
 

 

www.tufsteam.com 

Innovations in STEAM: Research & Education 
ISSN (print): 3105-7071; ISSN (online): 3105-708X 

Volume 4; Issue 2; Article No. 26040203 
https://doi.org/10.63793/ISRE/0038 

RESEARCH ARTICLE                     
 

© 2026 The Authors. Innovations in STEAM: Research & Education published by The University of Faisalabad, Faisalabad, Pakistan 

 

This is an open access article under the terms of the Creative Commons Attribution License, which permits commercial use, distribution and 

reproduction in any medium, provided the original work is properly cited 

 

Effects of Iron Nanoparticles and Salinity on Growth and Physiology of 

Onion (Allium cepa) 

 

Fouzia Hameed1, Shamas Ul Rehman1, Zainab Naseem2, Atia Nazir3, Saher Nawaz1,4  
1Department of Botany, Ghazi University, Dera Ghazi Khan 32200, Pakistan 
2Department of Botany, University of Agriculture, Faisalabad 38040, Pakistan 
3School of Agricultural Engineering and Food Science, Shandong Research Center of Engineering & Technology for Clean 

Energy, Shandong University of Technology, Zibo 255000, China 
4State Key Laboratory of Grassland Agro-ecosystems and Herbage Improvement, College of Ecology, Lanzhou University, 

Lanzhou 730000, China 

 

METADATA 
 

Paper history 
Received: 30 July 2026 

Revised: 24 September 2026 

Accepted: 21 October 2026 

Published online: 31 October 2026 

 

Corresponding author 
Saher Nawaz1 

 

Keywords  
Photosynthesis 

Oxidative stress 

Malondialdehyde 

Mineral nutrients 

Chlorophyll 

Antioxidants 

 

Citation 
Hameed F, Rehman SU, Naseem Z, Nazir 

A, Nawaz S (2026) Interactive effects of 

iron nanoparticles and salinity on growth 

and physiology of onion (Allium cepa). 

Innovations in STEAM: Research & 

Education 4(2): 26040203. 

https://doi.org/10.63793/ISRE/0038.  

ABSTRACT 
 

Background: Salinity is one of the most significant abiotic stresses affecting crop 

production, which affects plant growth, photosynthesis, oxidative balance and 

nutrient uptake. The application of nanotechnology, especially the iron nanoparticles 

(Fe-NPs) is a promising strategy for enhancing plant tolerance to saline 

environments. 

Objective: The objective of this study was to investigate the role of spinach-

mediated iron nanoparticles in alleviating salinity-induced damage in onion (Allium 

cepa L.) in terms of growth, physiological, biochemical and mineral responses. 

Methodology: The pot experiment was carried out in 3 × 4 factorial completely 

randomized design (3 replicates) with salinity: 0, 150 and 200 mM NaCl and Fe-NP 

foliar application: 0, 250, 350 and 450 ppm. The growth parameters, photosynthetic 

pigments, oxidative stress parameters, antioxidant metabolites and mineral nutrients 

were measured by standard procedures. 
Results: The salinity reduced growth, photosynthetic contents, and nutrient 

accumulation, and increased the malondialdehyde (MDA) accumulation that 

suggests increased oxidative damage. Foliar Fe-NPs improved growth parameters, 

increased chlorophyll (a & b) and carotenoids, and decreased lipid peroxidation, 

while increasing antioxidant compounds such as flavonoids, ascorbic acid, and 

phenolics. Fe-NPs also positively affected mineral nutrient balance by enhancing the 

Fe accumulation and minimizing ionic disturbances due to salinity. The greatest 

ameliorative action was observed at 450 ppm. 
Conclusion: The spinach mediated iron nanoparticles significantly reduced the 

physiological and biochemical constraints of onion under salinity stress by 

enhancing photosynthetic pigments, antioxidant defense and nutrient homeostasis. 

Iron nanoparticles are a promising approach to enhance onion performance under 

salinity stress. 

