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Introduction

Soybean occupies a main position among agricultural 
crops, being the most vital source of proteins and vegetable 
oil (Budran et al., 2023). Soy proteins are the primary source 
of plant-based proteins containing well-balanced essential 
amino acids except for sulfur-containing ones (Qin et al., 
2022; Budran et al., 2023). Despite its utmost importance 
in Egypt, soybean productivity is insufficient to meet the 
need therefore; strategies have to include increasing its 
productivity. Enlarging soybean cultivation might be a 
solution for food security, import reliance, and economic 
diversification in Egypt (Naser et al., 2024). Given the 
importance of the soybean crop in addition to the urgent 
and pressing need for it, and given the limited availability of 
arable lands, as well as the vast areas of saline and neglected 
lands, it is necessary to utilize this abundance of saline and 
neglected land for soybean cultivation, but with the use of 
external assistance.

Salinity negatively affects plant growth due to ion 
toxicity and water stress, which can lead to dehydration 
and increasing oxidative damage (Sarioğlu, 2025). Plant 
height, leaf number, and biomass (both shoot and root dry 
weight) are significantly reduced as salinity increases (Shah 
et al., 2020). Plants experience increased oxidative damage, 
which can be measured by a decrease in antioxidant activity 
(Tripathi et al., 2020) and an increase in the production 
of stress-related compounds (Naseem et al., 2023). The 

hypothesis is that considering the great importance of 
soybean for human needs in addition to taking into account 
the existence of huge abundant and neglected saline areas, 
tolerance of soybean to salinity could be enhanced –to utilize 
these saline areas- by using safe and efficient formulation 
of nanoparticles (NPs) as an external supporter. Herein in 
the present work, an attempt was performed to synthesize 
an efficient nanocomposite (NC) from Zinc oxide (ZnO), 
silicon dioxide (SiO2), and graphene oxide (GO) NPs in 
combination with soybean extract to alleviate the impact of 
salt stress. Adoption of nanotechnology in agriculture, being 
a fast-developing field, has gained considerable ground 
(Hofmann et al., 2020). Rastogi et al. (2019) concluded that 
NPs are potential materials for the site-specific delivery of 
nucleotides, proteins and chemicals under in vitro conditions 
for achieving vital goals such as improving crop growth and 
yield as well as tolerance against stressful cues. NPs can 
mitigate salinity stress in plants by enhancing antioxidant 
defense, improving ion balance, and promoting overall 
growth and yield (Mohamed et al., 2025).

Key mechanisms include ZnO and Si NPs boosting 
the activity of antioxidant enzymes and influencing ion 
transporters in plant cells (Rehman et al., 2024) leading 
to less oxidative damage and improved plant performance 
under saline conditions. Zn supports enzymatic functions 
and ion homeostasis (Alsafran et al., 2022), meanwhile, Si 
which is a critical component of crop production, especially 
in minimizing the negative impacts of oxidative, salinity, 
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to modulate NaCl tolerance in future researches.
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and drought stresses (Seleiman et al., 2019), is considered 
as quasi-essential for plant growth and development, and 
alleviates toxic effects caused by various environmental 
stresses in plants. Whilst GO enhances plant growth, 
nutrient absorption, and stress tolerance (Asadi et al., 
2025), improves chlorophyll content and water retention 
(Safkhan et al., 2018) and can act as a fertilizer, a smart 
delivery system for nutrients and pesticides, and a tool for 
improving soil health as well as enhancing the antimicrobial 
properties (Baka & El-Zahed, 2023). These NPs increased 
plant stress tolerance by preserving critical physiological 
and biochemical functions (Zhan et al., 2024).

Nanopriming can reduce the negative effects of salt 
stress by decreasing harmful compounds (Ochoa-Chaparro 
et al., 2025), stimulate the production of antioxidant 
enzymes which help protect the plant from damage and 
induce the formation of nanopores in shoots, increase 
the expression of aquaporin genes, and speed up starch 
hydrolysis, all of which promote germination and early 
growth (Geremew et al., 2025). Si-Zn nanocomposites 
increased yield in maize under saline field conditions 
(Shoukat et al., 2025). Herein, the NC (rGO/SiO2/ZnO) 
was successfully synthesized from SiO2, ZnO and GO 
NPs in combination with soybean extract to be used for 
priming soybean seeds. The impacts of NaCl stress on 
growth characteristics, contents of phenolics and protein, 
and activities of peroxidase and catalase were investigated 
in soybean seedlings grown without or with the utilization 
of the NC. Hence, the objectives of this work were: 1) to 
declare the impacts of NaCl on soybean, 2) to synthesize a 
safe and effective NC (rGO/SiO2/ZnO) from the NPs, rGO, 
SiO2 and ZnO, and soybean extract to be used to support 
soybean under salinity, 3) to utilize the synthesized NC as 
seed priming for mitigating the impacts of NaCl on soybean, 
and 4) to distinguish the most effective concentration of the 
synthesized NC in assisting soybean.

