhere to the seed surface, and incorporation, which focuses on determining
whether AgNPs can enter the seeds after priming treatment. To achieve this objective, the
study employs a variety of analytical techniques. Energy-dispersive X-ray spectroscopy
(EDX) and electron microscopy (EM) were used to visualize and qualitatively characterize
nanomaterials on the seed surface. Additionally, XRF (X-ray fluorescence) and ICP-OES
(inductively coupled plasma—optical emission spectroscopy) techniques were employed
to detect nanoparticles incorporated into Punica granatum L. seed samples. A secondary
objective of this study is to compare the effectiveness of AgNPs synthesized using green
(e.g., pomegranate peel extract, ground coffee bean extract) and chemical methods in seed
priming as a method for delivering AgNPs to Taify pomegranate seeds. Ultimately, by gain-
ing a deeper understanding of the interaction between AgNPs and seeds during priming,
this research aims to lay the groundwork for future studies on the potential benefits of this
approach for Taify pomegranate cultivation.

2. Materials and Methods
2.1. Chemicals

Silver nitrate (AgNO3) and trisodium citrate were purchased for biological and chemi-
cal synthesis. Silver nitrate (100%, w/w) was obtained from Alfa Aesar (Ward Hill, MA,
USA), and trisodium citrate dihydrate (ACS reagent, >99.0%) was acquired from Sigma-
Aldrich (Milan, Italy). Deionized (DI) water was used to prepare all aqueous solutions. The
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reagents used were all analytical grades. Glassware was washed with aqua regia (a mixture
of concentrated hydrochloric acid (HCl) and nitric acid (HNO3), typically in a 3:1 ratio),
followed by three rinses with deionized (DI) water.

2.2. Plant Materials

Fifty seeds of Punica granatum L. (pomegranate) were acquired from commercially
available, mature pomegranates purchased from a local retailer in Taif, Saudi Arabia. The
pomegranates were carefully inspected visually to ensure they were free of any spots or
damage. The seeds were then removed from the fleshy tissue and were washed repeatedly
with deionized (DI) water to remove any surface dirt or debris that may have adhered
to them.

Green synthesis materials comprised air-dried fruit peels from pomegranates, which
were utilized for seed collection as a reducing agent in the synthesis of silver nanoparticles
(AgNPs). Furthermore, roasted ground coffee beans purchased from commercial sources
were employed as another reducing agent in the green synthesis process.

2.3. Preparation of Plant Extracts

To prepare plant extracts to reduce and stabilize AgNPs, we utilized the same proce-
dure previously described by Abdelmigid et al. [44]. Freshly picked pomegranates (Punica
granatum L.) and Arabic coffee beans (Coffea arabica) were purchased from a local shop in
Taif governorate, Saudi Arabia. It was necessary to wash the pomegranate fruits thoroughly
with distilled water and to separate the seeds before obtaining the peels. After being dehy-
drated at low temperature overnight to full dryness, the peels were ground into a uniform
coarse powder utilizing a household blender. A room-temperature air-drying process was
used to dry coffee beans after they were ground and used to prepare coffee drinks. Figure 1
illustrates the steps involved in collecting coffee ground waste and pomegranate peel (PP).
Using 250 mL Milli-Q ultra-pure distilled water in a 500 mL Erlenmeyer flask, 50 g of finely
powdered peels were added and boiled for 10-15 min for each waste product separately.
Afterward, the aqueous plant extracts were prepared by filtering them through Whatman
No. 1 filter paper.

2.4. Green Synthesis of Ag Nanoparticles

As a metal precursor, AgNO;3; was used to generate AgNPs. Silver nitrate (AgNO3)
solution was prepared by dissolving 0.017 g in 100 mL of deionized double-distilled water
and stirring at room temperature for about 10 min. The solution was filtered with filter
paper No. 4 to obtain a clear solution. Then, 15 mL of plant extract was added separately
to 20 mL of aqueous 0.001 M AgNOj solution in 100 mL Erlenmeyer flasks. Gradually,
the extract was poured into the solution while heating it at 70 °C for 1 h, with continuous
stirring. As a result, the color of the solution changed from a pale light green to a light
brown and then to a dark brown. This color change indicated the presence of AgNPs in
the solution. Repeated centrifugation at 10,000 rpm for 15 min, followed by dispersion of
the pellet in sterile DI water four times, was used to purify AgNPs from the solution [44].
Following 48 h of lyophilization, the nanoparticles suspended in water were analyzed for
their composition and structure. The AgNPs, which were synthesized using pomegranate
peel extract, have been referred to as AgNPs_PPE, while those synthesized using coffee
ground beans have been distinguished as AgNPs_CE throughout the manuscript.

