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ABSTRACT

This research focused on the green synthesis of zinc oxide nanoparticles (ZnO-Sca-NPs) using Schefflera
arboricola extract and evaluated their efficacy against onion downy mildew (Peronospora destructor). GC-MS
analysis of the plant extract revealed caffeic acid (80.69%) as the major compound, indicating strong antioxidant
potential. SEM, TEM, XRD, and FTIR analyses confirmed spherical nanoparticles (<80 nm) with a crystalline
hexagonal structure and ZnO bonds, validating their successful synthesis. Field experiments showed dose-
dependent reductions in disease severity, with 100 mg/L ZnO-Sca-NPs achieving 11.24 and 13.54% severity and
82.29 and 76.26% efficacy across two seasons, along with improved bulb yield and phenolic content. SDS-PAGE
analysis revealed the induction of a ~48 kDa protein band, suggesting activation of plant defense proteins.
Cytotoxicity testing of ZnO-Sca-NPs on primary human uterine fibroblast cells indicated acceptable
biocompatibility at <50 mg/L. Overall, ZnO-Sca-NPs demonstrated effective antifungal activity, growth promotion,
and defense activation, supporting their viability as eco-compatible replacements for traditional fungicides.
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INTRODUCTION

Among vegetable crops, Allium cepa L. (Onion) is a vital crop globally and especially in Egypt, where it
plays a major role in agricultural production and exports. Egypt ranks among the top producers in the MENA
region, with key cultivation areas such as Beni Suef, Minya, Fayoum, and Kafr EI-Sheikh (FAO, 2023; Ministry of
Agriculture and Land Reclamation, 2023; Agricultural Economics Research Institute, 2023). As a valuable export
commodity, the onion plant ranks fourth among Egypt's vegetable and fruit exports, with over 816,000 tons
exported in 2023, valued at approximately $145.8 million (Abd El-Fattah et al., 2024). Beyond its economic
importance, the onion is a dietary staple in Egyptian households and is valued for its health-promoting effects due
to its rich composition of bioactive molecules exhibiting antioxidant, anti-inflammatory, and anti-carcinogenic
properties (Amar et al., 2025). It has extensive applications in the food processing and preservation sectors and in
traditional medicine, aiding in digestive and respiratory conditions, cancer prevention, and thrombosis (Nicastro
et al, 2015). Moreover, its industrial uses in the pickling and drying sectors contribute to income and
employment (Amr et al., 2019).

Despite significant economic and nutritional importance, onion (A. cepa) production in Egypt is
frequently threatened by the oomycete pathogen Peronospora destructor, the causal agent of onion downy
mildew. This pathogen is recognized of the most destructive worldwide (Koike et al., 2007). P. destructor is an
obligate biotrophic oomycete that primarily infects the foliage, inducing chlorosis, leaf curling, and necrosis,
which collectively result in considerable yield losses and deterioration of bulb quality (Schwartz & Mohan, 2008).
The disease develops optimally under cool and humid conditions, with maximum sporulation occurring between
10-15°C and relative humidity exceeding 90% (Galvan et al., 2008). Airborne sporangia promote rapid disease
dissemination within and among fields, often leading to severe economic losses, particularly in regions
characterized by intensive onion cultivation (Thomas et al., 2014).

In Egypt, the disease has become increasingly prevalent since 2016, posing a serious threat to local
production and export potential (Ministry of Agriculture and Land Reclamation, 2022). Current management
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strategies rely heavily on fungicidal applications and cultural practices; however, the emergence of fungicide-
resistant strains and environmental concerns has highlighted the need for safer and more sustainable alternatives
(Ahmed et al., 2021). Recently, biological and nanotechnology-based methods such as the green synthesis of zinc
oxide nanoparticles have received increasing attention as promising eco-friendly approaches to control fungal
infections (El-Abeid et al., 2024a; Sangeeta et al., 2024).

Zinc (Zn) is an essential micronutrient vital for plant growth, soil fertility, and human health; however, Zn
deficiency limits crop productivity and food quality (Sethi et al, 2025). Zinc oxide (ZnO) exhibits notable
antimicrobial activity, but conventional ZnO particles suffer from low solubility and reactivity (Raghupathi et al.,
2011; Sirelkhatim et al., 2015). In contrast, zinc oxide nanoparticles (ZnO-NPs) possess hanoscale dimensions, large
surface area, and high bioactivity, enabling the generation of reactive oxygen species (ROS) that disrupt microbial
membranes and DNA, thereby enhancing antifungal efficacy against pathogens such as Peronospora destructor
(Singh et al., 2018; Raha and Ahmaruzzaman et al., 2022).

Plants rich in polyphenols and flavonoids provide natural reducing and stabilizing agents for the green
synthesis of ZnO-NPs, influencing particle morphology and bioactivity (Choi et al., 2017; Drishya et al., 2025).
Green-synthesized ZnO-NPs thus offer sustainable, eco-friendly alternatives to chemical fungicides, improving plant
vigor and soil health (Choudhary et al., 2023; El-Abeid et al., 2024a).

Schefflera arboricola, rich in bioactive compounds, has shown promise in nanoparticle biosynthesis, supporting its
application in sustainable plant disease management and nanomedicine (Choudhary et al., 2023). Furthermore,
toxicity assessment on human cells has confirmed the biosafety of ZnO-Sca-NPs, highlighting their potential as a
safe, green alternative for sustainable crop protection and human health (Anjum et al., 2021).

Given this background, the use of plant-derived polyphenols in the green synthesis of metal oxide nanoparticles—
particularly ZnONPs—holds significant promise for developing environmentally benign and biologically active
nanomaterials capable of controlling plant pathogens and alleviating oxidative stress (Swain et al., 2025).

