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Salinity is a major abiotic stress that limits plant growth and productivity, 
particularly in wheat (Triticum aestivum L.), which is a staple crop globally. Zinc 
nanoparticles (ZnNPs) have gained attention for their potential to enhance plant 
tolerance to various stresses, including salinity. This study investigates the 
impact of foliar-applied ZnNPs on wheat growth, ion regulation, and antioxidant 
enzyme activity under different levels of salinity (0, 90, and 180 mM NaCl). The 
experiment employed a Completely Randomized Design (CRD) with five ZnNP 
concentrations (0, 100, 150, 200, and 250 mg/L) and three salinity levels. Key 

physiological parameters, including sodium (Na⁺) and calcium (Ca²⁺) 
accumulation, as well as superoxide dismutase (SOD), peroxidase (POD), and 
catalase (CAT) activity, were measured. The results showed that ZnNPs 
significantly reduced sodium accumulation in wheat shoots, particularly at 
concentrations of 150–250 mg/L, while enhancing potassium and calcium 
uptake, especially under high salinity stress. Furthermore, ZnNPs application 
boosted antioxidant enzyme activities, helping mitigate oxidative damage as 

indicated by reduced malondialdehyde (MDA) and hydrogen peroxide (H₂O₂) 
levels. The statistical analysis revealed that ZnNPs, especially at 150 mg/L, 
played a significant role in improving wheat’s tolerance to salt stress by 
enhancing nutrient uptake and activating antioxidant defenses. This study 
highlights the potential of ZnNPs as a sustainable strategy for improving wheat 
growth and productivity under saline conditions, offering a promising approach 
for combating soil salinity in agriculture.
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Wheat is the most important staple food crop of the world with the major share of daily calorie intake and is 
the source of nourishment for billion throughout the world (Sharma and Sharma, 2025). Given the increasing 
global population and demand for food, boosting crop yields and global warmth has become important 
(Edgerton, 2009). However, rapid estrangement of wheat producers is currently happening as soil salinity is 
becoming a serious issue (El Sabagh et al., 2021). Salinity is a natural or man-made condition that reduces crop 
productivity by interfering with physiological and nutrient uptake of crops (Mariani, & Ferrante, 2017). Climate 
change makes these problems worse. So, it is important to develop sustainable solutions to increase crop  
tolerance to salinity to ensure food security (Cheeseman, 2016). Saltwater affects the growth of plants. It does 
this through osmotic stress, ion toxicity, and the generation of reactive oxygen species (ROS) (Ahanger et al., 
2017). When this happens, the plant will grow less roots and shoots, biomass production will be lower, and crop 
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yield will also be lower (Heuvelink, & Dorais, 2005). In wheat, salinity affects essential processes like water and 
nutrient uptake, photosynthesis and cellular metabolism. It results in stunted growth and poor development 
(Okon, 2019). In addition, large-scale natural salinization of arable land, especially in areas with limited irrigation 
facilities, poses a major threat to wheat.  

According to the World Bank (2022), more than 20% of the world’s irrigated land is under saline (salty) threat 
and is likely to worsen due to climate change. The farm community is examining new technologies that can help 
crops tolerate abiotic stresses such as salinity to counter these challenges. Nanotechnology is an example of an 
approach that has gained popularity for ameliorating plant growth and helping to relieve damage due to stress. Zinc 
nanoparticles (ZnNPs), which are among other nanomaterials, may prove to be promising for increasing plant 
growth, tolerance to stress and nutrient uptake (Zhao et al., 2020).  