2.5. Chemical Synthesis of Ag Nanoparticles

The chemical synthesis of silver nanoparticles was carried out in this study, according
to Fang et al. [45]. Distilled water (15 mL) was used to dissolve AgNO;3 (2 g), while
trisodium citrate (1 g) was dissolved in 100 mL of distilled water. After boiling 50 mL
of a 1073 M AgNOj; solution, it was gently added to trisodium citrate (1%, 5 mL, Sigma-
Aldrich, Milan, Italy) for five minutes at 90 °C with vigorous stirring. Once the reduction
began, 2.5 mL of trisodium citrate was added dropwise until a pale yellow appeared in
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the solution. To distinguish these particles throughout the manuscript, we refer to them as
AgNPs_Chem. Similar to the biologically prepared AgNPs, AgNPs_Chem particles were
obtained through centrifugation and subsequent drying.

Figure 1. Waste collection steps for pomegranate peels (A—C) and coffee grounds (D-G) (adapted
from Abdelmigid et al. [44]).

2.6. Characterization of Silver Nanoparticles
2.6.1. UV-Vis Spectroscopy

To characterize the prepared silver nanoparticles (AgNPs_PPE, AgNPs_CE, and Ag-
NPs_Chem), UV-1601 spectroscopy (Shimadzu, Kyoto, Japan) was used for optical absorp-
tion measurements at wavelengths ranging from 200 to 800 nm. Autoclaved distilled water
was used as a reference.

2.6.2. Size Distribution and Zeta Potential

The average size and surface charge of the AgNPs synthesized at 25 °C with a detection
angle of 90° were measured using a Zetasizer Nano ZS particle size analyzer (Malvern
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Instruments Ltd., Malvern, Worcestershire, UK). To prevent nanoparticle aggregation, all
powder samples were freshly resuspended in 0.9% saline solution and sonicated at high
speed for 30 min before assessment.

2.6.3. Surface Morphology

To determine the surface morphology and size of AgNPs, scanning electron mi-
croscopy (SEM, JEOL JSM-6390LA Analytical Scanning Electron Microscope, Tokyo, Japan,
which is located in Taif University’s Electron Microscope Unit) was performed at 20 kV
(2 x 10%) V with magnifications of 500, 2000, and 3000 with scale bars of 50 um, 10 pm,
and 5 pm, respectively. Before scanning, the silver nanoparticle powders (AgNPs_PPE,
AgNPs_CE, and AgNPs_Chem) were coated with gold using a Cressington Sputter Coater
(108 Auto, thickness controller MTM-10, UK). X-ray diffraction (XRD) was used to assess the
crystallinity of the synthesized nanoparticles (Pan Analytical, X-pert pro, The Netherlands).
At30KkV (3 x 10* V) and 100 mA (1 x 10~ A), XRD was used to document the spectrum at a
wavelength of 1.5406 A in the 20 (from the range of 20-80°). The XRD patterns were plotted
using OriginLab software® (2018) and compared with the JCPDS card number 040783.

2.6.4. Fourier Transforms Infrared Spectroscopy (FTIR)

A small amount of the synthesized AgNP powder was mixed with the KBr powder to
create a homogeneous mixture. The mixture was subjected to high pressure to form a thin
disc-shaped pellet. The resulting KBr pellet containing AgNPs was placed in an FTIR spec-
trometer for analysis. KBr is advantageous in this process because it is transparent in the
infrared region and does not interfere with the analysis of the AgNPs. For the detection of
possible functional groups in synthesized AgNPs, FTIR spectroscopy (Agilent Technologies,
Santa Clara, CA, USA) at a wavenumber between 450 and 4000 cm~! was used.

2.7. Preparations of Nanopriming Solutions and Seed Priming

AgNPs (AgNPs_PPE, AgNPs_CE, and AgNPs_Chem) synthesized by biological and
chemical methods were freshly prepared as 80 mg/L nanopriming solutions by ultrasonic
vibration (100 W (1 x 102 W), 40 kHz (4 x 104 Hz)) for 30 min [46]. The concentrations of
the nanopriming solutions were selected based on the preliminary experiments. Milli-Q
deionized water was used as the hydropriming solution (HP) [46]. The seeds were surface-
sterilized in 1% sodium hypochlorite for 3 min and rinsed three times with deionized
water. The seeds were then soaked in a AgNP-priming solution for 24 h (rotatory shaker).
The ratio of seed weight to solution volume was approximately 1:4 g/mL. After applying
deionized water for 3 min, the seeds were dried on Whatman filter paper. The sterile
pouches were then sealed and refrigerated at a temperature of 4 °C until needed.

2.8. Assaying AQNPs Adsorption on a Seed Surface by SEM Analysis

Scanning electron microscopy (SEM) was used to evaluate the distribution and struc-
tural features of nanoparticles adsorbed on the nanoprimed seeds after washing with
distilled water and air-drying. The seeds were coated with a layer of gold before scanning
using a Cressington 108 Sputter Coater (auto, thickness controller MTM-10; Watford, UK).