 

INTRODUCTION 
 

Salinity is one of the major abiotic stresses affecting 

agricultural productivity in areas where irrigation and soil 

conditions lead to the buildup of soluble salts. Exposure to 

higher concentrations of salt for longer periods leads to 

reduced plant growth, photosynthesis, metabolic activity, 

water uptake and ionic balance (Attiq et al. 2021), 

eventually causing a reduction in yield of crops (Raphael 

and Parthasarathi 2026). Salinity effects are especially 

evident in the disruption of the photosynthetic processes. 

Salt-induced water limitation and ionic imbalance may 

cause decreased pigment accumulation and impairment of 

photosynthetic machinery (Liu et al. 2019). Thus, 
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chlorophyll (a, b and total chlorophyll) and carotenoids are 

good markers to assess plant physiological response to 

salinity (Bistgani et al. 2019). Another consequence of salt 

exposure is the increased formation of reactive oxygen 

species (ROS). When ROS production becomes excessive, 

cellular membranes and other macromolecules may be 

damaged. One outcome is lipid peroxidation and the 

associated accumulation of malondialdehyde (MDA), which 

is widely used to assess membrane injury. Plants also rely 

on non-enzymatic antioxidants, including phenolics, 

flavonoids, and ascorbic acid, to strengthen their antioxidant 

protection (Kanwal et al. 2024). Mineral nutrition is also 

affected by salinity because the accumulation of Na+ can 

interfere with the uptake and distribution of other essential 

ions, particularly K+. The ability to maintain ionic balance is 

therefore important for several processes, including enzyme 

activity, osmotic adjustment, stomatal functioning, and 

photosynthetic metabolism (Zamir et al. 2026). 

Consequently, implementation of efficient strategies to 

improve nutrient status while limiting salt-induced ionic 

disturbances may contribute to greater plant tolerance. 

Onion is an economically important vegetable crop 

cultivated extensively in many agricultural systems (Sekara 

et al. 2017). Its productivity depends on adequate vegetative 

development, efficient nutrient acquisition, and efficient 

photosynthetic machinery. However, salinity stress can 

substantially impair onion growth by reducing 

morphological attributes, including shoot and root 

development, leaf number, leaf area, and fresh and dry 

biomass accumulation (Patil et al. 2026). Nanotechnology 

provides a potential approach for improving plant resilience 

to combat various stresses like salinity (Al-Khayri et al. 

2023). Iron is an essential micronutrient involved in 

important metabolic and photosynthetic processes, and 

nanoparticle-based Fe delivery may provide an alternative 

means of supplying Fe to stressed plants (Sen et al. 2025). 

Plant extracts particularly attractive approach to obtain 

green-synthesized nanoparticles such as iron, because plant-

derived compounds can participate in nanoparticle 

formation and may provide an alternative to conventional 

synthesis routes (Shahzadi et al. 2025). Although the 

beneficial effects of nanoparticles in improving salt 

tolerance have been reported in several crops, very limited 

information is available relevant to the integrated response 

of green-synthesized iron nanoparticles under salinity stress 

in onion plants, particularly considering growth 

performance, photosynthetic pigments, oxidative stress 

responses, and mineral nutrient balance. We hypothesized 

that foliar application of spinach-mediated iron oxide 

nanoparticles would partially alleviate salinity-induced 

damage in onion by improving growth and photosynthetic 

pigment accumulation, strengthening antioxidant-related 

responses, and improving mineral nutrient balance. 

Therefore, this study is directed to investigate the influence 

of various concentrations of spinach-mediated iron oxide 

nanoparticles on growth and physiological characteristics of 

onion plants under saline conditions. For this purpose, 

influence of nanoparticles under high salt contents on 

photosynthetic pigments, oxidative-stress-related attributes, 

and changes in mineral nutrient accumulation, particularly 

K+, Na+, and Fe, is determined. 

 

MATERIALS AND METHODS 
 

Experimental site and soil preparation 

 

The experiment was conducted during 2023–2024 in the 

Department of Botany, Ghazi University, Dera Ghazi Khan, 

Pakistan. Soil samples were collected from the upper 0–30 

cm layer of an experimental site located in the Department 

of Botany, Dera Ghazi Khan. The soil was air-dried for 

approximately three days, crushed, cleared of stones and 

other coarse materials, then passed through a 2 mm sieve for 

further cleaning. After that, physicochemical properties 

were analysed by standard analysis protocols (Table 1). 