ZnNPs are small particles with unique properties. These chemical and physical properties, such as increased 
surface area and bioavailability, enable them to interact with plants. This results in alleviation of toxic impacts of 
salinity (Chattha et al., 2022). It is possible to use plant-based extracts for green synthesis of ZnNPs, creating new 
sustainable and eco-friendly alternatives to the chemical synthesis methods involving toxic reagents and the use of 
high energy processes (Hano, & Abbasi, 2021). ZnNPs that are synthesized using green technology are inexpensive 
to produce and have more stable characteristics along with being non-toxic and safe. ZnNPs have shown potential in 
enhancing plant growth under saline conditions, according to various studies. For instance, ZnNPs enhance the 
development of roots and shoots, improve photosynthetic process and activity and increase the activity of antioxidant 
enzymes, enhancing the stress tolerance of plants. ZnNPs may also enhance the uptake of nutrients including 
potassium, calcium and magnesium, which strengthen cellular integrity and support metabolic processes in stressful 
conditions (Zhao et al., 2020). The exact mechanisms of how ZnNPs enhance wheat growth under salt stress are still 
not fully understood, despite positive results of many studies. Researchers suggest that ZnNPs might give several 
positive effects on plants. It seems that with the introduction of ZnNPs, which enhances antioxidant enzyme activity, 
regulates ions uptake, maintains osmotic balance, and reduces ROS-induced oxidative damage. Also, the 
concentration of ZnNPs is important. Excessive ZnNPs can also have a reverse effect on plant growth and cause 
phytotoxicity (Chattha et al., 2022).  

The goal of this study is to assess the potential of green-synthesized ZnNPs to enhance wheat growth and 
nutrient regulation under salt stress. Particularly, it evaluates the impact of varied ZnNP concentrations on K and 
Na uptake, root and shoot development and antioxidant enzymes in wheat subjected to salt stress (NaCl) at levels 
of 0, 50, 100 and 150 mM. Through assessment of the parameters, this research studies the role of ZnNPs in 
improving salinity tolerance in wheat for sustainable agriculture. The results of this research will help enhance 
wheat production in salt-affected areas as well as an incursion of nanotechnology use into agriculture as a solution 
to the challenges of climate change and increasing salinity of soil for food security.

Description of the Study Area and Experimental Setup 
 

This experiment was conducted at the University of Agriculture Faisalabad. The purpose of this study was to 
minimize salt stress in wheat (Triticum aestivum L.) by applying green-synthesized zinc nanoparticles (ZnNPs). The 
wheat seeds, SARC-5 variety, were acquired from Ayub Agriculture Research Institute, Faisalabad a renowned 
agricultural research centre of Pakistan. The aim of the experimentation was to see the effect of ZnNPs on morpho-
physiological traits of wheat under increasing level of salinity stress. 

We planted wheat in the sandy loamy soil used for agricultural experiments. The experiment was conducted 
under controlled environmental conditions. The purpose of study was to analyze the influence of different 
concentrations of ZnNPs on growth of wheat subjected to salt stress. The influence was particularly analyzed in 
terms of physiological and biochemical parameters which include root length, shoot length as well chlorophyll and 
antioxidant enzyme activities. 

 
Experimental Design 
 

The experiment was conducted in a Completely Randomized Design (CRD). Two-way factor analysis (using 
two-way ANOVA) was performed on data generated to determine interaction effects of the factors, i.e., 
concentrations of ZnNPs and salt stress. The study included five levels of ZnNPs (0 mg/L, 100 mg/L, 150 mg/L, 200 
mg/L, and 250 mg/L) and three levels of salt stress (0 mM, 90 mM, and 180 mM NaCl), making a total of 15 
treatments. There were 45 pots used in the experiment with three replicates of each treatment combination. This 
structure examines the influence of ZnNPs on wheat growth under various salinity levels.  
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Preparation and Treatment Application 
 
The preparation of experimental pots for each treatment combination was done with 7 kg of sandy loamy soil in 

15 pots for the experiment. We sowed each pot with seven seeds of the wheat variety SARC-5. Each day, the pots 
are watered with distilled water and kept in the right environmental conditions as required for the growth of wheat. 

The simulating salt stress was done by applying sodium chloride at the concentration of 0 mM, 60 mM and 120 
mM. Foliar spraying offers uniformity of application, wherein ZnNPs application at 0 mg/L, 100 mg/L, 150 mg/L, 200 
mg/L and 250 mg/L was done for giving ZnNPs on the leaves of wheat. Each treatment received the right 
concentration for foliar spray application. 