2.9. Energy Dispersive X-ray (EDX)

A JEOL-JSM-1400 PLUS system with an EDX detector was used for identifying the
chemical composition of the Ag nanoparticles and for detecting the elemental composition
of the Punica granatum L. seeds. All samples were coated with a thin layer of gold for
analysis. In the EDX spectrum, the detected signal was plotted as a function of energy. The
following are the measurement conditions for the EDX detector: an acceleration voltage
of 20.00 kV, a magnification of x270, and a process time of T2. The measurement detector
possesses a live time of 30.00 s, a real-time of 30.22 s, and a dead time of 1.00%. The count
rate is 2528.00 CPS. The JEOL system's specific spectra processing system was operated
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according to the manufacturer's recommended protocols. Similarly, the calibration of the
EDX detector was carried out according to the manual instructions provided.

2.10. Assaying AgNPs Internalization

Randomly selected nanoprimed seeds were dissected and prefixed in 4F1G in phos-
phate buffer solution (pH = 7.2) at 4 °C for 3 h. After that, specimens were postfixed in 2%
Os04 in the same buffer at 4 °C for 2 h. Various concentrations of acetone were then used
to dehydrate samples. They were then embedded in resin for polymerization and cut into
sections approximately 90 A thick. The sections were placed on grid copper and stained
with uranyl acetate for 5 min. They were then stained with 1% lead citrate for 2 min, rinsed
again in pure water, and stored in grid boxes. Ultrathin sections were prepared using a
Leica ultracut UCT ultramicrotome. A JEOL-JSM-1400 PLUS TEM (JEOL, Tokyo, Japan)
was used to obtain TEM images.

2.11. Inductively Coupled Plasma Spectrometer (ICP-OES) Analysis of NP Uptake

ICP-OES was used to determine the total AgNP uptake or bioaccumulation in the
nanoprimed pomegranate seeds. The following steps were followed: First, 0.1 g of finely
ground pomegranate seeds were dried at 100 °C for 24 h. To dissolve all residues, 10 mL
aqua regia (HNO3/HCL) was added and slowly heated to 150 °C. Two replications of
this procedure were conducted, each with 10 mL aqua regia added to achieve complete
digestion (~2 mL). Subsequently, a Whatman filter paper was used to purify the solution,
and then a 100 mL volumetric flask was used to dilute it with Millipore water. The AgNP
content was quantified in triplicate using an inductively coupled plasma spectrometer
(ICPE-9000, Shimadzu, Kyoto, Japan). The instrument was calibrated using a standard
blank and mixed-metal calibration standard before analysis. Following the calibration plot,
the most accurate linear regression correlation coefficient was calculated (R? > 0.9999) from
the calibration plot. Multi-element standards and analytical references were purchased
from AccuStandard (New Haven, CT, USA).

2.12. Energy Dispersive X-ray Fluorescence (EDXRF) Analysis of NP Uptake

According to Tezotto et al. [47], the examination was performed following their pro-
tocol. EDXRF analysis was conducted on the same pomegranate seeds prepared as a
loose powder for ICP-OES analysis. Polypropylene film (Mylar®) was used to cover a
20 mm diameter polyethylene cup filled with one gram of ground seeds. With a Shimadzu
EDX-720 energy dispersive X-ray fluorescence spectrometer, the samples were radiated in
triplicate for 300 s under vacuum. X-ray tubes were used for irradiating the samples (15 kV
(15 x 10® V) for Na to Sc and 50 kV (5 x 10* V)). There was an automatic adjustment of
the current to a maximum of 1A, and a 10 mm collimator was selected. The detection was
carried out with a liquid nitrogen-cooled Si (Li) detector. The same method was used to
verify the precision and trueness of certified reference materials (CRMs). The intensity of
element Ko counts per second (cps/pA) was brought from the sample X-ray spectrum
deconvolution using the EDX Shimadzu software package (EDX-7000/8000/8100).

3. Results
3.1. Silver Nanoparticle (AgNP) Characterization
3.1.1. UV-Vis Spectroscopy

The creation of silver nanoparticles is demonstrated by the change in color from pale
yellow, brown, and colorless, respectively, to dark brown in PPE, CE, and trisodium citrate
(Figure 2A-C). Using UV-visible spectroscopy, the ability of the aqueous solution to produce
nanoparticles was further demonstrated. Figure 2D shows the UV-vis absorption spectra of
AgNPs_PPE (350 nm), AgNPs_ CE (with two distinct peaks at 320 nm and 440 nm), and
AgNPs_ Chem (430 nm).
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AgNPs_PPE
AgNPs_CE
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Figure 2. The successful creation of silver nanoparticles shown by the change in the color of
(A) pomegranate peel extract (PPE), (B) coffee bean extract (CE), (C) trisodium citrate, and UV-
vis sharp absorption spectra of AgNPs (D), respectively. Arrows indicate the color change.