This study presents zinc oxide nanoparticles (ZnO-Sca-NPs) that were biosynthesized using S. arboricola
(Sca) leaf extract for the first time. Which is rich in bioactive components, was identified via GC-MS analysis.
Additionally, a simple surface functionalization approach was applied to examine ZnO nanoparticles with
antioxidant compounds from Sca. This study aims to synthesize zinc oxide nanoparticles (ZnO-NPs) using S.
arboricola leaf extract through an environmentally friendly green synthesis approach. The synthesized
nanoparticles were characterized both physically and chemically to confirm their formation and stability, while the
bioactive components of the plant extract were identified using GC-MS analysis. The antifungal efficacy of the
biosynthesized ZnO-NPs was evaluated in vivo against P. destructor, the causal agent of onion downy mildew, and
their performance was compared with that of conventional ZnO formulations. In addition, cytotoxicity assessments
on human cell lines were conducted to ensure biosafety and environmental compatibility. Overall, this research
proposes a sustainable and effective strategy for crop protection that integrates nanotechnology with plant-
derived bioresources, contributing to the development of green alternatives to traditional fungicides.

MATERIALS AND METHODS
Materials:

Zinc acetate dihydrate (Zn (CH3COO) 2:2H20, 99.0%) and Zinc bulk (ZnO) were obtained from LOBA
Chemie. Fungicide Amistar top (SC) 32.5% (Azoxystrobin + Difenoconazole), Shoura, Syngenta Agro. Egypt. All
chemicals were used as received without further purification. Deionized water was used throughout the
experiments. S. arboricola plant (Sca) was prepared from fresh leaves of the plant collected from the Agriculture
Research Center garden.

Methods:
- GC-MS analysis of the S. arboricola extract:

Gas chromatography-mass spectrometry (GC-MS) analysis was performed to identify the main bioactive
compounds in S. arboricola (Sca) leaf extracts, aiming to identify the components likely responsible for promoting
the synthesis of zinc nanoparticles with higher efficacy. GC-MS profiling of S. arboricola leaf extracts was conducted
utilizing a model Agilent 7890B GC device in conjunction with a 5977A mass selective detector (Agilent
Technologies, USA) at the central laboratories network of the National Research Center, Egypt. The
chromatographic separation was performed on a DB-5MS capillary column (30 m x 0.25 mm internal diameter, 0.25
um film thickness). Hydrogen served as the carrier gas and was maintained at a constant flow rate of 1.0 mL min™
in splitless injection mode, with an injection volume of 1 pL. The oven temperature program was initiated at 60 °C
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for 1 min, then increased at a rate of 10 °C min™" up to 320 °C, and held for an additional 10 min. Injector and
detector temperatures were set at 300 °C and 320 °C, respectively. Mass spectra were recorded under electron
ionization (El, 70 eV) over an m/z range of 50-800, with a solvent delay of 7.3 min. The ion source and quadrupole
temperatures were maintained at 230 °C and 150 °C, respectively.
Identification of individual compounds was achieved by comparing the obtained mass fragmentation patterns with
those in the NIST and Wiley spectral databases.
- Biosynthesis of Zinc oxide nanoparticles (ZnO-Sca-NPs):

Biosynthesis of ZnO—-Sca NPs Zinc oxide nanoparticles (ZnO-Sca-NPs) were synthesized via a green method
using S. arboricola (Sca) extract as a reducing and stabilizing agent. The (Sca) extract was prepared by heating 30 g
of fresh leaves in 100 mL of deionized water at 70 °C with continuous stirring at 1000 rpm for 30 min. The extract
was then filtered through filter paper (No.1). Next, 10 mL of 0.1 M zinc acetate dihydrate solution was added to 90
mL of Sca under stirring at 1000 rpm. The pH was adjusted to 8 by adding NH,OH solution. A white precipitate of
Zn0-Sca-NPs was immediately formed. The precipitate was centrifuged at 5000 rpm for 15 min and washed twice
with deionized water. Finally, the ZnO NPs were then dried at 100 °C for 2 h to obtain ZnO-Sca-NPs powder. For
subsequent biological and field experiments, a stock solution was prepared by dispersing the ZnONPs powder in
distilled water at concentrations of 25, 50, 75, and 100 mg/L. The dispersion was achieved using ultrasonication for
30 min to ensure homogeneity and prevent agglomeration, according to (Sagar and Thorat, 2015).
e Characterization and microscopic analysis:

Nanoparticles' morphology and size were characterized by Transmission electron microscopy (TEM) (TEM,
Philips, Amsterdam, Netherlands) and Scanning electron microscopy (JEOL Company, voltage of 300 kV, Japan).
Crystalline structure and composition were determined by X-ray diffraction (XRD) (Brucker D2 phaser 2" Gen
German). Additionally, the NPs were analyzed with FT-IR spectrum (4000:400 cm-1) using a Nicolet iS50 FTIR
Thermo spectrometer.
¢ Field Experimentation:

Field experiments were conducted over two consecutive growing seasons in 2022-2023 and 2023-2024 in
a field naturally infested with P. destructor, the causal agent of downy mildew. The trials were carried out in the
Qalyubia Governorate, Egypt. A randomized complete block design (RCBD) with four replicates was used. Each
experimental plot measured 3.0 x 3.5 m (10.5 m?), equivalent to 1/400 feddan, and consisted of six rows. Sixty-day-
old transplants of onion (Allium cepa L.), cultivar Giza 20, were transplanted into each plot at a spacing of 10 x 10
cm within and between rows during the first week of December. All recommended agronomic practices for onion
cultivation were applied throughout the growing period. The effectiveness of T1: Zinc oxide nanoparticles (ZnO-Sca-
NPs) at a concentration of 25mg/L, T2: ZnO-Sca-NPs at 50 mg/L, T3: ZnO-Sca-NPs at 75 mg/L, T4: ZnO-Sca-NPs at
100 mg/L was investigated, in comparison with zinc bulk (ZnO) at 2000 mg/L (Subbaiah et al., 2016) and fungicide
Amistar top (SC) 32.5% (Azoxystrobin + Difenoconazole) that was applied at the recommended rate 300 cm /
feddan (400 L water) as foliar spray, 40 days after transplanting for four times at 15-day intervals.
- Disease and yield assessment:
a) Disease severity of downy mildew was recorded after three months trans (at the first week of March). One
hundred leaves from each plot were chosen as randomized samples to determine disease severity the studied
disease, and were monitored using a (0-8) scale and recorded according to the method described by (Townsend and
Heuberger, 1943) as follows:
0 = no infection (leaves are completely healthy), 1= 1-2 spots per onion leaf, 2 =3-5 spots per onion leaf, 3 =6-10
spots per onion leaf, 4= 25% of leaf surface was attacked, 5= 35 - <50% of leaf surface was attacked, 6= 50% of leaf
surface was attacked, 7= 75% of leaf surface was attacked, 8 more than 75% of leaf surface was attacked. Disease
severity index of downy mildew was estimated using the following formula:

2 (nxv)

D.S.I= x100
ZN

Where:
D.S.l = Disease severity index, n = Number of leaves in each category, v = Numerical value of each category, Z =
Numerical value of the highest category, and N = Total number of leaves in the sample.

b) Onion bulb yield as kg/plot (10.5 m°) was weighted in all treatments after harvesting.
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c) Percentages of treatment efficacy in reducing the disease infection were calculated as follows:
% Treatment efficiency = ((Control-treatment)/Control) X 100. (Mahmoud et al., 2016)

o Effect of zinc treatments on biochemical changes:

¢ Determination of phenolic contents:

The concentrations of free, conjugated, and total phenols were determined according to the method
described by (Zieslin and Ben-Zaken, 1993), with slight modifications. Samples of leaves of onion plant (1g) were
taken after two days from the second foliar sprays and extracted for phenolic compounds according to Zieslin and
Ben-Zaken (1993). One milliliter of the sample extract was mixed with 0.25 mL of hydrochloric acid (HCI) and
heated in a water bath at 100 2C for 10 minutes, followed by cooling to room temperature. Subsequently, 1 mL of
Folin—Ciocalteu’s reagent and 6 mL of sodium carbonate (Na,COs) solution were added to the mixture. The final
volume was then adjusted to 10 mL with distilled water. The optical density of the resulting solution was measured
using a spectrophotometer at 520 nm. Phenolic content was expressed as milligrams per gram of fresh weight per
minute (mg/g FW/min).

e SDS-PAGE analysis:

Proteins were extracted from onion tissues using the method of (Guseva and Gromova, 1982). The
samples of leaves of the onion plant (5g) were taken after two days from the second foliar sprays and ground into a
fine powder using liquid nitrogen. The resulting powder was then suspended in phosphate buffer (pH 8.3) at a ratio
of 1-3 mL buffer per gram of tissue. Extracts were centrifuged, and protein concentration was determined by the
Bradford assay (Bradford, 1976) using BSA as a standard. Protein profiles were separated by SDS-PAGE according to
(Laemmli, 1970) and visualized by silver nitrate staining (Sammons et al., 1981). Banding patterns were analyzed
using a gel documentation system, and cluster analysis was performed by the UPGMA method (Sneath and Sokal,
1973).

e Cytotoxic activity test:

The sample was tested against a normal human cell line using the MTT assay. Seed cells in a 96-well
plate.50 plL of serum-free medium and 50 plL of MTT solution were added to each well. Incubate the plate at 37°C
for 3 hours. After incubation, 150 pL of MTT solvent was added to each well. The plate was wrapped in aluminum
foil and shaken on an orbital shaker for 15 minutes. The viable cells contain NAD (P)H-dependent oxidoreductase
enzymes, which reduce the MTT to formazan, which is insoluble. The formazan crystals are then dissolved using a
solubilization solution, and the resulting colored solution is quantified by measuring absorbance at 570 nanometers
using a multi-well spectrophotometer (Terpitowska et al., 2018). And viability is calculated as follows: Viability % =
100 x OD570t/0OD570c.

OD570t = Optical density absorbance at 570 of treatment; and OD570c = Optical density absorbance at 570 of
control. The IC50 was estimated using both the ICsy calculator and GraphPad programs (Sanchez-Diez et al., 2025).

Statistical analysis:

Statistical analysis was performed using SPSS software (version 23.0; IBM Corp., Chicago, IL, USA) through
a one-way analysis of variance (ANOVA). Duncan’s multiple range test was employed to assess significant
differences among the treatment means of P<0.05(Chinnasami and Manickam, 2023).