Materials and methods

Preparation of soybean extract

Seeds of soybean [Glycine max (L.)] cultivar Giza 21 
were obtained from the Agricultural Research Institute, 
Kafr El Sheikh, Egypt. Equally sized and healthy seeds 
were surface sterilized with 1% w/v sodium hypochlorite 
for 5 min and washed carefully with water, then soaked in 
water overnight. The seeds were cultivated in plastic pots 
(18 × 15 × 12 cm) containing clay: sand soil (2:1 w/w), 
approximately 2 cm-depth and spaced 5 cm apart and left 
in greenhouse at 25±2/14±2 °C, day/night temperature 
with a 12-h photoperiod at 420-460 µmol m-2 s-1 PPFD and 
received water (200 ml per pot) daily for 7 days followed by 
Long Ashton nutrient solution for 3 days. On the 12th day, 
fresh leaves were collected, cut into small pieces, ground 
and soaked in distilled water at 25 °C with continuous 
agitation at 150 rpm for 24 h. The mixture was filtered using 
Whatman filter paper No.1 followed by centrifugation at 
4000 ×g for 20 min to obtain a clear extract and preserved in 
dark containers in a refrigerator for the biosynthesis of NPs.

Synthesis of NPs and the nanocomposite (rGO/SiO2/ZnO)

ZnO NPs were synthesized according to the method of 
Umar et al. (2019). The plant extract (10 mL) was added 
dropwise onto 90  mL zinc nitrate (0.1 M) in a 250  mL 
Erlenmeyer flask with continuous stirring at 80 °C for 3 h. 
NaOH solution was added to maintain the pH between 9 
and 10. With time, there was a discernible color change 
from yellowish-green to yellowish-white, indicating the 
production of NPs. The pale white precipitate of ZnO NPs 
was collected by centrifugation at 4000 ×g for 15  min, 
washed several times with distilled water, and dried in an 
oven at 70 °C for 8 h. The NPs were calcined in a muffle 
furnace at 550 °C for 5 h.

To green synthesize SiO2 NPs, the soybean extract 
was combined with sodium silicate solution (1 mM, pH 6) 
in a 1:1 v/v mixing ratio and kept on a shaker at 150 rpm 
at room temperature overnight until the reaction solution 
color changes into brown. The generated NPs were filtered 
through Whatman filter paper No.  1. Calcination was 
allowed at 180 °C for 5 h for the formation of SiO2 NPs 
(Al-Azawi et al., 2019).

For the synthesis of the NC (rGO/SiO2/ZnO), 0.1 
GO powder was sonicated in 100 mL of ethylene glycol 
(Sigma Aldrich, 99%) for 2 h followed by the addition of 
2 g of low-molecular weight polyacrylic acid (PAA) powder 
(Sigma Aldrich, mw ¼ 1800) to form PAA-GO. SiO2 NPs 
(0.1 g) were added to the PAA-GO suspension and stirred 
for 20 min at 90 °C. The solution was filtered and cleaned to 
eliminate any potential surplus of undispersed SiO2 or PAA 
that was not trapped in the GO matrix. The resulting product 
(SiO2/GO) was dried at 50 °C for 12 h (Maroni et al., 2014). 
ZnO NPs solution (1% in distilled water) was prepared, 
sonicated for an h, mixed with SiO2/GO solution (1% in 
distilled water) at a mixing ratio 1:1 v/v with continuous 
stirring for 20 min at 95 °C to produce a gelatinous state. 
The final product NC, rGO/SiO2/ZnO, was centrifuged and 
dried at 80 °C for 3 h (Jafari et al., 2018).

Characterization of the rGO/SiO2/ZnO NC

The synthesized ZnO NPs, SiO2 NPs, and rGO/SiO2/
ZnO NC were examined using Fourier transform infrared 
spectroscopy (FTIR, FT/IR-4100typeA) and a double beam 
UV–Vis spectrophotometer V-630 (JASCO, UK). The 
characteristics of rGO/SiO2/ZnO were investigated using an 
X-ray diffractometer (model LabX XRD-6000, Shimadzu, 
Japan), a transmission electron microscope (TEM) device 
(200 kV, TEM JEOL JEM-2100, Japan), and a zeta potential 
analyzer (Malvern Zetasizer Nano-ZS90, Malvern, UK).