3.1.2. Size Distribution and Zeta Potential

Zeta potential was used to estimate the stability of the produced AgNPs, where
higher zeta potential values indicate more stable nanoparticles. A chemically produced
AgNPs_Chem (46.7 mV) was found to be more stable than AgNP_CE (12.6 mV) and Ag-
NPs_PPE (7.98 mV), which had the least stability. Figure 3A shows how a reduction in
AgNPs stability causes particle aggregation, which leads to a size increase for AgNPs_PPE
=591.9 nm, AgNPs_CE = 273.7 nm, and AgNPs_Chem = 62.75 nm. This suggests that chem-
ically synthesized AgNPs (AgNPs_Chem) were the most stable, followed by those from
coffee extracts (AgNPs_CE), and lastly, those from pomegranate peel extracts (AgNPs_PPE).

3.1.3. Scanning Electron Microscopy (SEM) and XRD Analysis

Scanning electron microscopy (SEM) analysis, as shown in Figure 3B, provides visual
evidence of the crystalline structure for both chemically and biologically synthesized
AgNPs. X-ray diffraction (XRD) further confirms this crystallinity (Figure 3C). The four
characteristic peaks observed in the XRD pattern correspond to the face-centered cubic
(FCC) crystal structure of silver nanoparticles according to Bragg’s reflection principle.
These peaks appear at 26 values of 38.3°, 44.49°, 64.6°, and 77.5°, which can be assigned to
Ag crystal planes (111), (200), (220), and (311), respectively. Interestingly, the XRD pattern
of AgNPs_PPE reveals additional diffraction peaks at 26 of 27.90°, 32.38°, 46.43°, 55.00°,
57.00°, and 67.00°. These additional peaks warrant further investigation to identify the
potential presence of other crystalline phases or impurities associated with the biological
synthesis process using pomegranate peel extract.

3.1.4. FTIR Evaluation of AgNPs

Biomolecules affecting silver nanoparticle capping, reduction, and stability were iden-
tified using FTIR analysis of PPE, CE, and trisodium citrate. In Figure 3D, the differences
between synthesized AgNPs and their reference are highlighted. Any change in the sharp-
ness or position of a peak is considered a “group contribution” in the synthesis of silver
nanoparticles. In comparison with PPE, the various AgNPs_PPE peaks were sharper. The
sharp peak that was detected at 2927 cm~! was attributed to C-H stretching, 1641 cm ™!
to C-O stretching vibration in quinine, 1351 cm ! to the C=C aromatic ring, 1228 cm ! to
C-O stretching in ether, ester, or phenol, and 1055 cm ! to C-N stretching of the aliphatic
primary amine. The phenolic groups are located between 1315 and 1037 cm~! and 1456
and 1600 cm 1. In comparison with AgNP extract CE, FTIR analysis revealed distinct sharp
peaks. FTIR analysis of the AgNP_CE identified functional groups potentially involved
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Figure 3. Characterization of the investigated AgNPs in this study: (A) zeta potential, (B) scanning
electron microscopy, (C) XRD patterns, and (D) FTIR spectra (Adapted from Abdelmigid et al. [44]).

3.2. AgNP Adsorption and Localization on Seed Coats
SEM/EDX Analysis

Scanning electron microscopy (SEM) analysis was employed to investigate the size,
shape, and distribution of AgNPs adsorbed onto the surface of Punica granatum seeds
following nanopriming. Additionally, SEM was used to assess the overall morphology and
integrity of pomegranate seeds (Figure 4A-D). Compared to the smooth surface texture
observed in control seeds (Figure 4A), nanopriming with AgNPs resulted in significant
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alterations in seed coat morphology (Figure 4B-D). Notably, seeds treated with AgNPs
exhibited numerous large pores with a distinctive honeycomb-like structure. The SEM
images revealed that the majority of the AgNPs, regardless of their source (AgNPs_PPE,
AgNPs_CE, or AgNPs_Chem), appeared to be spherical. Interestingly, the synthesized
nanoparticles displayed a tendency to form both small and larger aggregates, which
became entrapped within the seed coat fibers (Figure 4B-D). Differences were observed in
the clustering behavior of the AgNPs depending on the synthesis method. Seeds treated
with AgNPs_PPE and AgNPs_CE displayed larger clusters of nanoparticles scattered across
the seed surface (Figure 4B,C). In contrast, seeds treated with AgNPs_Chem exhibited a
more even distribution of individual nanoparticles, with fewer evident clusters (Figure 4D).
Overall, SEM analysis provides valuable insights into the impact of AgNPs on the surface
morphology of Punica granatum seeds. These findings suggest that nanopriming with
AgNPs alters the seed coat structure and influences the distribution and clustering behavior
of the nanoparticles.
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Figure 4. SEM images of nanoprimed Punica granatum seeds at various magnifications to visualize the
adsorption of AgNPs. (A) Hydroprimed seeds (control) show no nanoparticles. (B-D) Seeds primed
with different AgNPs: (B) AgNPs _PPE, (C) AgNPs_CE, and (D) AgNPs_ Chem. Red boxes and
arrows highlight representative examples of adsorbed AgNPs on the seed coat surface at different
magnifications (x500, x1500, and x2000).
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AgNPs_PPE