 

Plant material and experimental design 

 

The experiment was designed to estimate the influence of 

salinity stress and foliar-applied spinach-mediated iron 

nanoparticles (Fe-NPs) on onion (Allium cepa L.) plants. 

The design was completely randomized (CRD) with a 

factorial arrangement of treatments. In a controlled 

environment, plant seedlings were grown in pots. After 

thirty days of seedling establishment, saline stress was 

applied. Three concentrations of NaCl (0, 150, and 200 

mM) were applied in combination with foliar application of 

Fe-NP (0, 250, 350, and 450 ppm) as a mitigant. 

Synthesis of nanoparticles 

 

By using Abert et al. (2022) method synthesis of iron-based 

nanoparticles was done in the laboratory of the Botany 

Department at Ghazi University, Dera Ghazi Khan. The iron 

oxide nanoparticles were extracted from spinach (Spinacia 

oleracea). For this purpose, ferric chloride hexahydrate was 

mixed with ferrous chloride tetrahydrate (1:2 molar ratio), 

then dissolved in 100 mL of water. The mixture was heated 

at 80 °C with constant stirring. After 10 min, spinach extract 

(20 mL) was added. The solution changed color from pale 

yellow to dark brown, indicating the formation of 

nanoparticles. For controlled precipitation of Fe-

nanoparticles, 20 mL of sodium hydroxide was added 

Table 1: Physicochemical properties of soil 

 
Soil characters Value 

Texture of soil Sandy loam 

pH 7.8 

ECe 4.90 dS m−1 
Saturation (%) 42 

Organic matter (%) 0.56 

Available phosphorus (mg kg−1) 8.47 
Available potassium (mg kg−1) 151 
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gradually (3 mL per min). The mixture was left to cool at 

ambient temperature. Then decantation was done to get the 

nanoparticles. To remove the impurities, thorough rinsing 

was done using distilled water. Then dried at room 

temperature for experimental use. 

 

Data collection and analysis 

 

Plants were uprooted approximately 15 days after Fe-NP 

treatment for morphological, physiological, and elemental 

analysis measurements. For fresh and dried analysis, 

harvested plants were stored carefully. For fresh analysis, 

plants were labeled, placed in zipper bags, and frozen at −40 

°C. For dry analysis, half of harvested plants were put in 

brown bags, then oven-dried for 1 week at 65 °C. 

 

Growth parameters 

 

For fresh biomass determination, plants were uprooted, 

shoots and roots were separated and weighed immediately 

on a top-load weight balance. The plant shoots and roots 

were put in brown bags, then, for complete drying, placed in 

an oven at 65 °C and then weighed on a top-load weight 

balance. 

 

Photosynthetic pigments 

 

Arnon (1949) and Davies (1977) methods were used to 

determine photosynthetic contents of onion plants by using 

fresh leaves. 0.1 g of sample was ground with 5 mL of 

acetone (80%). The solution was filtered to take readings at 

various wavelengths (480, 663, and 645 nm) using a 

spectrophotometer. For final calculations, the following 

formulas were used: 
Chl. a (mg/g f. wt.) = [12.7(A663) − 2.69(A645)] × 5/1000 × 0.1 
Chl. b (mg/g f. wt.) = [22.9(A645) − 4.68(A663)] × 5/1000 × 0.1 

Carotenoids (mg/mL) = [(A480) + 114(A663) − 0.638(A645)] × V/2500 × W 

 

Oxidative stress and antioxidants 

 

Heath and Packer (1968) method was used to determine 

malondialdehyde in plants to measure lipid peroxidation. 

Fresh samples of roots and shoots (0.5 g) were ground with 

5 mL trichloroacetic acid (TCA; 5%), centrifuged (15 min), 

and the supernatant collected. Mixed with TBA 

(thiobarbituric acid) and incubated for 25 min (100 °C). 

Measurements were taken at 533 and 600 nm. 