RESULTS
e GC-MS analysis of the S.arboricola extract:

GC-MS analysis of the S. arboricola extract (Table 1 and Fig. 1) led to the identification of thirteen major
phytochemical constituents, primarily in the form of their trimethylsilyl (TMS) derivatives. Among these, caffeic
acid (3TMS derivative) was the most dominant compound, exhibiting a retention time (RT) of 16.041 min and
comprising 76.07% of the total chromatographic peak area. Caffeic acid is a well-known hydroxycinnamic acid with
established antioxidant and anti-inflammatory properties, and its high abundance suggests a central role in the
biological activity of the extract. In addition to caffeic acid, other prominent metabolites included malic acid
(11.41%), 4-coumaric acid (6.27%), and arabino furanose (3.48%), detected at retention times of 9.422, 14.078, and
12.266 min, respectively. Malic acid is involved in primary metabolism and abiotic stress response, while coumaric
acid and arabino furanose are linked to secondary metabolic pathways and cell wall structure. Minor constituents
such as ferulic acid, citric acid, palmitic acid, alpha-linolenic acid, and sebacic acid were also identified, each
contributing less than 1 % of the total peak area. These compounds, although present in smaller quantities, may
contribute to synergistic bioactivities related to plant defense, lipid metabolism, and antioxidant potential.

The overall chemical profile of the extract indicates a metabolically rich composition dominated by phenolic acids
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Table 1. Integration peak list of the total ion chromatogram (TIC) of S. arboricola extract detected by GC-MS.

Peak RT Height Area % Spectrum structure Spectrum structure shape
1 9.422 16289813 11.41 Malic acid, STMS S |
derivative e T
2,3-Dihydroxy-3- . - .
2 10.815 133342 0.1 methylpentanoic acid, D e e
2TMS - 4[7‘4
Arabinofuranose,
3 12.266 5028199 3.48 1,2,3,5-tetrakis-0-
(trimethylsilyl)
Citric acid, 4TMS
4 13.063 70561.7 0.08 derivative
4 . id. 2TM e _ {j’;
5 14.078 8585736 6.27 Coumaric acid, 2TMS e DJV\O\x\ .
S
eae . Q
- 43
6 | 15018 | 1489829 103 Palmite Ay TS 1 =l
derivative act O o3
Ferulic acid, 2TMS ’x*-%—m
7 15.521 52138.15 0.09 derivative t@\/\l/\ e
I I =
Caffeic acid, 3TMS ,I_Sr_:,s
8 16.041 60852264 76.07 derivative .
5 T L
R — I —
alpha.-Linolenic acid, g, T2
9 16.67 304626.8 0.46 TMS derivative : M -4
]
]
Stearic acid, TMS o
10 16.897 70360.96 0.06 derivative ity NI
Sebacic acid, 2TMS - ;':'50 )
11 19.556 104619.5 0.16 derivative ‘;S«\D/LMN\I/%SKC"
M3 e R
a
2- wam,
i i i C—SD D’—'S/C_:
12 21.871 128758.3 0.62 Trimethylsilyloxysebacic | .., Nemoa
acid, bis(trimethylsilyl)- wzed O iy N
ester S
o-Coumaric acid, 2TMS .
13 22.92 16751.8 0.07 derivative —
,;(\S/D - ———

632




El-Abeid et al. Egypt. J. Agric. Res., (2025) 103 (4),628-643

x10 7 |+ TIC Scan Schefflera.D Smooth
6. 16.041
5 .
4_
3
2 9422
1 12266 — 4078
5 10815 | | 15018 [l16.670 19.556 21.871

9 10 11 12 13 14 15 16 17 18 19 20 21 22 23
Counts vs. Acquisition Time (min)

Fig. 1. Total ion chromatogram (TIC) of S. arboricola extract detected by GC-MS

and organic acids, with potential relevance to pharmaceutical, nutraceutical, and plant stress physiology
applications. The presence of several bioactive compounds supports the potential use of Schefflera extracts in
plant-based biotechnology and functional product development.

¢ Nanoparticles preparation and characterization:

The biosynthesis of zinc oxide nanoparticles (ZnO-Sca-NPs) using S. arboricola (Sca) leaf extracts showed
significant efficacy, resulting in well-dispersed and substantially uniform nanoparticles. Subsequent to thermal
drying at 100 oC for 2 hours, the obtained ZnO-SCA-NPs white powder was subjected to morphological and
structural analysis. The uniform dispersion of the nanoparticles is verified by SEM and TEM images. The findings
suggest that the ZnO-Sca-NPs exhibited a spherical shape with a size distribution under 80 nm, as seen in (Fig. 2 and
Fig.3B). The TEM pictures confirm the particle size and homogeneous spherical shapes, demonstrating that the
plant extract (Sca) caused the observed size. The crystallinity of the nanoparticles was investigated by X-ray
diffraction (XRD) (Fig. 3C). The XRD pattern of the green-synthesized ZnO-Sca-NPs displayed several diffraction
peaks corresponding to the hexagonal wurtzite structure of ZnO. The diffraction peaks at 28 values of 31.82°,
34.47°, 36.30°, 47.60°, 56.67°, 62.93°, 66.03°, 67.8°, 68.15° and76.6° correspond to the (100), (002), (101), (102),
(110), (103), (200), (112), (201), and (202) planes, respectively, confirming the high crystallinity and purity of the
synthesized nanoparticles.

HV HFW mag [J det wD spol i 10 pm
AM 20.00kv  41.4pm  10000x  CBS  16.7mm | 3.5

Fig. 2. Scanning electron microscopy images structure of ZnO-Sca-NPs.
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Quantitative FTIR analysis was performed to identify the functional group present in the case of ZnO-Sca-NPs, as
shown in (Fig. 3A). The absorption spectrum of the sample exhibited a sharp band below 600 cm™, which is
attributed to the stretching vibration of the Zn—O bond. Additionally, a broad peak observed at 3320 cm™ is
associated with the O—H bond vibrations of alcohol groups. Furthermore, the absorption band centered at 1567
cm™ corresponds to C=C stretching vibrations of aromatic rings. Whereas the peak at 1396 cm™ is associated with
O-H bending in carboxylic acid groups, while the band near 1337 cm™ likely arises from O—H bending vibrations in
alcohol groups. Finally, these regions indicate major absorption peaks at 1567-1337 cm™, which correspond to
asymmetric and symmetric stretching modes of the carboxylate group. Peaks at 1017 cm™ (C—F stretching), 828
cm™ (aromatic C=C bending), 676 cm™" (C—Cl stretching), and additional absorptions at 614, 512, 490, 479, and 439
cm™ were also detected, corresponding to O—H stretching, CO, modes, and C=0 stretching vibrations, respectively.
A broad absorption peak indicative of the O—-Zn-0 group’s vibration was noted in the range of 676-400 cm™,
particularly at 512.68 and 455.76 cm™.
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Fig. 3. FTIR analysis of FTIR of ZnO-Sca-NPs (A); Transmission electron microscopy images of structures of ZnO-Sca-
NPs (B), XRD of ZnO-Sca-NPs (C).