Energy-dispersive X-ray spectroscopy (EDX) confirmed the presence of AgNPs on the
seed coat and provided information regarding their elemental composition. EDX spectra
(Figure 5) revealed a distinct Ag peak in the nanoprimed samples (AgNPs_PPE, AgNPs_CE,
AgNPs_Chem), which was absent in the hydroprimed (HP) control seeds. This confirms
the successful deposition of AgNPs onto the seed coat surface following the nanopriming
treatments. Table 1 summarizes the quantitative elemental composition data obtained from
the EDX analysis. Comparatively, the control seeds had a low mass percentage of C (47.78%)
and a high mass percentage of O (52.22%) (Table 1). In the nanoprimed samples, there was
a variation in carbon and oxygen contents; all nanoprimed samples displayed a decrease in
oxygen content and an increase in carbon content. This suggests the adsorption of organic
compounds onto the surface of the AgNPs. These organic compounds likely originated
from the plant extracts (Punica granatum (PPE) and Coffea arabica (CE)) used in the synthesis
process, which are known to play a role in reducing and stabilizing AgNPs. The presence
of trisodium citrate, another component of the synthesis solution, also contributed to the
observed carbon signal.
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Figure 5. Analysis of hydroprimed (HP) and nanoprimed Punica granatum seeds using SEM-EDX
technology. AgNPs_PPE, AgNPs_CE, and AgNPs_Chem adsorption on the surface of the seed coat
is shown in panels. The element peaks (C, O, and Ag) are displayed in EDX spectra. The region of
interest on the seed surface is revealed by the SEM photos (ROI).

Table 1. Elemental composition of control and AgNP-primed Punica granatum seeds determined by
EDX. The amount of the adsorbed C, O, and Ag elements are expressed as mean (%) + SE values of
mass% derived from sample replications used for the study.

Element Mass%
Treatment C O Ag Cl Total
Control 4778 +£0.54 52.22 +£0.38 0 0 100%
AgNPs_PPE 749 +£021 2494038 0.10£0.04 0 100%
AgNPs_CE 49.7+033 49.0+£070 0.24+0.08 1.07+0.07 100%
AgNPs_chem 60.4+0.62 392+132 0444022 0 100%

Interestingly, the nanoprimed samples exhibited variations in carbon and oxygen
contents. AgNP_PPE-primed seeds had the highest carbon content (74.94%) and the lowest
oxygen content (24.95%), suggesting a greater abundance of organic material on their
surface than other treatments. Conversely, AgNP_CE-primed seeds displayed lower carbon
content (49.69%) and higher oxygen content (49.0%), potentially indicating a different
interaction with the plant extract. AgNP_Chem-primed seeds showed intermediate values
(C: 60.4%, O: 39.16%). Overall, EDX analysis provided strong evidence for the successful
deposition of AgNPs onto the seed coat surface and revealed differences in the surface
composition of AgNPs derived from various synthesis methods.

3.3. AgNP Uptake in Seeds
3.3.1. TEM Analysis

Transmission electron microscopy (TEM) was employed to investigate the potential
translocation of AgNPs from the seed coat into the Punica granatum embryo. Figure 6A-D
presents the TEM micrographs at various magnifications. In contrast to the absence of
nanoparticles observed in hydroprimed control seeds (Figure 6A), TEM micrographs
of nanoprimed seeds (Figure 6B-D) revealed the presence of electron-dense deposits
within the embryo. These deposits appeared as individual dark particles and larger ag-
gregates, suggesting the potential internalization of AgNPs, and higher magnification
images (Figure 6C,D) provided further insight into the morphology of the internalized
nanoparticles. The dark deposits exhibited a predominantly spherical or ellipsoidal shape,
consistent with the expected morphology of AgNPs. These observations suggest the poten-
tial translocation of AgNPs from the seed coat to the Punica granatum embryo. The presence
of individual particles and aggregates indicates that internalization may occur through
various mechanisms.



Horticulturae 2024, 10, 647 13 of 23

Figure 6. Cont.



Horticulturae 2024, 10, 647 14 of 23

-

Figure 6. TEM images of Punica granatum seed cross-sections after being primed with (A) distilled
water (hydroprimed), (B) AgNPs_ PPE, (C) AgNPs_CE, and (D) AgNPs_Chem. The TEM image of
the manufactured NPs shows a similar pattern to the details of the Ag nanoparticle clusters found
inside seed tissue. (The AgNPs are indicated by red boxes and arrows in the image).