Growth conditions

Certified seeds of soybean [Glycine max (L.) Giza 
21], obtained from Agricultural Research Institute, Kafr El 
Sheikh, Egypt were surface sterilized with 1% w/v sodium 
hypochlorite for 5 min, rinsed with water several times and 
primed overnight in the synthesized rGO/SiO2/ZnO NC at the 
concentrations 0, 50, 150, 300 and 500 µg L-1. The seeds were 
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cultivated in plastic pots (18 × 15 × 12 cm) containing clay: 
sand soil (2:1 w/w), approximately 2 cm-depth and spaced 
5 cm apart and left in greenhouse at 25±2/14±2 °C, day/night 
temperature with a 12-h photoperiod at 420-460 µmol m-2 s-1 
PPFD. All pots received water (200 mL per pot) daily for 
7 days followed by Long Ashton nutrient solution for 3 days 
then the pots were divided into three groups for treatment with 
NaCl at 0, 100 mM, and 200 mM for the following 13 days. 
On the 24th day after sowing, seedlings were collected and 
separated into leaves, shoots and roots for the estimation of 
growth parameters. The new leaves and the upper parts were 
collected for the determination of the contents of phenolics 
and protein and of the activities of peroxidase and catalase.

Estimation of growth parameters

Fresh weights of leaves, shoots and roots were 
estimated then dried at 80 °C for 2 days for dry weight 
determinations. Water content was calculated on fresh 
weight basis. In addition, leaf area, shoot height, root length 
were calculated, as well as the ratios of fresh weight/dry 
weight for both shoots and roots and also of root/shoot for 
both fresh weight and length.

Determination of total phenolic contents

A known weight of fresh leaves (about 5  g) was 
homogenized in methanol: water (8:2, v: v) and centrifuged 
at 5000 ×g for 15 min. Total phenolic compounds were 
determined using Folin-Ciocalteau assay reagent (FC, 100 g 
of sodium tungstate and 25 g of sodium molybdate dissolved 
in 700 mL of distilled water) and gallic acid as a reference 
standard (Singleton & Rossi, 1965). Samples (1 mL) were 
mixed with 5 mL FC reagent, vortexed, left standing at room 
temperature for 5 min then 15 mL of Na2CO3 (7.5%) were 
added, mixed, and diluted to volume. After standing for 2 h 
in the dark at room temperature, the absorbance at 765 nm 
was determined against gallic acid as standard.

Determination of protein content

A known weight of fresh leaves (about 2  g) was 
homogenized in potassium phosphate buffer (50 mM, 
pH 7.4) containing 1 mM phenyl methyl sulfonyl fluoride, 
2 mM dithiothreitol, 0.1 mM EDTA and 20% polyvinyl 
polypyrrolidone (PVPP) then centrifuged at 5000 ×g for 15 min. 
The protein content was determined spectrophotometrically in 
the supernatant (5 mL) using 5 mL of the protein reagent 
(100 mg of Coomassie Brilliant blue G-250 dissolved in 50 mL 
of 95% ethanol, then100 mL of 85% phosphoric acid were 
added and completed to 1 L with distilled water). The contents 
were mixed well and the absorbance at 595 nm was measured 
(Bradford, 1976) against a blank prepared from 100 µL of the 
appropriate buffer in addition to 5 ml of the protein reagent. 
The quantity of proteins was calculated from the standard curve 
using bovine albumin solution.

Determination of peroxidase and catalase activities

Enzymes were extracted from fresh leaves (5 g) by 
homogenization with 50 mM sodium phosphate buffer 

(pH 7.0) containing 1 mM EDTA and 0.5% PVPP under 
cold conditions. The extracts were centrifuged at 13000 
×g for 30 min at 4 °C and the supernatants were used as 
enzyme extracts. Catalase activity was assayed by following 
the consumption of H2O2 at 240 nm (Aebi, 1984) in 1 mL 
reaction mixture containing 50 mM sodium phosphate 
buffer (pH 7.0) and 10 mM H2O2. For each measurement, 
the reaction was initiated by adding the supernatant for the 
blank corresponds to the absorbance at zero time and the 
actual reading during the first 30 s and rates were calculated. 
Catalase specific activity was calculated as the enzyme 
amount that decomposes 1 µmol H2O2 min-1 mg-1 protein. 
The activity of ascorbate peroxidase was assayed following 
ascorbate oxidation by the decrement in absorption at 290 nm 
in a 1 mL reaction mixture containing 250 µM ascorbate, 
50 mM potassium phosphate buffer (pH7.0), 0.5 mM EDTA 
and 1.5 mM H2O2 (Nakano & Asada, 1981) and the rate of 
decrease in absorbance was recorded. Ascorbate peroxidase 
specific activity was calculated as the enzyme amount that 
consumes 1 µmol ascorbate min-1 mg-1 protein.