The wheat plants were sampled after growing for 40 days (Haplar) The plants’ growth parameters including root 
length, shoot length, leaf area, and their fresh and dry weight, were determined.  

The plants were also analysed for biochemical parameters which includes chlorophyll content, activities of 
antioxidants enzymes like Superoxide Dismutase (SOD), Peroxidase (POD) and Catalase (CAT) and mineral ion 
concentration potassium, sodium, calcium, etc. 

 
Biochemical and Physiological Analyses 
 

The analysis of the biochemical parameters of the wheat was important for physiological understanding of 
ZnNPs and salt stress. To determine the activity of key antioxidant enzymes and the concentration of essential 
mineral ions, the following tests were carried out to assess the plants. 
 
Superoxide Dismutase (SOD) Activity 
 

The fresh wheat leaves (0.25g) were ground in a potassium phosphate buffer solution to measure SOD activity. 
After that, the sample of enzyme activity was centrifuged at a speed of 14,000 rpm for a duration of 15 minutes. The 
absorbance was measured at 560 nm of the reaction mixture containing riboflavin, which was exposed to light for 15 
minutes, to determine the SOD activity. When SOD activity rises in plants, they can remove more of the superoxide 
radicals made during stress.  
 
Peroxidase (POD) Activity 
 

To begin with, the fresh leaves (0.25 g) were homogenized in potassium phosphate buffer for the measurement 
of POD enzyme activity, after which it was centrifuged. After adding guaiacol and hydrogen peroxide to the extract, 
we measured the absorbance in 450 nm. Activity of higher POD is a measure of plant defense against the oxidative 
stress in the environment. 
 

Catalase (CAT) Activity 
 

After grinding 0.25 grams of fresh leaves in potassium phosphate buffer and centrifugation, the catalase activity 
was determined. The activity of enzyme was measured by adding hydrogen peroxide to the enzyme extract and 
reading absorbance at 240 nm. When CAT activity increases, it indicates that the plant can break down H2O2, one 
of the ROS, during stress. 

 

Mineral Ion Concentrations 
 

The roots were digested (Paul et al., 2017) to determine K⁺, Na⁺, and Ca²⁺ concentration. The concentrated H2SO4-
H2O2 digest of dry root samples was filtered. A flame photometer was used to measure concentration of minerals. 
 

Statistical Analysis 
 

 All treatments data was analyzed using COSTAT software. To see how ZnNPs concentrations levels and salt 
stress levels affect physiological and biochemical parameters of wheat two-way ANOVA was used. Test for 
differences between treatment means was accomplished by carrying out post-hoc tests with significance at p < 0.05. 

Potassium contents in root (mg/g) 
 

The study of potassium content in the roots of wheat under different concentrations of ZnNPs and salt stresses 
shows that In the absence of ZnNPs (0 mg/L), K content was found low (5.8 mg/g) at the highest salt stress of 120 
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mM NaCl. But, increase in potassium uptake was significantly enhanced by increasing concentration of ZnNPs. 
Potassium increased to about 8.0 mg/g at 150 mg/L ZnNPs under non-saline conditions. Potassium content also 
increased due to ZnNPs treatments at 150 mg/L under 60 mM and 120 mM NaCl stress but values were found to 
be lower compared to non-saline. We're sorry, but we only paraphrase academic papers.  We cannot help with 30-
word content. The influence of NaCl on potassium uptake was shown to be highly significant (F = 11.50, p = 
0.0002) and ZnNPs treatment to be extremely significant (F = 873.75, p < 0.0001) through ANOVA statistical 
testing (Fig 1). 

 NaCl and ZnNPs interaction was also significant (F = 63.95, p < 0.0001) shows NaCl level affected the 
efficacy of ZnNPs in increasing potassium uptake. To sum it all, it was found that 150 mg/L ZnNPs was the 
optimum concentration for potassium uptake by wheat roots, as anything above that saw diminishing trends. 