3.3.2. X-ray Fluorescence (XRF) and ICP-OES Analyses

Although TEM provides valuable information about the morphology and size of
nanoparticles within a sample, it has limitations in quantifying their total uptake. To
address this, X-ray fluorescence (XRF) and inductively coupled plasma-optical emission
spectroscopy (ICP-OES) techniques were employed to measure the total Ag content within
Punica granatum seeds following nanopriming with AgNPs at a concentration of 80 mg/L.
Both XRF and ICP-OES analyses successfully confirmed the presence of Ag in nanoprimed
seed samples compared to hydroprimed controls (Figures 7 and 8). However, the techniques
yielded different quantitative results for different types of AgNPs (AgNPs_PPE, AgNPs_CE,
and AgNPs_Chem). ICP-OES analysis revealed a significantly higher Ag content in the
AgNPs_PPE primed seeds than that in the XRF analysis. Conversely, AgNPs_CE and
AgNPs_Chem displayed higher Ag values, as measured by XRF. Notably, the AgNP_
Chem-primed seeds exhibited the highest XRF value (0.083 mg/g) but the lowest ICP-OES
value. XRF spectrum analysis further confirmed the presence of Ag in all nanoprimed seed
samples (AgNPs_PPE, AgNPs_CE, and AgNPs_Chem), as evidenced by the distinct Ag
peaks in the spectra (Figure 8). No such peaks were observed in the XRF spectra of the
hydroprimed seeds.
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Figure 8. Analysis of P. granatum L. seeds treated with AgNPs_PPE and AgNPs_CE using X-ray
fluorescence spectroscopy (XRF) compared with hydroprimed seeds (HP). Arrows indicate Ag signal
in nanoprimed seeds.
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4. Discussion

This study leverages the green synthesis of silver nanoparticles (AgNPs) using read-
ily available plant extracts, as previously reported by our research group (Abdelmigid
et al. [44]). This study leverages an eco-friendly approach for AgNP synthesis by utilizing
ground coffee and aqueous pomegranate peel extracts as both reducing and stabilizing
agents. This method offers advantages in terms of cost-effectiveness and reduced risk
compared to traditional techniques [48]. Here, we build upon characterization data from
previous studies [44] to explore the potential relationship between the size and morphology
of the synthesized AgNPs and their ability to penetrate or incorporate into Punica granatum
seeds. This analysis provides further evidence for the successful synthesis of functional
AgNPs. For comparison, we also included chemically synthesized AgNPs_Chem using
trisodium citrate as a reducing agent. Characterization techniques confirmed that all syn-
thesized NPs were in their pure crystalline form. The observed color change during AgNP
formation using plant extracts aligns with findings from similar studies. For instance, Jabir
et al. [49] reported a color shift from yellow to brown in Annona muricata peel extract upon
green synthesis of silver nanoparticles, further supporting the reduction process.

As aresult of their strong surface plasmon resonances (SPRs), UV absorbance was used
to verify the synthesis of AgNP_PPE, AgNP_CE, and AgNP_Chem colloidal metal nanopar-
ticles [50-52]. Maximum absorbance was observed between 320 and 430 nanometers in
the recorded UV spectrum, which indicates that silver ions have been reduced to colloidal
silver. There have been reports of colloidal silver nanoparticles ranging in size from 350
to 600 nanometers [52-55]. Because of their different physical properties, including size
and shape, which affect their SPRs, the AgNPs formed in this study showed different UV
spectra. UV-vis spectroscopy at the SPRs 421 nm, 405430 nm, and 420 nm showed that
AgNPs were formed by reducing Ag+ to Ag0 using PPE, spent coffee ground extracts, and
trisodium citrate, respectively [44,56-58]. Increasing wavelengths are associated with a
decrease in the size of AgNPs, as observed in the current study [59].

Studies have demonstrated that nanoparticles with a more negative potential, such as
—46.7 mV, exhibit improved repulsion forces, resulting in enhanced stability, dispersion,
and colloidal properties [60]. Based on our findings, chemically synthesized AgNPs dis-
played smaller diameters and higher zeta potentials than PPE- and CE-synthesized AgNPs.
Researchers previously found that AgNPs made from PPE (31.6 nm; 118.6-231.7 nm), CE
(21-255 nm), and trisodium citrate (5-10 nm) have a smaller diameter [44,56,58—62]. The
size of AgNPs can be adjusted by modifying the pH and concentration of AgNO;. At
alkaline pH levels, where the pH is inversely proportional to the size of the AgNPs, the
reaction rate increases with successive crystallization into smaller particles. Furthermore, it
is important to note that the repulsion between nanoparticles tends to increase as the pH
level increases, whereas the aggregate ability tends to decrease because of the complete
surface charge. However, it is worth mentioning that previous research [59] indicated
that the size of silver nanoparticles (AgNPs) tends to decrease as the nitrate concentration
increases from 1 M to 5 M.