 Flavonoid concentration was determined separately in 

leaf and root tissues using the Zhishen et al. (1999) method 

with fresh plant extract. For extraction, methanol (80%) was 

used. Sodium nitrate and hydroxide were added to the plant 

extract with aluminum chloride. The readings were noted at 

510 nm using a spectrophotometer. Final readings were 

calculated using a standard curve. To measure the total 

phenolic content in roots and shoots Julkunen-Tiitto (1985) 

Folin-Ciocalteu colorimetric assay was used. Fresh root and 

shoot samples were ground with acetone (80%). Extracted 

and mixed with reagent (Folin-Ciocalteu) and sodium 

carbonate solution. At 730 nm readings were noted using a 

spectrophotometer. 

Fresh roots and leaves were used to determine ascorbic 

acid content by following the Gillespie and Ainsworth 

(2007) method. Samples were ground with metaphosphoric 

acid (5%) and centrifuged. Supernatant collected and mixed 

with 2,6-dichlorophenol indophenol. Using a 

spectrophotometer, readings were noted at 520 nm. 

 

Elemental analysis 

 

0.5 g of dried plants were digested with concentrated acid 

(HNO3). Added distilled water for final volume of 50 mL. 

To estimate phosphate-P contents Yoshida et al. (1971) 

procedure was used. The digested sample was mixed with 

HNO3 (2N) and reagent (molybdate-vanadate). Incubated 

(20 min), and values were taken at 420 nm. Kowalenko and 

Lowe (1973) procedure was followed to calculate nitrate-N. 

The digested sample was mixed with CTA (chromotropic 

acid). Values were taken at 430 nm. Atomic absorption was 

used to estimate potassium, iron, and sodium using digested 

samples. 

 

Statistical analysis 

 
The experimental factorial design was completely 

randomized. Salinity and nanoparticle concentrations were 

recorded as two factors. For analysis of data, two-way 

analysis of variance (ANOVA) was used to evaluate the 

influence of salinity concentrations on Fe nanoparticle 

levels in Statistix 8.1 software. Then Tukey’s test was used 

for further analysis, where significance was at P ≤ 0.05. 

Origin software was used to represent graphical pictures of 

results, where values were shown as mean ± standard error 

(SE). 

 

RESULTS 

 
Growth attributes 

 

ANOVA showed that salinity and foliar-applied Fe-NP 

significantly affected onion growth attributes. The 

interaction between salinity levels and Fe-NP treatments 

was significant (P < 0.05) for shoot and root biomass 

parameters (Fig. 1). Salinity stress significantly reduced 

shoot (fresh and dry) and root (fresh and dry) weights as 

compared to control plants. Increasing levels of NaCl (0, 

150, and 200 mM) progressively decreased biomass 

accumulation, and the lowest values were recorded under 

200 mM NaCl without Fe-NP application. It was 

observed at 200 mM NaCl there was more decline in 

growth compared to 150 mM salinity. However, 

exogenous application of Fe-NP significantly enhanced 
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growth traits in normal and saline conditions. Compared 

with untreated plants, Fe-NP-treated plants showed 

increased shoot and root biomass, with a progressive 

improvement as Fe-NP concentration increased. Shoot 

and root (fresh and dry) weights were enhanced at 450 

ppm Fe-NPs, followed by 350 and 250 ppm Fe-NPs 

treatment. 

 

Photosynthetic pigments 

 

Statistical analysis revealed that salinity stress and foliar Fe-

NP application significantly affected photosynthetic 

pigment contents of onion plants. Salinity significantly 

diminished chlorophyll (a, b & total) and carotenoid 

contents, whereas Fe-NP application significantly improved 

pigment accumulation in non-stress and stress conditions 

(Fig. 2). The interaction between salinity and Fe-NP 

treatments showed significant variation among treatment 

combinations (P < 0.05). Results showed that increasing 

NaCl concentration from 0 to 150 and 200 mM significantly 

decreased chlorophyll a and b content. The maximum 

reduction was observed under 200 mM NaCl without Fe-NP 

application, whereas control plants maintained the highest 

chlorophyll a concentration. Foliar-applied Fe-NPs 

significantly improved chlorophyll (a & b) contents, and 

maximum enhancement was recorded in 450 ppm Fe-NPs 

followed by 350 ppm and 250 ppm treatments under normal 

and stress conditions.  