Potassium Contents in Shoot 
 

Potassium (K⁺) plays an important role in several physiological processes in plants like stomata regulation, 
enzyme activation and photosynthate translocation. Wheat shoots response to different concentrations of zinc 
nanoparticles (ZnNPs) towards potassium content at varying salinity levels was clear from results. At the control 
level of 0 mg/L ZnNPs, potassium content was the minimum at all salinity levels where 180 mM NaCl was the 
highest which shows the inhibitory effect of salt stress on potassium. With increase in the concentration of ZnNPs, 
the potassium content increased and maximum accumulation occurred at 150 mg/L ZnNPs under all salt 
conditions. When there’s no salt in the water, treatment with 150 mg/L ZnNPs increased the potassium content 
from about 7.0 units to less than 10.0 units. The potassium content under 90 mM and 180 mM NaCl stress similarly 
increased significantly with the increase of ZnNPs concentration, indicating mitigation of salt-induced potassium 
deficiency 26 word. At the higher concentrations of 200 mg/L and 250 mg/L, the potassium content started 
experiencing a slight reduction. Thus, the application of ZnNPs at higher concentrations does not seem beneficial 
as it would interfere with ionic concentrations beyond a certain threshold. The findings were confirmed through 
ANOVA,  which indicated  highly  statistically significant effects for all factors and their interactions.  NaCl stress 
had a very significant impact (F = 57.04, p < 0.0001) showing the negative impact of salinity on the potassium 
content of the shoot. The reason for the extremely strong effect of ZnNPs treatment (F = 2512.99, p < 0.0001) on 
potassium accumulation enhancement could be due were associated anions or cations (Fig 2). Also, the  

ZnNPs and NaCl interaction was highly significant (F=188.65, p<0.0001), which suggests that the positive 
effects of the ZnNPs on potassium uptake depended onthe NaCl level in the soil. In summary, ZnNPs improved the 
potassium content of shoots (150 mg/L), even under salinity. In other words, ZnNPs significantly enhanced the 
plant’s absorption of nitrogen, phosphorus, and potassium. 

 

 
 
Fig. 1: Effect of ZnNPs and salt stress on potassium root of wheat 
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Fig. 2: Effect of ZnNPs and salt 

stress on potassium shoot of 
wheat 

 

 
Sodium contents in root (mg/g) 
 

 Sodium (Na⁺) buildup in plant roots is a prime sign of salt stress that leads to ion toxicity and nutrient 
imbalance. The finding indicates that the rise of increased concentration of the ZnNPs caused a decrease in 
sodium content of wheat roots. The effect was more significant at higher salinity of 0, 90, and 180 mM of NaCl. 

 The sodium content at 0mg/L ZnNPs was highest, especially at 180mM NaCl showing the salt stress negative 
effect. As the concentration of ZnNPs increases, the sodium levels gradually decrease, with the most significant 
drop at 250 mg/L ZnNPs in non-saline conditions. A statistical analysis reveals that even though the concentration 
of NaCl does not influence sodium concentration (F = 1.164, p = 0.3258), application of ZnNPs was significantly 
effective in this aspect (F = 193.94, p < 0.0001). The relationship between ZnNPs and salinity is also significant (F 
= 9.94, p < 0.0001), which shows ZnNPs are influencing sodium accumulation for salinity. This means ZnNPs may 
increase membrane selectivity and activate sodium exclusion mechanisms that bolster salt stress tolerance in 
plants. In conclusion, ZnNPs restricted the sodium accumulation in the roots more prominently under high saline 
conditions. Thus, they can be effectively used to reduce salt stress (Fig 3). 
 