X-ray diffraction (XRD) analysis confirmed the crystalline nature of the synthesized
AgNPs, with characteristic peaks observed at 38.3°, 44.49°, 64.6°, and 77.5°. These peaks
correspond to the face-centered cubic (FCC) structure of metallic silver, aligning with
findings from previous studies utilizing trisodium citrate and other plant extracts for
AgNP synthesis [4,63-66]. The presence of additional diffraction peaks in the AgNP_PPE
spectrum at 27.90°, 32.38°, 46.43°, 55.00°, 57.00°, and 67.00° may be attributed to the
complex phytochemical composition of pomegranate peel extract (PPE). Similar unassigned
peaks have been reported in other studies [67,68].

Fourier transform infrared (FTIR) spectroscopy provided valuable insights into the
functional groups potentially involved in the bioreduction and stabilization of the synthe-
sized AgNPs. The spectra of AgNPs_PPE, AgNPs_CE, and AgNPs_Chem were compared
with the reference spectra to identify the key functional groups. The presence of phenolic
groups in all AgNP types is evident from the peaks observed between 1315-1037 cm ! and
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1456-1600 cm~!. These functional groups, particularly flavanones present in plant extracts,
are well established for their role in reducing silver ions (Ag*) to metallic silver (Ag0) [69].
Additionally, they can act as capping agents, stabilizing newly formed AgNPs [70]. Studies
by Shankar et al. [71] support this mechanism, demonstrating the adsorption of flavanones
from plant extracts onto metal nanoparticles with characteristic bands around 1074 cm !,
potentially present in our spectra. Plant extracts, especially those rich in flavonoids, such as
pomegranate peel extract (PPE), offer a multitude of bioactive compounds that contribute to
AgNP synthesis and stabilization. Besides flavanols, PPE contains gallotannins, quercetin,
ellagic acid derivatives, catechins, procyanidins, and kaempferol [72]. These compounds
might contribute to the observed effects; the presence of free caffeine in coffee ground
extract (CE) might explain the additional sharp peaks and broad bands observed in the
AgNP_CE spectrum, along with the shared flavonoids with AgNPs_PPE. These findings
are consistent with previous reports of caffeine vibrations in coffee extracts [4,73,74]. Finally,
the FTIR spectrum of AgNPs_Chem, synthesized using trisodium citrate, displayed peaks
corresponding to the functional groups associated with the reducing agent. These include
C-H stretching deformation, nitro compound (NO,), C=O stretching asymmetry in COO~,
and a possible amine stretching vibration, as reported elsewhere [75-78].

Scanning electron microscopy (SEM) revealed the presence of a porous structure on the
surface of Punica granatum L. seeds [4,79]. This porous structure, inherent to lignocellulosic
materials, likely arises due to the evaporation of volatile substances during seed coat forma-
tion [4,79]. These pores offer potential adsorption sites for mineral compounds, including
AgNPs. Although SEM cannot visualize internal structures, it can be valuable for assessing
particle purity and aggregation on the seed surface [80]. Previous studies have suggested
that smaller nanoparticles exhibit higher surface energy, leading to increased interaction
with cell walls [4,81,82]. This interaction could potentially lead to the development or
expansion of existing pores, thereby enhancing the penetration of nanoparticles into the
seed coat. The results of our energy-dispersive X-ray spectroscopy (EDX) analysis align
with this hypothesis. Smaller AgNPs_Chem (62.68 nm) were detected in higher abundance
within pomegranate seeds than larger AgNPs_CE (273.7 nm) and AgNPs_PPE (591 nm).

The higher prevalence of AgNPs_Chem within seeds aligns with observations from
X-ray fluorescence (XRF) analysis. This suggests that smaller nanoparticles can readily pass
through cellular membranes via existing pores or potentially promote the formation of new
ones [83-85]. Additionally, their smaller size and potentially higher zeta potential might
contribute to a more efficient interaction with the seed coat, facilitating pore formation, and
the presence of a 3 eV optical absorbance band identified through EDX analysis confirmed
the presence of pure metallic silver nanoparticles within the seeds [86,87]. Furthermore,
EDX and FTIR analyses revealed the presence of organic molecules (C and O) on the AgNP
surface, indicating their role as reducing and capping agents [88,89]. The broad and sharp
peaks observed in the FTIR spectra suggest the presence of various functional groups
associated with these capping agents [90-92]. The increased carbon (C) signal observed in
the EDX analysis for AgNP-primed seeds compared to hydroprimed seeds further supports
the presence of organic capping agents on the AgNP surface.

Transmission electron microscopy (TEM) analysis provided compelling evidence for
the successful internalization of AgNPs into the seed embryos of Punica granatum L. This
observation aligns with the findings of a previous study on watermelon seeds treated
with AgNPs [93]. TEM images revealed the presence of AgNPs within the seed embryo,
suggesting the potential for Ag* uptake and nanoparticle localization.