 High salt contents significantly reduced the total 

chlorophyll contents, whereas Fe-NP application 

progressively increased chlorophyll accumulation. The 

highest value of total chlorophyll was observed under 450 

ppm Fe-NPs, followed by 350 ppm and 250 ppm 

treatments, demonstrating the protective effect of Fe-NPs on 

the photosynthetic apparatus under salt stress. Carotenoid 

contents also showed significant variation among salinity × 

Fe-NP combinations. Increasing NaCl concentration 

reduced carotenoid accumulation, while Fe-NP application 

significantly improved carotenoid content under stress 

conditions. 

 

Oxidative stress and antioxidant responses 

 

Salinity and foliar Fe-NP application significantly 

influenced oxidative stress and antioxidant metabolites in 

onion (Fig. 3a, 3b). Their interaction was also significant (P 

< 0.05), as reflected by the different Tukey grouping letters 

among treatment combinations. 

MDA accumulation increased significantly in both 

leaf and root tissues under salinity and reached its highest 

level at 200 mM NaCl, indicating greater lipid peroxidation. 

Foliar Fe-NP application lowered MDA relative to untreated 

salt-stressed plants. In contrast, flavonoids, ascorbic acid, 

and total phenolics generally increased following Fe-NP 

application. The highest antioxidant accumulation occurred 

at 450 ppm Fe-NPs, followed by 350 and 250 ppm. Thus, 

Fe-NP treatment was associated with lower oxidative 

damage and stronger antioxidant responses under saline 

conditions (Fig. 3a, 3b). 

 

Elemental composition 

 

Statistics revealed that salinity and foliar-applied Fe-NP 

significantly affected mineral nutrient accumulation in 

onion plants (Fig. 4a, 4b, 4c). The salinity × Fe-NP 

interaction was significant (P < 0.05) for all analysed 

elements except leaf potassium, which showed a non-

significant interaction (P > 0.05). Increasing NaCl 

concentration disturbed mineral balance by decreasing 

essential nutrient accumulation and increasing sodium 

levels, particularly under 200 mM NaCl stress. Foliar Fe-NP 

application significantly improved nutrient status under 

saline conditions by enhancing iron accumulation, 

improving potassium retention, and reducing excessive 

sodium accumulation. Iron concentration in leaf and root 

tissues increased progressively with increasing Fe-NP 

levels, with the maximum accumulation recorded under 450 

ppm Fe-NPs, followed by 350 and 250 ppm treatments. 

Similarly, Fe-NP application improved nitrate and 

phosphate accumulation under salt stress. Overall, Fe-NPs 

enhanced nutrient acquisition and helped to maintain ionic 

homeostasis under saline conditions. 
 

Correlation matrix 
 

Pearson correlation of treatment means showed tight 

coupling among most traits (Fig. 8). Growth traits (shoot 

and root fresh and dry weight) were strongly positively 

correlated with chlorophyll a, chlorophyll b, total 

chlorophyll, carotenoids, nitrate, phosphate, potassium, iron 

and phenolics (r = 0.84 to 0.99, P < 0.001). The same 

growth traits were strongly negatively correlated with leaf 

and root MDA (r ≈ −0.95 to −0.98, P < 0.001) and with leaf 

and root sodium (r ≈ −0.95 to −0.96, P < 0.001). Sodium 

itself was strongly positively correlated with MDA (r ≈ 

0.96 to 0.97, P < 0.001). Nitrate, phosphate and potassium 

were strongly positively correlated with one another (r ≥ 

0.99) and negatively correlated with sodium (r ≈ −0.83 to 

−0.89, P < 0.001). Flavonoids and ascorbic acid were only 

weakly or moderately correlated with the other traits (|r| ≤ 

0.57), so they did not track the growth and nutrient 

response (Fig. 5). 