o Effect of zinc treatments on disease severity of onion downy mildew and bulb yield:

A two-season field experiment was conducted to evaluate the impact of biosynthesized zinc oxide
nanoparticles (ZnO-Sca-NPs) and their bulk counterpart zinc (ZnO) on the downy mildew fungal pathogen affecting
onion crops. The results from both seasons (Table 2 & 3) demonstrate that all zinc treatments, including both bulk
Zn0O and ZnO-Sca-NPs, significantly reduced the severity of downy mildew in onion compared to the untreated
control, which consistently showed the highest disease severity at 63.47% and 57.03% in the first and second
seasons, respectively. Fungicide treatment (Amistar top) was the most effective treatment across both seasons,
recording the lowest disease severity (7.98and 10.12%) and the highest efficacy (87.43 and 82.25%). ZnO-Sca-NPs
exhibited a clear dose-dependent response, with disease severity decreasing and efficacy increasing as
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concentrations increased from 25 mg/L to 100 mg/L. ZnO-Sca-NPs NPs at 100 mg/L achieved 11.24 and 13.54%
disease severity, with corresponding efficacy rates of 82.29 and 76.26% in the first and second seasons,
respectively. Similarly, bulb yield improved significantly with ZnO-Sca-NPs NPs treatments, rising from 30.76 and
25.97 kg/plot at 25 mg/L to 39.68 and 36.87 kg/plot at 100 mg/L. Yield increases over the control ranged from
64.05-99.92% at 25 mg/L to 111.63-183.83% at 100 mg/L across the two seasons. Bulk ZnO also performed
effectively, reducing disease severity to 16.01 and 15.34% in the first and second seasons, with efficacy values of
74.78 and 73.10%, respectively. Bulb yields under bulk ZnO reached 33.59 and 33.05 kg/plot, representing
increases of 79.15 and 154.43% compared to the control. Although bulk ZnO was effective, ZnO-Sca-NPs at higher
concentrations (75—100 mg/L) consistently outperformed it in both disease reduction and yield improvement.

Table 2. Effect of bulk zinc and ZnO-Sca-NPs treatments on disease severity of onion downy mildew and bulb yield
under field conditions during the 2022-2023season.

Treatment Disease severity Efficacy (%) Bulb yield (Kg/plot) Increases (%)
Zn0-Sca-NPs 25mg/L 17.39° 72.60 30.76' 64.05
ZnO-Sca-NPs 50 mg/L 15.78% 75.14 31.98° 70.56
Zn0-Sca-NPs 75 mg/L 13.86° 78.16 35.37° 88.64
Zn0-Sca-NPs 100 mg/L 11.24° 82.29 39.68° 111.63
Bulk ZnO 2000mg/L 16.01° 74.78 33.59° 79.15
;:gi;ﬁi;ﬁ:n";‘tar top (S0) 7.98° 87.43 49.40° 163.47
LSD at P value < 0.05 2.03 1.67

Different letters within each column indicate a significant difference according to the LSD test at P value < 0.05. P

value at P value < 0.05 based on ANOVA followed by LSD test.

Table 3. Effect of bulk zinc and ZnO-Sca-NPs treatments on disease severity of onion downy mildew and bulb yield
under field conditions during the 2023-2024 season.

Treatment Disease severity Efficacy (%) Bulb yield (Kg/Plot) Increases (%)
ZnO-Sca-NPs 25 mg/L 21.06° 63.07 25.97° 99.92
Zn0-Sca-NPs 50 me/L 19.15° 66.42 29.68° 130.72
ZnO-Sca-NPs 75 mg/L 14.97° 73.75 32.75° 152.11
ZnO-Sca-NPs 100 mg/L 13.54d° 76.26 36.87° 183.83
Bulk ZnO 2000mg/L 15.34° 73.10 33.05° 154.43
;:gf:ﬂz;’:::;tar top (SC) 10.12° 82.25 40.23° 209.70
Control without any

treatments 57.03° — 12.99' —

LSD at P value < 0.05 2.15 1.82

Different letters within each column indicate a significant difference according to the LSD test at P value < 0.05. P value at P
value £ 0.05 based on ANOVA followed by LSD test.
o Effect of bulk zinc and ZnO-Sca-NPs treatments on biochemical changes:
¢ Phenolic contents:

The data (Tables 4 & 5) from both seasons revealed that zinc treatments, whether in bulk form (ZnO) or as
nanoparticles (ZnO-Sca-NPs) at four concentrations, significantly increased the phenolic content of onion plants
compared to the untreated control. In the first season (2022-2023), the control plants showed the lowest levels of
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total phenols (3.35 mg/g), conjugated phenols (2.11 mg/g), and free phenols (1.24 mg/g). In contrast, ZnO-Sca-NPs
at 100 mg/L achieved the highest phenolic content, with 12.51 mg/g total phenols, 8.73 mg/g conjugated phenols,
and 3.78 mg/g free phenols. A similar trend was observed in the second season, where ZnO-Sca-NPs NPs at 100
mg/L/Lproduced 13.64 mg/g total phenols, 9.81 mg/g conjugated phenols, and 3.83 mg/g free phenols,
representing significant increases over the control (4.50, 3.13, and 1.37 mg/g, respectively). Dose-dependent
effects were evident with ZnO-Sca-NPs across both seasons, as phenolic content increased progressively from 25
mg/L to 100 mg/L. Fungicide treatment also increased phenolic content compared to the control, with total
phenols of 9.66 and 10.52 mg/g in the first and second seasons, respectively, although still lower than those
obtained with ZnO-Sca-NPs at 75 and 100 mg/L.