Statistical analysis

The experiment was repeated twice and samples for 
each analysis were taken in triplicate from both experiments 
(n=6) and mean values (± SD) were applied. The experiment 
was designed as a complete randomized block consisting 
of 90 pots (5 sets for ZnO/SiO2/GO treatments: control, 
50, 150, 300 and 500 µg L-1) x (3 sets for NaCl treatments: 
control, 100 mM, and 200 mM) x (3 replications) x 
(2  repetitions). The full data were subjected to two-way 
ANOVA followed by the LSD test at p<0.05.

Results

UV-Vis absorption spectroscopy was employed to 
confirm the successful incorporation of SiO2 and ZnO NPs 
onto the rGO matrix, thereby verifying the synthesis of the 
final rGO/SiO2/ZnO nanocomposite (NC) (Figure 1a). The 
absorption spectrum of pure rGO demonstrated minimal 
absorbance across the 200-500  nm range, with a slight, 
low-intensity increase below 250 nm characteristic of the 
π →π* transitions in the C=C bonds of rGO. Conversely, 
the SiO2 NPs exhibited a sharp, prominent absorption 
maximum at 240  nm, which is attributed to localized 
electronic transitions within the silica structure. The ZnO 
NPs displayed a distinctive, broad excitonic absorption 
band centered at 347 nm, which corresponds to the intrinsic 
direct band gap transition of ZnO. The absorption spectrum 
of the final NC clearly integrated the key features of the 
two incorporated oxides, confirming successful composite 
formation. Specifically, the NC spectrum displayed a distinct 
shoulder feature corresponding to the SiO2 component near 
245 nm and a major absorption peak at 345 nm, which is 
consistent with the characteristic ZnO excitonic absorption. 
A minor blueshift of the ZnO absorption peak from 347 nm 
in the pure nanoparticles to 345 nm in the NC was observed. 
This slight shift suggests a minimal modification in the 
electronic band structure of the ZnO component due to the 
intimate contact and synergistic interaction with the rGO 
and SiO2 components. The overall integrated absorption 



Journal of Plant Stress Physiology, 12: 32-42

� 35

profile validates the co-existence and successful assembly 
of all three components into a single NC structure.

FTIR analysis was performed to verify the chemical 
integrity and bonding interactions among the components 
(Figure  1b). The spectrum of the ZnO NPs displayed a 
strong and sharp band at 440 cm-1, which is definitely 
assigned to the Zn-O stretching vibration. The SiO2 NPs 
spectrum was characterized by two main bands: an intense, 
broad absorption at 1080 cm-1 and a sharp band at 470 cm-1, 
corresponding to the asymmetric stretching and bending 
modes of the Si-O-Si bridges, respectively. The rGO showed 
expected low-intensity peaks for residual O-H (3400 cm-1) 
and C=C skeletal vibrations (1600 cm-1). The FTIR 
spectrum of the nanocomposite successfully retained the key 
chemical fingerprints of all three constituents, specifically 
the strong Zn-O mode at 440 cm-1 and the characteristic 
Si-O-Si band at 1080 cm-1. The simultaneous presence 
of these specific metal-oxygen and Si-oxygen vibrational 
bands confirms the successful chemical formation of the 
ternary composite material.

The XRD analysis confirmed the successful phase 
formation of all components within the nanocomposite 
(Figure  1c). The spectrum of the final rGO/SiO2/ZnO 
nanocomposite exhibited all characteristic diffraction peaks 
of the highly crystalline hexagonal wurtzite ZnO phase 
(JCPDS card No. 00-036-1451), notably the high-intensity 
peaks at 2θ of 47.7°, 56.4°, and 77.2° corresponding to the 
(102), (110), and (202) planes, respectively. Additionally, the 
composite spectrum contained a broad hump between 20° 
and 26°, which is a combined signature of the amorphous 
SiO2 structure and the disordered (002) stacking of the 

rGO sheets. Applying the Scherrer equation to the ZnO 
(110) and SiO2 (210) peaks yielded average crystallite 
sizes of ≈65.9  nm and ≈88.2  nm for the ZnO and SiO2 
components within the composite, confirming its nanoscale 
dimensions were successfully maintained. The Zeta potential 
measurement (Figure 1c), performed in the working medium, 
yielded a highly negative value of -32.8 mV. This strong 
magnitude of surface charge indicates that the synthesized 
rGO/SiO2/ZnO material possesses excellent electrostatic 
stability when dispersed, a critical factor for preventing 
aggregation in colloidal systems.