 

DISCUSSION 
 

Salinity affects crop productivity by causing osmotic 

imbalance, ionic toxicity, oxidative damage and disrupting 

normal physiological processes. The onion growth such as 

shoot and root biomass decreased with the increase of 

NaCl concentration in this study. Salinity-induced growth  
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Fig. 1: Foliar application of spinach-mediated iron nanoparticles (Fe NPs) improves growth of onion plants under salinity stress. a, 

Shoot fresh weight. b, Shoot dry weight. c, Root fresh weight. d, Root dry weight. Plants were grown under 0, 150 or 200 mM 

NaCl and sprayed with Fe NPs at 0, 250, 350 or 450 ppm. Data are mean ± SE. Different letters indicate significant differences 

among treatments (P ≤ 0.05). 

 

 
 

Fig. 2: Spinach-mediated iron nanoparticles (Fe NPs) restore photosynthetic pigments in onion plants under salinity stress. a, 

Chlorophyll a. b, Carotenoids. c, Chlorophyll b. d, Total chlorophyll content. Plants were grown under 0, 150 or 200 mM NaCl and 

sprayed with Fe NPs at 0, 250, 350 or 450 ppm. Pigment contents are expressed as mg g⁻¹ fresh weight (FW). Data are mean ± SE. 

Different letters indicate significant differences among treatments (P ≤ 0.05). 
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Fig. 3a: Foliar application of spinach-mediated iron nanoparticles (Fe NPs) improves growth of onion plants under salinity 

stress. a, Shoot fresh weight. b, Shoot dry weight. c, Root fresh weight. d, Root dry weight. Plants were grown under 0, 150 or 

200 mM NaCl and sprayed with Fe NPs at 0, 250, 350 or 450 ppm. Data are mean ± SE. Different letters indicate significant 

differences among treatments (P ≤ 0.05). 

 

 
 

Fig. 3b: Spinach-mediated iron nanoparticles (Fe NPs) enhance non-enzymatic antioxidants in onion plants under salinity 

stress. a, Leaf ascorbic acid. b, Leaf total phenolics. c, Root ascorbic acid. d, Root total phenolics. Plants were grown under 0, 

150 or 200 mM NaCl and sprayed with Fe NPs at 0, 250, 350 or 450 ppm. Contents are expressed as mg g⁻¹ fresh weight (f.w.). 

Data are mean ± SE. Different letters indicate significant differences among treatments (P ≤ 0.05). 
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Fig. 4a: Spinach-mediated iron nanoparticles (Fe NPs) improve nitrate and phosphate accumulation in onion plants under 

salinity stress. a, Leaf nitrate. b, Leaf phosphate. c, Root nitrate. d, Root phosphate. Plants were grown under 0, 150 or 200 mM 

NaCl and sprayed with Fe NPs at 0, 250, 350 or 450 ppm. Contents are expressed as a percentage (%). Data are mean ± SE. 

Different letters indicate significant differences among treatments (P ≤ 0.05). 

 

 
 

Fig. 4b: Spinach-mediated iron nanoparticles (Fe NPs) increase potassium and reduce sodium accumulation in onion plants 

under salinity stress. a, Leaf potassium. b, Leaf sodium. c, Root potassium. d, Root sodium. Plants were grown under 0, 150 or 

200 mM NaCl and sprayed with Fe NPs at 0, 250, 350 or 450 ppm. Contents are expressed as a percentage (%). Data are mean 

± SE. Different letters indicate significant differences among treatments according to Tukey’s test (P ≤ 0.05). 
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inhibition can be due to cell growth limitation, reduction in 

water availability, decreased uptake of nutrients, and the 

build-up of Na+ ions (Balasubramaniam et al. 2023). Ion 

balance of cells is also affected by high salt concentrations, 

and this disturbs metabolic activity leading to a decreased 

biomass production (Gul et al. 2022). Results indicated that 

the activity of growth inhibition increased with NaCl 

concentration, being more pronounced at 200 mM than at 

150 mM. Foliar-applied spinach-mediated Fe-NPs 

significantly improved root and shoot biomass under high 

salt contents, demonstrating their protective role against 

salt-induced growth inhibition. Iron is considered an 

essential nutrient because of its involvement in chlorophyll 

biosynthesis, respiratory machinery, electron transport, and 

various other enzymatic activities (Rai et al. 2021). 