Table 4. Effect of bulk zinc and ZnO-Sca-NPs treatments on phenolic content of onion plant infected with downy
mildew under field conditions during the first growing season (2022-2023).

Treatment Total phenols Conjugated phenols Free phenol
ZnO-Sca-NPs 25mg/L 7.87° 5.21“ 2.66a"
Zn0-Sca-NPs 50 mg/L 8.21% 4.99° 3.22°
Zn0-Sca-NPs 75 mg/L 11.98° 7.65a° 4.33°
Zn0-Sca-NPs 100 mg/L 12.51° 8.73° 3.78°
Bulk ZnO 2000 mg/L 8.73" 5.09° 3.64°
Fungicide  (Amistar top  (SC) 9.66° 6.82 2.84%
300cm/feddan)

Control without any treatments 3.35¢ 2.11° 1.24°
LSD at P value < 0.05 0.94 0.88 0.76

Different letters within each column indicate a significant difference according to the LSD test at P value < 0.05. P
value at P value < 0.05 based on ANOVA followed by LSD test.

Table 5. Effect of bulk zinc and ZnO-Sca-NPs treatments on phenolic content of onion plant infected with downy
mildew under field conditions during the second growing season (2023-2024).

Treatment Total phenols Conjugated phenols Free phenol
Zn0-Sca-NPs 25 mg/L 8.70° 5.91% 2.79™
Zn0-Sca-NPs 50 mg/L 9.74" 5.87° 3.87%
Zn0-Sca-NPs 75 mg/L 12.97° 8.38% 4.59°
Zn0-Sca-NPs 100 mg/L 13.64° 9.81° 3.83%
Bulk ZnO 2000mg/L 8.98" 5.57° 3.41%
;ggf::'/‘:c‘:éﬁx;tar top (SC) 10.52° 7.54 2.98%
Control without any treatments 4.50° 3.13° 1.37°
LSD at P value < 0.05 1.12 0.94 0.85

Different letters within each column indicate a significant difference according to the LSD test at P value < 0.05. P value at P
value < 0.05 based on ANOVA followed by LSD test .SDS-PAGE Electrophoresis

SDS-PAGE analysis of total soluble proteins extracted from onion plants (Fig. 4, Table 6) revealed the
presence of a distinct protein band (~48 kDa) in all treatments involving zinc-based zinc oxide (ZnO-Sca-NPs )
nanoparticles, bulk ZnO, and the untreated control. The consistent appearance of this band across treatments
indicates that both nano- and bulk-zinc applications are associated with the expression or accumulation of a
specific protein potentially involved in the plant’s response to downy mildew infection. Notably, the band intensity
and lane percentage increased progressively with higher concentrations of ZnO-Sca-NPs, suggesting a dose-
dependent enhancement in protein expression or stability. The highest band intensity (1,482,592) and lane
percentage (7.814%) were recorded at 100 ppm ZnO-Sca-NPs NPs, followed by 75, 50, and 25 ppm treatments,
respectively. This variation indicates that ZnO-Sca-NPs can stimulate the synthesis of the 48 kDa protein more
effectively at elevated concentrations, possibly due to their greater surface area and reactivity. The relative
mobility (Rf) values remained relatively constant (0.477-0.499), indicating no significant change in electrophoretic
migration among treatments. Collectively, these findings suggest that ZnO-Sca-NPs modulate protein expression in
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a concentration-dependent manner, potentially enhancing the activation of pathogenesis-related (PR) proteins and
strengthening the onion plant’s defense mechanisms against downy mildew infection.
Table 6. Protein band characteristics of onion treated with different concentrations of ZnO-Sca-NPs nanoparticles

compared to the untreated control. Parameters include molecular weight (MW), band volume intensity,
lane percentage, band width, and relative mobility (Rf).

Treatments No. of Band MW (KDa) volume Lane% width Rf

ZnO-Sca-NPs 25 mg/L 1 48 824699 4.204 52 0.492
ZnO-Sca-NPs 50 mg/L 1 48 1018699 5.764 71 0.480
Zn0O-Sca-NPs 75 mg/L 1 48 1246798 6.539 77 0.480
ZnO-Sca-NPs 100 mg/L 1 48 1482592 7.814 84 0.499
Control without any treatments 1 48 741141 4.135 52 0.477
Bulk ZnO 2000mg/L 1 48 812439 4.039 51 0.489

25 50 Z5 100 c Zn0O

e

Fig. 4. SDS-PAGE protein expression profile from the onion plant treated with bulk zinc
and ZnO-Sca-NPs.. A standard protein molecular weight marker can be seen in Lane M.

e Cytotoxic activity test of ZnO-Sca-NPs nanoparticles on normal human cells (Primary uterine fibroblast cells
Line) using the MTT assay:

To evaluate the cytotoxic effect of ZnO-Sca-NPs nanoparticles on normal human cells (Primary uterine fibroblast

cells Line) using the MTT assay at different time points (48 and 72 hours) at doses 25,50,75,100 mg/L to determine

an appropriate dose (Table 7 & Fig. 5, 6).