Interestingly, our TEM analysis did not reveal a specific or uniform distribution pattern
for internalized AgNPs. This finding is consistent with observations reported by Song
etal. [94], who described clusters of AgNPs surrounding plasma membranes of watermelon
seed embryos. Such clustering may be attributed to the dynamic nature of the cytoplasm,
where individual AgNPs can be internalized and form aggregates. Similar observations
of nanoparticle agglomeration within plant cells have been reported previously. Nicolas-
Alvarez et al. [95] demonstrated the presence of titanium dioxide (TiO;) nanoparticles in
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agglomerated forms within tomato root cells, suggesting a potential shared mechanism for
internalized nanoparticle behavior across plant species.

Inductively coupled plasma—optical emission spectrometry (ICP-OES) analysis con-
firmed the penetration of Ag ions released from AgNPs into Punica granatum L. seed tissues,
as evidenced by the presence of detectable silver compared to hydroprimed controls. This
finding aligns with the observations reported by Zhou et al. [96], who demonstrated similar
Ag ion uptake in plant tissues exposed to AgNPs. While X-ray fluorescence (XRF) analysis
offers a valuable tool for quantifying the elemental composition on surfaces, its penetration
depth is limited compared to ICP-OES [97]. This explains the observed discrepancies
between the XRF and ICP-OES results of our study. XRF analysis likely detected primarily
surface-bound Ag, potentially leading to higher Ag concentrations in the AgNPs_CE and
AgNPs_Chem treatments because of their larger size and potentially greater surface area.
In contrast, ICP-OES requires complete sample mineralization, solubilizing both surface
and internalized Ag, which may explain the lower XRF-measured Ag concentrations in
AgNPs_PPE treatments, possibly due to deeper tissue penetration of these smaller nanopar-
ticles. These observations highlight the importance of considering the limitations of the
analytical technique when interpreting Ag quantification data, particularly for heteroge-
neous samples, such as plant tissues.

The integrated analytical approach employed in this study, utilizing SEM, EDX, TEM,
XRE, and ICP-OES, successfully confirmed the absorption and incorporation of AgNPs
into Punica granatum seeds. This approach provides a robust method for verifying the
effectiveness of nanopriming before investigating its potential positive or negative effects
on target crops. It is important to acknowledge that the identification and quantification of
nanomaterials within complex biological matrices, such as plant tissues, requires specialized
techniques, such as transmission electron microscopy (TEM) and inductively coupled
plasma research [98]. Our findings regarding AgNP penetration into pomegranate seeds
using TEM, XREF, and ICP-OES are consistent with the observations reported in other
studies on various crops. Similar results have been documented for AgNP uptake in
tomatoes [95], maize [99], and mung bean seeds [100]. Furthermore, the internalization of
metal-based nanoparticles by plant tissues extends beyond AgNPs, as studies have shown
comparable behavior for Fe3O4, Au, and Cu nanoparticles [101-103]. Collectively, these
findings suggest a potentially widespread mechanism for nanoparticle uptake in plants.

5. Conclusions

This research evaluated the efficacy of synthesized silver nanoparticles (AgNPs) as
seed-priming agents to minimize nanomaterial release into the environment. Our study
utilized green and chemical synthesis techniques to produce AgNPs. The green synthesis
technique successfully produced purified crystalline Ag nanoparticles from aqueous ex-
tracts of pomegranate fruit peel (PPE) and coffee (CE). Additionally, trisodium citrate was
employed in the chemical reduction process to synthesize AgNPs. Based on the results of
this work, the following key findings can be emphasized:

1. The seeds of pomegranate demonstrated successful internalization and the uptake
of nanoparticles, which were validated through various analytical methods, such as
UV-visible spectroscopy, zeta potential analysis, FTIR spectroscopy, XRD, SEM, and
TEM.

2. The significance of the electron microscopy (EM) analysis has been emphasized in
verifying the incorporation of nanoparticles in determining AgNP distribution within
plants, verifying the incorporation of nanoparticles, and determining the distribution
of silver nanoparticles (AgNPs) within plant tissues.

3.  Elemental analysis techniques (EDX, XRF, ICP-OES) were successful in producing
comprehensive outcomes that corroborated the findings obtained from the use of
scanning electron microscopy (SEM) and transmission electron microscopy (TEM).

Although this research demonstrates the potential of AgNP nanopriming as a targeted
approach for delivering nanoparticles to seeds, additional investigation into the optimal
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dosage and long-term effects of AgNPs on different plant species is necessary to ensure
safe and sustainable agricultural practices.

6. Future Directions

Understanding the molecular mechanisms underlying plant responses to nanopriming
(germination, growth, physiology, metabolism, genetics) will be essential for optimizing
nanopriming protocols for improved agricultural outcomes.
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