Sodium Shoot Accumulation 
 

Accumulation of sodium (Na⁺) in plant shoots is indicative of salt stress. This accumulation can interfere cellular 
process photosynthesis and growth.  The data indicate how sodium content of wheat shoot varies with different 
concentrations of zinc nanoparticles (ZnNPs: 0, 100, 150, 200, 250 mg/L) across various salinity levels (0, 90, and 
180 mM NaCl). Sodium levels were maximum at 180 mM NaCl under 0 mg/L ZnNPs, confirming its accumulation 
due to salt stress. With increasing levels of ZnNPs, the concentration of sodium was gradually reduced and 
maximum reduction was at 250 mg/L ZnNPs. This arose particularly at highest salinity. It suggests ZnNPs reduce 
sodium movement into shoots. 
 According to statistical analysis for sodium levels, NaCl treatment alone had no significant effect (F = 2.15, p = 
0.1341). While ZnNPs treatment had a significant effect (F = 171.27, p = 0.0001). ZnNPs thus significantly reduce 
the accumulation of sodium. The impact of ZnNPs on sodium uptake depends on salinity levels because there was 
a considerable interaction between NaCl and ZnNPs (F = 9.32, p < 0.0001). ZnNPs may improve root selectivity 
and sodium exclusion mechanisms and consequently assist salt stress management (Fig 4). 
 
Calcium Root Accumulation 
 

Calcium is involved in cell membrane activities, mediating response under salinity stress, stability of cell 
walls. The analysis revealed that the higher the salinity; the lower the calcium content in the wheat roots as 
the lowest value was found at 180 mM NaCl. Nonetheless, the use of ZnNPs effectively enhanced calcium 
accumulation, reaching its maximum at a concentration of 150 mg/L, particularly in the absence of saline 
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conditions. Under saline conditions, ZnNPs treatment enhanced calcium levels, suggesting a protective role. 
When the level of ZnNPs exceeded 150 mg/L, there was a decrease in calcium levels.  

 

 

Fig. 3: Effect of ZnNPs and salt 

stress on sodium root of wheat 

 

 

The findings of ANOVA indicated that salinity considerably influenced calcium accumulation (F = 6.39; P = 
0.0049), while the highly significant effect of ZnNPs treatment (F = 397.06; P < 0.0001). There also was a 
significant interaction of NaCl and ZnNPs (F = 42.18, p < 0.0001), indicating that the effect of ZnNPs on calcium 
uptake is dependent on salinity.  The findings revealed that ZnNPs enhances calcium uptake in wheat roots under 
saline conditions (Fig 5). 

 

 

Fig. 4: Effect of ZnNPs and salt stress 

on sodium shoot of wheat 
 

 

Calcium Shoot Accumulation 
 

In wheat shoots, calcium concentration increased due to ZnNPs application, peaking under salinity stress 
at150 mg/L ZnNPs. Calcium level rose from 7.1 to 9.5 units with the doses of ZnNPs.  Under high salinity (180 
mM) treatment, the shoot calcium content increased significantly by 150 mg/L ZnNPs and reached its peak (8.9 
units). Excess concentrations of ZnNPs above 150 mg/L showed a decline in both flowers and fruit. Results 
indicate that ZnNPs can counteract calcium deficiency induced by salt.  

Results of the statistical analysis show that both NaCl (F = 14.06, p < 0.0001) and ZnNPs (F = 1231.77, p < 
0.0001) significantly affected shoot calcium content. There was also a significant interaction between NaCl and 
ZnNPs (F = 69.89; p < 0.0001), indicating varying effectiveness of ZnNPs at different salinity levels (Fig 6). 
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Fig. 5: Effect of ZnNPs and salt 

stress on calcium root of wheat 

 

 
Superoxide Dismutase (SOD) Activity 
 

ZnNPs application increased the activity of SOD in high-salt environment. SOD activity was highest at 200 
mg/L ZnNPs under 180 mM NaCl suggesting that ZnNPs stimulate antioxidant response to alleviate oxidative 
stress. ZnNPs enhanced the SOD (Superoxide Dismutase) activity significantly as confirmed during the statistical 
analysis. The F and p values (F=61.59, p<0.0001) confirmed the statistical significance. NaCl and ZnNPs 
interaction was also statistically significant as confirmed by F and p values (F=4.51, p=0.0011). ZnNPs are thus 
crucial for activating antioxidant defense mechanisms on salinity stress (Fig 7). 