The MTT assay results for normal human cells treated with ZnO-Sca-NPs nanoparticles over 48 and 72 hours

indicate a significant time-dependent reduction in cell viability. A marked decrease in cell viability was observed

over time, with higher viability at 24 hours compared to 72 hours.

No noticeable effect in cell viability was noted between the treatment groups at concentrations of 25-50mg/L,

maintaining over 85% viability in these groups. The data also reveal that cell viability remained high at lower

nanoparticle concentrations (25-50mg/L) even after 72 hours of exposure.

The ICso value, which represents the concentration at which 50% of cells remained viable, decreased from 116.8

mg/L at 48 hours to 97.16 mg/L at 72 hours, indicating increased cytotoxicity with longer exposure durations.

Table 7. ICsy of normal human cells (Primary uterine fibroblast cells Line) treated with ZnO-Sca-NPs nanoparticles,

using the MTT assay at different time points (48 and 72 hours).

Sample Code ICso (mg/L)
Zn0-Sca-NPs 48hr 116.8
Zn0-Sca-NPs 72hr 97.16
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:.;;u = 25(mg/l)
B:E m 50(mg/l)
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= 100(mg/l)
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Zinc Oxide after Zinc Oxide after
48hrs 72hrs

Concentration

Fig. 5. Viability of normal human cells (Primary uterine fibroblast cells Line) treated with ZnO-Sca-NPs
nanoparticles, using the MTT assay at different time points (48 and 72 hours).

Control Cells

Treated Cells after 24hrs

Treated Cells after 72hrs

Fig. 6. Cytotoxic effect of ZnO-Sca-NPs nanoparticles on normal human cells (Primary uterine fibroblast cells Line)
using the MTT assay at different time points (48 and 72 hours) at 100 mg/L. *Viability % = 100 x
0D570t/0D570c.
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DISCUSSION

A. cepa is an essential vegetable crop in Egypt, with onions ranking as the fourth largest export item. It is a
dietary essential and possesses health-enhancing properties due to its many bioactive compounds. Onion is utilized
in culinary processing, preservation, traditional medicine, and industrial applications. Nonetheless, it is sometimes
affected by the oomycete disease P. destructor, which causes onion downy mildew. The disease develops in cold,
humid conditions, resulting in considerable yield and bulb degradation. The disease has been progressively more
widespread since 2016, presenting a significant risk to local production and export abilities. Current methods of
management depend on fungicidal sprays; nevertheless, the rise of fungicide-resistant strains and environmental
issues highlight the necessity for more effective and sustainable alternatives (Ahmed et al, 2021; Ministry of
Agriculture and Land Reclamation, 2022). The diversity of bioactive compounds in plants continues to attract
scientific interest due to their pharmacological properties, which mitigate the risk of disease (Naczk and Shahidi,
2006) and protect against oxidative stress by functioning as natural antioxidants (El-Abeid et al., 2024a). These
beneficial effects are mainly attributed to secondary metabolites that play crucial roles in the plant life cycle,
including pollinator attraction and defense against biotic and abiotic stressors (Vyavahare et al., 2025).

GC-MS analysis of S. arboricola extract identified thirteen major phytochemical constituents, primarily in
the form of their trimethylsilyl (TMS) derivatives. Caffeic acid, a well-known hydroxycinnamic acid with antioxidant
and anti-inflammatory properties (Chen and Ho, 1997), was the most dominant compound. Other prominent
metabolites included malic acid, 4-coumaric acid, and arabino furanose. Minor constituents, such as ferulic acid,
citric acid, palmitic acid, alpha-linolenic acid, and sebacic acid, may still exert synergistic effects that enhance
antioxidant capacity, lipid metabolism, and plant defense (Wang et al., 2020; Rahim et al, 2023). Overall, this
phytochemical profile highlights the potential of S. arboricola extract in pharmaceutical, nutraceutical, and plant
biotechnology applications (Edo et al., 2025). In nanoparticle synthesis, the primary objective is to identify natural
sources rich in bioactive molecules capable of serving as both reducing and stabilizing agents. This green approach
promotes sustainability and minimizes toxicity compared to conventional chemical methods. In the present study,
S. arboricola extract contained compounds such as caffeic acid, which played a pivotal role in the green synthesis of
zinc nanoparticles (Choi et al., 2017). TEM analysis confirmed the formation of uniformly distributed spherical ZnO-
Sca-NPs, demonstrating the extract’s dual reducing and stabilizing function. These results are consistent with
previous findings by (Choudhary et al., 2023), who attributed similar morphological characteristics to caffeic acid-
mediated synthesis mechanisms. Furthermore, the absorption band centered around 1567 cm™ corresponds to
C=C stretching vibrations in aromatic rings. The peak at 1396 cm™ is associated with O-H bending in carboxylic acid
groups, while the band near 1337 cm™ likely arises from O-H bending vibrations in alcohol groups. The FTIR spectra
revealed prominent absorption bands in the range of 1567-1337 c¢cm-1, corresponding to the asymmetric and
symmetric stretching vibrations of the carboxylate (-COO) group. These spectral features align with the findings of
(Choi et al., 2017), who demonstrated that caffeic acid can form covalent interactions with Zn>* ions on the surfaces
of ZnO nanoparticles (ZnONPs). The presence of characteristic functional groups (hydroxyl O-H, carbonyl C=0, and
aromatic C=C further supports the involvement of phenolic and carboxylic moieties in metal ion chelation and
nanoparticle stabilization. This suggests that caffeic acid plays a dual role in both binding Zn” ions and capping the
nanoparticles. Additionally, XRD analysis confirmed the crystallinity of the synthesized ZnO-Sca-NPs, showing a well-
defined hexagonal wurtzite structure with minimal impurity signals. These results highlight the effectiveness of S.
arboricola extract as an eco-friendly, biogenic agent for the synthesis of highly crystalline and stable ZnO-Sca-NPs.