The TEM micrograph (Figure 1d) shows the sheet-like 
morphology of the rGO matrix, with particles (ZnO and 
SiO2) successfully anchored onto its surface. Measured 
particle sizes ranging from ≈36 nm to ≈85 nm confirm the 
composite’s nanoscale architecture.

On the other hand, NaCl exerted its deleterious effects 
on soybean growth; 200 mM significantly reduced fresh 
and dry weights of soybean leaves, shoots and roots and 
also in leaf area, shoot height and root length, nonetheless, 
the decrease in water content was detected only in leaves 
but 100 mM seemed with no effect on all tested parameters 
(Figure  2). Meanwhile, fresh weight/dry weight ratio 
increased in roots by only 100 mM but unaffected in shoots 
and also in the ratios of root/shoot for both fresh weight and 
for length (Figure 3). In concomitant, 200 mM NaCl led to 
significant decreases in contents of phenolic compounds and 
protein and also in the activities of peroxidase and catalase, 
however, 100 mM NaCl exerted its significant decreases on 
only protein and catalase (Figure 4).

Figure 1: Characterization of the prepared nanomaterials. a) UV-Vis spectroscopy of rGO, SiO2 NPs, ZnO NPs, and rGO/SiO2/ZnO, 
b) FTIR spectroscopy of rGO, SiO2 NPs, ZnO NPs, and rGO/SiO2/ZnO, c) XRD spectrum and Zeta potential of rGO/SiO2/ZnO and 
d) Transmission electron microscopic micrograph of rGO/SiO2/ZnO. Scale bar=500 nm.
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However, using the synthesized NC as seed priming 
at all concentrations was beneficial and effective for all 
tested parameters of soybean grown either under normal 
conditions (untreated control) or under NaCl-stress. The 
effectiveness under both conditions was most pronounced 
with the concentrations 150 and 300 µg L-1 while the 
influence of 50 µg L-1 was the least but 500 µg L-1 seemed 
depressive. With the untreated control, the NC significantly 
enhanced growth parameters, 50, 150 and 300 µg L-1 led to 
high values of fresh weight and dry weight of leaves, shoots 
and roots relative to those of the control as well as leaf area 
and the plant lengths with low changes in water content, 
however, these parameters were dropped with 500 µg L-1 
(Figure  5). The NC, contrarily, slightly decreased root/
shoot ratio for fresh weight and for length but these ratios 
were unaffected by the highest concentration (Figure 6). 

Moreover, the NC at 50, 150 and 300 µg L-1 significantly 
enhanced phenolics, protein and activities of peroxidase 
and catalase while 500 µg L-1 led to decreases (Figure 7). 
Anyway, these enhancements/improvements of all tested 
parameters -if any- were higher with 150 and 300 µg L-1 
followed by 50 but the highest concentration (500 µg L-1) 
did not assist these parameters.

Whilst under NaCl treatments, utilizing the NC as seed 
priming led to great mitigation of the NaCl-induced negative 
effects of all tested parameters. Moreover, the application of 
the NC significantly enhanced fresh weight, dry weight and 
water content of leaves, shoots and roots and also in leaf area 
and lengths of shoots and roots; more enhancements were 
induced by the concentrations 150 and 300 µg L-1 with least 
efficiency of 50 µg L-1 but 50 µg L-1 synergized the impacts 
of salinity (Figure 5). Similar effects were induced in ratios 
of fresh weight/dry weight in shoots and roots whereas the 
ratios of root/shoot for either fresh weight or lengths seemed 
less affected (Figure  6). Moreover, the NC particularly 
at 150 and 300 µg L-1 led to significant increments in 
phenolics, protein and activities of peroxidase and catalase 
(Figure 7). As a whole, the NC at the concentrations 150 
and 300 µg L-1 were most effective in mitigating the impacts 
of NaCl at 100 and 200 mM and moreover exhibited some 
increments in the tested parameters. Although neither the 50 
nor 500 µg L-1 concentration exhibited increments in most 
parameters under 200 mM NaCl, the smallest concentration 
had somewhat positive effects in alleviating the influence 
of this salinity level but with a lesser efficiency relative 
to the concentrations 150 and 300 µg L-1 but the highest 
concentration was troublesome to soybean.

Discussion

Given the importance of soybeans in Egypt, as it is 
the most important source of proteins and vegetable oils 
(Budran et al., 2023), and given that it is insufficient to meet 
the demand, it is suggested that expanding their cultivation 
stands out as an effective agricultural solution to address the 
challenges of food security, import reliance, and economic 
diversification (Naser et al., 2024). For these reasons, and 
especially since the agricultural area is limited, despite 
the existence of vast areas neglected due to their salinity, 
which makes them unsuitable for growing salt-intolerant 
crops, therefore, utilizing this saline soil to grow this staple 
crop, while enhancing its ability to tolerate salinity and 
mitigating its effects, is a promising strategy for increasing 
food productivity, and thus the food gap can be overcome.