 

 

Fig. 6: Effect of ZnNPs 

and salt stress on 
calcium soot of wheat 

 
Peroxidase (POD) Activity 
 

The addition of ZnNPs enhanced the activity of the enzyme POD, which was at its peak with 200 mg/L ZnNPs 
and in presence of 180 mM NaCl. Statistical analysis revealed a significant effect of NaCl (F = 8.78, p = 0.0010) 
and ZnNPs (F = 262.24, p < 0.0001). Furthermore, the interaction of NaCl and ZnNPs was significant (F = 60.87, p 
< 0.0001). These results indicate that ZnNPs stimulate peroxidase activity to enable plants to withstand oxidative 
stress caused by salinity stress (Fig 8). 
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Fig. 7: Effect of ZnNPs and salt 

stress on SOD of wheat 
 

 
Catalase (CAT) Activity 
 

The data suggest that CAT activity was significantly enhanced by ZnNPs, especially under high salinity. The 
application of ZnNPs under salt stress may improve catalase activity of cowpea. The highest catalase activity was 
recorded at 200 mg/L ZnNPs under 180 mM NaCl. Findings from statistical investigation revealed a significant 
effect of ZnNPs on catalase activity (F = 70.51, p < 0.0001) while there was also a significant effect of interaction of 
NaCl with ZnNPs (F = 17.85, p < 0.0001). It indicates that ZnNPs can enhance capabilities of plant in degrading 
hydrogen peroxide leading to oxidative damage under salinity stress (Fig 9). 
 
Malondialdehyde (MDA) Content 
 

MDA content, a marker of lipid peroxidation, increased with salinity, indicating oxidative stress. However, 
ZnNPs significantly reduced MDA levels across all salinity conditions, with the most pronounced effect at 250 mg/L 
ZnNPs under 180 mM NaCl. ANOVA confirmed the significant effects of both NaCl (F = 120.75, p < 0.0001) and 
ZnNPs (F = 114.22, p < 0.0001), with the interaction between NaCl and ZnNPs also being highly significant (F = 
597.77, p < 0.0001). These results indicate that ZnNPs play a protective role in reducing oxidative stress and lipid 
peroxidation under salt stress conditions (Fig 10). 
 

 

Fig. 8: Effect of ZnNPs and 

salt stress on POD of wheat 
 



 

 

38  SALEEM   ET AL. 

 

Fig. 9: Effect of ZnNPs and 

salt stress on catalase of 
wheat 
 

 

Fig. 10: Effect of ZnNPs 

and salt stress on MDA of 
wheat 
 

 

Fig. 11: Effect of ZnNPs 

and salt stress on H2O2 of 
wheat 
 



 

 

39  SALEEM   ET AL. 

Table 1: Statistical analysis of data showing the all parameters of Wheat (Triticum aestivum) by foliar applied zinc oxide nano-

particles under salinity stress 

Parameter NaCl (F-value) NaCl (P-value) ZnNPs (F-value) ZnNPs (P-
value) 

NaCl * ZnNPs (F-
value) 

NaCl * ZnNPs 
(P-value) 

Sodium Shoot 2.149 0.1341 171.268 < 0.0001 9.323 < 0.0001 
Calcium Root 6.393 0.0049 397.060 < 0.0001 42.184 < 0.0001 
Calcium Shoot 14.056 < 0.0001 1231.765 < 0.0001 69.886 < 0.0001 
SOD Activity 0.621 0.5437 61.590 < 0.0001 4.509 0.0011 
POD Activity 8.781 0.0010 262.243 < 0.0001 60.871 < 0.0001 
CAT Activity 2.571 0.0932 70.514 < 0.0001 17.846 < 0.0001 
MDA Content 120.746 < 0.0001 114.216 < 0.0001 597.769 < 0.0001 
H₂O₂ Levels 11.592 0.0002 471.837 < 0.0001 71.453 < 0.0001 

 

Hydrogen Peroxide (H₂O₂) Levels 
 

ZnNPs application significantly reduced H₂O₂ levels under all salinity treatments, particularly at 250 mg/L 
ZnNPs under 180 mM NaCl. Statistical analysis (F = 471.84, p < 0.0001) confirmed the effectiveness of ZnNPs in 
reducing H₂O₂ accumulation, highlighting their role in enhancing the plant's antioxidant defense system and 
protecting against oxidative stress (Fig 11, table 1). 