Zinc plays a vital role in plant physiology, contributing to reactive oxygen species (ROS) modulation,
membrane stability, and the activation of pathogenesis-related (PR) proteins, which enhance disease tolerance
(Rao et al., 2025). The yield increase observed in ZnO-Sca-NPs -NP-treated plots reflects zinc’s dual role in disease
suppression and metabolic enhancement, participating in chlorophyll biosynthesis, auxin metabolism, and
carbohydrate utilization (Suzan et al., 2025). Although the fungicide treatment produced the highest yield (49.40
and 40.23 kg/plot across two seasons), the 100 mg/L ZnO-Sca—NPs showed comparable results with an eco-
friendlier profile (Ong et al.,, 2018; Igbal et al., 2022). A consistent dose-dependent trend was observed, where
increasing ZnO-Sca-NPs concentration from 25 to 100 mg/L enhanced total and free phenolic contents, reflecting
stronger biochemical responses to higher ZnO-NP availability. Wang et al., (2023) similarly reported that ZnONPs
induce systemic resistance via phenylalanine ammonia-lyase (PAL) activation. While fungicide treatment also
elevated phenolic levels, they remained significantly lower than those induced by 100 mg/L ZnO-NPs (Cruz-Luna et
al., 2021). This suggests that ZnO-Sca—NPs act not only as nutrients but also as elicitors of plant defense, promoting
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biochemical resilience against biotic stress. Protein expression patterns further supported this conclusion, showing
dose-dependent induction associated with PR protein activation and enhanced immune responses (Kumar et al.,
2025). These findings align with previous research suggesting that nanomaterials, due to their high surface
reactivity, can more effectively trigger defense mechanisms, providing an efficient strategy for controlling onion
downy mildew (Jadoun et al., 2021).

Cytotoxicity assessment using primary uterine fibroblast cells confirmed the relative safety of ZnO—Sca—
NPs at low doses. These normal, non-transformed cells provide a physiologically relevant model for evaluating
nanoparticle toxicity (Vivek and Kannan, 2012; Anjum et al., 2021). Results showed no significant cytotoxic effect at
25-50 mg/L, as cell viability remained above 85% after 72 hours. However, higher concentrations caused notable
declines in viability, indicating dose-dependent toxicity (Ng et al., 2017; Pinho et al., 2020; Xuan et al., 2023; Al-
Momani et al., 2024). This suggests that ZnO-Sca—NPs are biocompatible at low levels but require careful dose
optimization for biomedical applications (Abd-Elmaqgsoud et al., 2022). The superior disease suppression achieved
by ZnO-Sca—NPs compared with bulk ZnO and ZnSO, treatments can be attributed to improved zinc bioavailability
and nanoscale properties enhancing plant uptake and systemic activity (Rizwan et al., 2019; Singh et al., 2021). The
100 mg/L concentration provided optimal disease reduction without phytotoxicity, confirming its efficiency as a
sustainable alternative to chemical fungicides. The improved onion growth and yield following ZnO-Sca—NP
application may result from enhanced nutrient absorption, chlorophyll biosynthesis, and carbohydrate partitioning
(Alloway, 2008; Faizan et al., 2018; Abd El-Latef et al., 2023).

The observed increases in protein, and antioxidant enzyme activities (POD and PPO) in ZnO-Sca—NP-
treated plants reflect improved zinc-mediated enzymatic activity and induced defense mechanisms. These
biochemical enhancements strengthen the plant’s tolerance to oxidative and pathogen stress, supporting previous
observations (Rizwan et al., 2019; Choudhary et al., 2023). The biogenic capping by Schefflera extract may further
enhance nanoparticle stability and controlled nutrient release, contributing to superior performance compared
with non-biogenic zinc treatments. Overall, ZnO-Sca—NPs act as both nutrient and biostimulant agents, promoting
photosynthetic efficiency, enzymatic defense, and yield enhancement in an environmentally sustainable manner.
Finally, integrating sustainability assessment using the Need—Quality—Sustainability (NQS) Index provides a valuable
framework for evaluating green nanotechnology approaches (Saleh et al., 2025a,b). This concept aligns with
multiple United Nations Sustainable Development Goals (SDGs). Green-synthesized nanoparticles contribute to
SDG 3 (Good Health and Well-Being) through safer biomedical and agricultural applications, SDG 12 (Responsible
Consumption and Production) by minimizing hazardous reagents and waste, and SDG 17 (Partnerships for the
Goals) by promoting interdisciplinary collaborations (Mohamed et al., 2023; El-Abeid et al., 2024b; Harb et al.,
2024). Collectively, these outcomes demonstrate that Schefflera-mediated ZnO nanoparticles represent a
promising, sustainable, and multifunctional platform for both agricultural and biomedical applications.

CONCLUSION

This study demonstrated the green synthesis of ZnONPs using S. arboricola extract. The nanoparticles
effectively reduced the severity of onion downy mildew, enhanced bulb yield, and increased phenolic content, with
activation of a ~48 kDa defense-related protein. Cytotoxicity tests confirmed good biocompatibility at low
concentrations. Overall, ZnO-Sca-NPs represent a safe, eco-friendly alternative to conventional fungicides,
promoting sustainable crop protection and growth enhancement.
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