Without mitigating its impacts, salinity disrupts several 
processes in plants due to the alteration of water potential, 
causing ion imbalance and toxicity, impairing cell division 
and expansion, and generating reactive oxygen species (ROS) 
(Badran et al., 2015; Nemat Alla & Hassan, 2019), which 
further damage cellular components (Nemat Alla et al., 
2020). In the present work, the detrimental impacts of NaCl 
were evident in the reduction of soybean growth and other 
parameters. These impacts on soybean have to be overcome 
to withstand harsh conditions. Nanoparticles (NPs) emerge as 
an efficient solution in this field. Thus an attempt was made in 

Control 100 mM NaCl 200 mM NaCl

0

6

12

FW
(m

g 
pl

an
t-1

) -

0

1

2

3

-

0

0.4

0.8

-

0

0.5

1

1.5

D
W

 (m
g 

pl
an

t-1
)

-

0

0.3

0.6
-

0

0.1

0.2

-

0

30

60

90

W
C

 (%
)

-

0

30

60

90

0

30

60

90

0

0.5

1

1.5

Le
af

 a
re

a 
(c

m
2 ) -

0

3

6

9

S
ho

ot
 h

ei
gh

t (
cm

)

-

0

1

2

R
oo

t l
en

gt
h 

(c
m

) -

Figure 2: Changes in fresh weight, dry weight and water content 
of a) leaves, b) shoots and c) roots as well as leaf area, shoot 
height, and root length of 24-day old soybean seedlings subjected 
to NaCl treatment at 0, 100 and 200 mM. Data are means±SD of 
three independent replicates. Analysis of variance was performed 
followed by LSD test. Statistically significances are indicated as 
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this work to utilize SiO2, ZnO, and rGO NPs in combination 
with soybean extract for the synthesis of a safe and effective 
nanocomposite (NC), rGO/SiO2/ZnO, to accomplish what is 
required about tolerating soybean to salinity impacts.

The successful construction of the rGO/SiO2/ZnO 
ternary NC was evidenced by the UV-Vis absorption 
spectroscopy confirming the co-existence of its photoactive 
and stabilizing components. The pure ZnO NPs exhibited 
a sharp excitonic absorption maximum at 347  nm, a 
characteristic signature of ZnO (El-Nour et al., 2023). 
Based on this wavelength, the corresponding direct band 
gap energy (Eg) was calculated to be ≈3.57 eV. This value 
is notably higher than the bulk ZnO band gap (≈ 3.37 eV), 
providing clear spectroscopic confirmation of the quantum 
confinement effect, which arises from the synthesis of ZnO 
crystallites smaller than their Bohr exciton radius (Musa 
& Qamhieh, 2019). Upon integration into the final NC 
structure, the ZnO absorption peak experienced a slight 
blueshift to 345 nm, corresponding to a marginal increase 
in Eg to 3.59 eV. This minor shift suggests that the primary 
electronic structure of the ZnO core particles is well-
preserved. While significant redshifts are often expected 
in carbon-semiconductor composites due to defect states 
extending into the visible region, the observed negligible 
shift indicates that the electronic influence of rGO does not 
significantly alter the bulk ZnO band gap but rather focuses 
on the crucial interfacial boundaries (El-Zahed et al., 2024).

The FTIR results reinforce the structural stability and 
successful chemical assembly of the NC. The retention 

of the distinctive Si-O-Si and Zn-O stretching modes in 
the composite spectrum confirms that all components 
maintain their core chemical identity. The significance of 
the SiO2 component is highlighted here: it is structurally 
incorporated, as confirmed by its characteristic 1080 cm-1 
bands. This inert material functions as a structural spacer, 
utilizing its surface functionality (such as the residual 
hydroxyl groups) to provide anchor points that physically 
separate the ZnO NPs and the rGO sheets (Zhao et al., 
2017). This stabilization effect is crucial, as it prevents 
the aggregation of the ZnO NPs and the restacking of the 
rGO sheets, thus maximizing the exposed active surface 
area and the interfacial contact zone (Kang et al., 2016). 
The combined structural analysis from XRD and FTIR 
conclusively verifies the formation of the desired rGO/
SiO2/ZnO ternary NC. The XRD data confirmed that the 
ZnO maintains its phase-pure, highly crystalline wurtzite 
structure, and the small change in crystallite size (≈65.9 nm 
to 64.7 nm) demonstrates that the synthetic methodology 
successfully inhibited crystal growth (Wu et al., 1999).