Improved Fe availability through nanoparticle application 

can enhance metabolic activity and nutrient utilization, 

which has been shown to enhance plant growth under stress 

(Zia-ur-Rehman et al. 2023). The increase in surface area 

and bioavailability of Fe-NPs facilitates efficient nutrient 

delivery compared with conventional iron sources. A meta-

analysis of Fe-based nanomaterials reported that Fe-NPs 

significantly improve plant biomass, antioxidant activity, 

and stress tolerance by enhancing nutrient availability and 

reducing oxidative damage (Tan et al. 2026). The 

application of iron-based nanoparticles improved growth 

and physiological characteristics of wheat plants by 

enhancing biomass productivity and reducing salt-induced 

damage (Singh et al. 2025). 

 The reductions in chlorophyll a, chlorophyll b, and 

carotenoids under high salinity indicate disturbance of the 

photosynthetic system. Under salt stress, chlorophyll level 

can be reduced due to limitation in its biosynthesis, 

increased degradation and oxidative damage to chloroplast 

membranes (Li et al. 2015). Carotenoids also play a role in 

photoprotection, through their ability to dissipate excess 

excitation energy and to scavenge ROS. They could then be 

expected to display less photoprotection under conditions of 

high salinity (Ramachandran et al. 2023). 

 Fe-NP application resulted in an increase in 

photosynthetic pigments, indicating the alleviating effect of 

Fe supply on the protection of pigment-related processes 

under salt stress. Iron is associated with chlorophyll 

biosynthesis and electron transfer via iron-containing 

proteins such as ferredoxin and cytochromes. Similarly, Fe-

NPs were seen to enhance PSII activity and photosynthetic 

performance and pigment stability under saline conditions. 

The carotenoids increased following the treatment with Fe-

NP, which is also consistent with enhanced protection from 

photo-oxidative damage and oxidative injury. Kreslavski et 

al. (2023) similarly reported that Fe3O4 nanoparticles 

improved photosynthesis, PSII activity, and pigment 

stability under saline conditions. The increase in carotenoids 

observed after Fe-NP treatment is also consistent with 

improved photoprotection and lower oxidative injury. 

 The rise in malondialdehyde (MDA) in onion leaves 

and roots showed that salinity increased oxidative stress in 

the present study. Higher MDA is associated with lipid 

peroxidation and membrane injury resulting from excessive 

ROS production (Nawaz et al. 2025). Under saline 

conditions, disruption of electron transport and other 

metabolic processes can increase ROS formation, thereby 

affecting membrane stability and cellular function (Hameed 

et al. 2021). 

 The decline in MDA after Fe-NP application indicates 

that oxidative injury was reduced. Iron participates in 

antioxidant metabolism, including as a cofactor in several 

antioxidant enzymes, and Fe-NPs may influence ROS-

scavenging and cellular redox regulation (Kejík et al. 2021). 

In the present study, Fe-NP application also increased 

flavonoids, ascorbic acid, and phenolic compounds, 

showing a stronger non-enzymatic antioxidant response. 

Phenolics and flavonoids can directly scavenge ROS, while 

ascorbic acid contributes to regulation of the cellular redox 

 

Fig. 4c: Spinach-mediated iron nanoparticles (Fe NPs) increase 

iron accumulation in onion plants under salinity stress. a, Leaf 

iron. b, Root iron. Plants were grown under 0, 150 or 200 mM 

NaCl and sprayed with Fe NPs at 0, 250, 350 or 450 ppm. Iron 

content is expressed as a percentage (%). Data are mean ± SE. 

Different letters indicate significant differences among 

treatments according to Tukey’s test (P ≤ 0.05). 
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state (Raphael and Parthasarathi 2026). Consistent with 

these responses, Hou et al. (2024) reported improved 

antioxidant metabolites and reduced oxidative stress 

following the use of Fe-based nanomaterials under stressful 

environments. 

 Salinity also altered mineral nutrient composition, 

including nitrate, phosphate, potassium, sodium, and iron 

(Nawaz et al. 2022). Excessive Na+ accumulation is a major 

component of salt toxicity because it competes with 

essential nutrients and disrupts ionic balance. K+ is 

particularly important for salt tolerance because it regulates 

osmotic adjustment, enzyme activation, stomatal movement, 

and cellular metabolism. In the present study, salinity 

reduced K+ accumulation, while Fe-NP application 

improved nutrient balance under stress conditions. 

However, the salinity × Fe-NP interaction for leaf K+ was 

non-significant, suggesting that Fe-NP application did not 

significantly modify the effect of salinity on leaf K+ 

 
 

Fig. 5: Correlation among growth, pigment, antioxidant and nutrient traits of onion plants under salinity stress and Fe NP 

treatment. Pearson correlation matrix of 23 traits calculated from treatment means (3 NaCl levels × 4 Fe NP concentrations; n = 

12). Lower triangle: circle size and color show the correlation coefficient (r), with red for positive and blue for negative 

correlation. Upper triangle: r values with significance (*P < 0.05, **P < 0.01, ***P < 0.001). Trait groups are color-coded: growth 

(teal), pigments (green), oxidative stress and antioxidants (orange), and nutrients and ions (purple). MDA, malondialdehyde; AsA, 

ascorbic acid; Chl, chlorophyll; FW, fresh weight; DW, dry weight. 
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accumulation. The significant increase in Fe accumulation 

following Fe-NP application confirms effective uptake and 

utilization of foliar-applied nanoparticles. Improved stress 

tolerance may be mediated by enhanced Fe availability, 

which may lead to increased activity of antioxidant enzymes, 

electron transport and formation of chlorophyll (Kreslavski 

et al. 2023). Likewise, better accumulation of nitrate and 

phosphate following Fe-NP application is indicative of better 

nutrient uptake and utilization under saline conditions. An 

improvement in nutrient uptake and ion homeostasis with 

nanoparticles use has been reported as an important 

mechanism of salinity tolerance (Jamei et al. 2026). The 

decrease in Na+ after Fe-NP application suggests that the 

plants in salinity are better controlled by the flow of Na+. 

Saline condition requires proper balance of Na+ and K+ 

intake for proper growth of plant: sodium high concentration 

causes disturbance in metabolic activities and causes 

damages in the cellular structure. Recent research shows that 

iron-based nanoparticles can control ion homeostasis, 

improve the efficacy of nutrient assimilation, and improve 

antioxidant defense systems in salinity (Alsamadany et al. 

2024). Overall, it was found that use of Fe-NPs in the 

presence of excessive salt load significantly reduced the 

physico-biochemical disturbances in the onion plants. 

Multiple mechanisms were responsible for the positive effect 

of Fe-NPs such as improved biomass production, 

preservation of photosynthetic pigments, suppression of 

oxidative damage, increase of antioxidant metabolites, and 

regulation of balance of mineral nutrients. Of the applied 

treatment, 450 ppm Fe-NPs exhibited the highest 

ameliorative effect, suggesting that optimal application of 

Fe-NPs could be a favorable approach for enhancing the 

onion performance in saline environment (Fig. 5). 

 

CONCLUSION 
 

The growth, photosynthetic pigments, antioxidants, and 

mineral nutrient balance of onion plants were significantly 

reduced by salinity. The results show that foliar application 

of Fe-NPs also has a positive effect on alleviating the 

damage caused by salt stress by enhancing biomass 

production, maintaining photosynthetic pigments, reducing 

oxidative stress, and enhancing antioxidant metabolites. Fe-

NPs also has the ability to regulate nutrient homeostasis by 

increasing Fe availability and controlling ionic balance 

under saline conditions. All treatments exhibited 

ameliorative activity with the 450 ppm Fe-NPs exhibiting 

the highest, followed by 350 and 250 ppm treatments. 

Overall, foliar Fe-NP application is a promising approach to 

enhance salinity stress tolerance in onion. 
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