This structural synergy is directly supported by the 
highly negative Zeta potential (-32.8 mV). This strong 
surface charge, primarily contributed by the highly negative 
rGO and SiO2 surfaces, ensures superior colloidal stability, 
guaranteeing that the material remains well-dispersed and 
active under operating conditions (Zhang et al., 2023). This 
strong negative magnitude exceeds the conventional stability 
threshold of 30 mV, indicating excellent electrostatic 
stability and a low tendency for particle aggregation in 
the aqueous medium (Fayed et al., 2024). In addition, the 
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Figure 5: Influence of priming soybean seeds in the synthesized nanocomposite, rGO/SiO2/ZnO, on fresh weight, dry weight and water 
content of a) leaves, b) shoots and c) roots as well as leaf area, shoot height, and root length of 24-day old seedlings subjected to NaCl 
treatment at 0, 100 and 200 mM. Data are means±SD of three independent replicates. Two-way ANOVA was performed followed by 
LSD test. Statistically significances are indicated as increase (+) or decrease (-), respectively at (p<0.05) relative to the untreated control

TEM characterization data therefore confirms the successful 
engineering of a phase-pure, well-dispersed, and structurally 
stable rGO/SiO2/ZnO ternary NC.

This NC was synthesized to be used as seed priming 
for alleviating the indicated impacts of salinity on soybean. 
Utilizing this NC appeared very useful for soybean grown 

a b c
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both shoot and on root and root/shoot ratio of both fresh weight and length of 24-day old seedlings subjected to NaCl treatment at 0, 100 
and 200 mM. Data are means±SD of three independent replicates. Two-way ANOVA was performed followed by LSD test. Statistically 
significances are indicated as increase (+) or decrease (-), respectively at (p<0.05) relative to the untreated control

Control 100 mM NaCl 200 mM NaCl

0

0.5

1

1.5

0 50 15
0

30
0

50
0

Ph
en

ol
ic

s
(m

g 
ga

llic
 a

ci
d 

g 
FW

-1
)

NC (µg L-1)

---
+

+
+

NC (µg L-1)

0

10

20

0 50 15
0

30
0

50
0

Pr
ot

ei
n 

 (m
g 

g 
FW

-1
)

---

++++

-

NC (µg L-1)

0

0.5

1

1.5

2

0 50 15
0

30
0

50
0

Pe
ro

xi
da

se
 

(U
 m

g 
pr

oe
in

-1
)

-- -

++
+++

NC (µg L-1)

0

1

2

3

0 50 15
0

30
0

50
0

C
at

al
as

e
 (U

 m
g 

pr
oe

in
-1
)

---

++ +

Figure 7: Influence of priming soybean seeds in the synthesized nanocomposite, rGO/SiO2/ZnO, on contents of phenolics and protein and 
activities of peroxidase and catalase of 24-day old seedlings subjected to NaCl treatment at 0, 100 and 200 mM. Data are means±SD of 
three independent replicates. Two-way ANOVA was performed followed by LSD test. Statistically significances are indicated as increase 
(+) or decrease (-), respectively at (p<0.05) relative to the untreated control

either in the normal conditions (control) or under NaCl 
stress. Under normal conditions, the NC greatly ameliorated 
growth parameters, contents of phenolics and protein 
and the activities of peroxidase and catalase. Among the 
concentrations used, 150 and 300 µg L-1 were more effective 
than 50 µg L-1 while 500 µg L-1 was not the case. However, 
the NC under NaCl stress mitigated the induced deleterious 
impacts; greater was the mitigation with the concentrations 
150 and 300 µg L-1 in relation to 50 µg L-1. The increased 
fresh and dry weights by the NC point to an improved 
capacity of soybean to ameliorate its vital processes. 
The beneficial effect of the NC in the present work is 
supported by the benefits of its NPs components. Si is a 
critical component of crop production, and alleviates toxic 
effects caused by various stresses in plants especially in 
minimizing the negative impacts of oxidative, salinity, and 
drought stresses (Seleiman et al., 2019). SiO2 provides stress 
tolerance and boosts photosynthesis. Besides, Zn supports 
enzymatic functions and ion homeostasis (Alsafran et al., 
2022). ZnO NPs importance arises from its necessity for 
the activity of various enzymes and from its roles in repair 
process of photo system II. GO offers significant potential 
for improving agricultural practices due to its unique 
properties and ability to enhance plant growth, nutrient 
absorption, and stress tolerance (Yang et al., 2025). It can 
act as a fertilizer, a smart delivery system for nutrients and 
pesticides, and a tool for improving soil health as well as 

enhancing the antimicrobial properties (Baka & El-Zahed, 
2023) and improves chlorophyll content and water retention 
(Safkhan et al., 2018).

In consistence, the plant length showed improvements 
and also water status was modulated referring to overcoming 
the NaCl-induced dehydration. In this account, Sarioğlu 
(2025) indicated that salinity leads to dehydration. 
However, Daraei et al. (2024) concluded that NPs can 
improve a plant’s ability to retain water. So, this NC 
with concentrations (50-300 µg L-1) seemed to maximize 
soybean tolerance under stress conditions. This suggestion 
is confirmed from the increases in protein that would 
rise the enzymes necessary for several processes and so 
increasing the plant biomass as indicated. In concomitant, 
phenolics and activities of peroxidase and catalase were 
stimulated to boost the antioxidant system in the plant with 
the scavenging of ROS and thus eliminate oxidative stress. 
In this respect, Junedi et al. (2023) concluded that NPs 
mitigate salinity stress in plants by enhancing antioxidant 
defense. Specifically, NPs like ZnO and Si boosting the 
activity of antioxidant enzymes (Gheisary & Fattahi, 
2025) leading to less oxidative damage and improved plant 
performance under saline conditions. This interaction boosts 
the enzymes’ activity, which increases the scavenging of 
ROS and reduces oxidative damage.
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Nile et al. (2022) indicated that nanopriming can 
induce the formation of nanopores in shoots, increase 
the expression of aquaporin genes, and speed up starch 
hydrolysis, all of which promote germination and early 
growth. Nanopriming can also reduce the negative effects 
of salt stress by decreasing harmful compounds like 
malondialdehyde and electrolyte leakage and can stimulate 
the production of antioxidant enzymes, which help protect 
the plant from damage (Yang et al., 2024). Therefore, the 
NC can improve plant growth by acting as a nanoprimer 
to enhance seed germination and increasing nutrient 
uptake to cope with stress (do Espirito Santo Pereira et al., 
2021).  Accordingly, the present work indicates that salinity 
disrupts growth, phenolics, protein and activities of catalase 
and peroxidase while the application of the synthesized NC 
completely eliminated these disruptions and even induced 
some improvements. The inclusion of ZnO, SiO2, and GO in 
the NC likely contributed to improved plant health because 
of their advantageous benefits. Shoukat et al. (2025) stated 
that Si-Zn nanocomposites increased maize yield.

Therefore, the synthesized NC NPs is particularly 
useful under salt stress for combining nutrient delivery 
with stress mitigation giving rise to improving soybean 
growth synchronized with elevated protein and ameliorated 
antioxidant performance revealing modulation of soybean 
salinity tolerance particularly at the concentrations 150 to 
300 µg L-1, however, 50 µg L-1 although inducing some 
ameliorations, it is insufficient to exert its action whereas 
50 µg L-1 was too much to reveal some toxicity.

Conclusions

The importance of soybeans necessitates searching for 
increasing its productivity through enlarging its cultivation 
utilizing the huge areas of the neglected saline soils but 
with assistance of an external supporter to mitigate salinity 
impacts. In this work, the rGO/SiO2/ZnO nanocomposite 
(NC) was successfully synthesized from reduced graphene 
oxide, silicon dioxide, and zinc oxide NPs in combination 
with soybean extract to be used as seed priming for 
mitigating salinity stress. This NC is characterized with 
an absorption peak at 354 nm, indicating to the annealing 
of SiO2 and ZnO NPs on the GO sheets with a positive 
charge (+30.9±10.4 mV). The NPs seemed as rod-shaped 
particles with an average size ranging from 64 to 78 nm. 
NaCl negatively impacted growth parameters, phenolics, 
protein and activities of peroxidase and catalase; however, 
using the synthesized NC at 50 to 300 µg L-1 highly 
mitigated these impacts and moreover, great ameliorations 
were induced. The most effective concentrations of the NC 
were 150 and 300 µg L-1 while 50 µg L-1 was less effective 
because it seemed insufficient to exert its action; whereas 
500 µg L-1 appeared too much to synergize the impacts of 
salinity. These findings conclude that this NC is a highly 
promising safe and efficient protectant for enhancing 
soybean’s resilience and enabling its cultivation in saline 
soils when used at the concentrations of 150 and 300 µg L-1. 
Herein, the novelty of the rGO/SiO2/ZnO NC tri-component 
architecture as a safe and efficient seed priming agent has 
been demonstrated. This knowledge can be implemented 

for future research for understanding the interference of 
the NC within plant cells and coordinating the responses of 
the plant to modulations in mechanisms of NaCl tolerance.
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