 

The results from this study provide valuable insights into the impact of zinc nanoparticles (ZnNPs) on wheat 
(Triticum aestivum L.) under varying levels of salinity stress. Specifically, the study focused on the effects of ZnNPs 

on sodium (Na⁺) accumulation, calcium (Ca²⁺) uptake, and antioxidant enzyme activities, which are critical to plant 
growth and stress tolerance. The findings from the statistical analysis and observed trends highlight the promising 
role of ZnNPs in mitigating salt stress and improving the physiological response of wheat plants. 
 
Sodium Accumulation in Shoots 
 

Sodium toxicity is a major concern under salt stress, as excessive Na⁺ accumulation in plant tissues can disrupt 
cellular processes and reduce overall plant productivity (Arif et al., 2020). In this study, Na⁺ levels in wheat shoots 
were significantly reduced with the application of ZnNPs, particularly at concentrations between 100-250 mg/L. The 

F-value and P-value from the ANOVA indicate a strong statistical significance in the reduction of Na⁺ accumulation 
with ZnNPs treatment, confirming their role in mitigating salt-induced sodium toxicity. At higher ZnNP 

concentrations (200 mg/L and 250 mg/L), a slight reduction in Na⁺ levels was observed, suggesting a threshold 
beyond which ZnNPs no longer confer additional benefits and may even disrupt ion homeostasis. These results are 
consistent with previous studies showing that ZnNPs help in regulating ion transport and improving membrane 
permeability, thus limiting sodium translocation from roots to shoots (Singh et al., 2024). 

 
Calcium Uptake in Roots and Shoots 
 

Calcium plays a vital role in maintaining cell wall stability and activating stress-related signaling pathways 
(Novaković et al., 2018). In this study, the calcium content in both roots and shoots increased significantly with 
ZnNPs treatment, particularly at 150 mg/L. This enhancement in calcium uptake was observed under both non-
saline and saline conditions, indicating that ZnNPs help mitigate the negative effects of salinity on calcium transport 
and retention. The highest calcium levels were observed in the roots, with a peak at 150 mg/L ZnNPs, suggesting 
that ZnNPs may stimulate the calcium uptake pathways in the roots. However, at concentrations above 150 mg/L, 
calcium levels in both roots and shoots began to decline, suggesting that higher concentrations of ZnNPs may have 
diminishing returns or cause toxicity. This result supports findings from other studies where ZnNPs were shown to 
improve calcium uptake under stress conditions, possibly by enhancing the activity of calcium transporters (Ayyaz 
et al., 2024). 
 
Antioxidant Enzyme Activity (SOD, POD, CAT) 
 

Salt stress induces oxidative stress in plants, leading to the accumulation of reactive oxygen species (ROS), 
which damage cellular components and impair plant growth (Ahmad et al., 2019). Antioxidant enzymes such as 
superoxide dismutase (SOD), peroxidase (POD), and catalase (CAT) play a crucial role in protecting plants from 
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oxidative damage by scavenging ROS (Ighodaro, & Akinloye, 2018). The ZnNPs treatment significantly enhanced 
the activity of these enzymes, particularly at 200 mg/L ZnNPs, under both moderate and high salinity levels. The F-
values and P-values from the statistical analysis demonstrate the strong influence of ZnNPs on boosting antioxidant 
defense mechanisms. The interaction between NaCl and ZnNPs was highly significant, highlighting that ZnNPs 
effectively activate antioxidant enzymes under salinity stress. These findings are consistent with previous research, 
where ZnNPs were shown to increase antioxidant enzyme activity, thus improving plant tolerance to oxidative 
stress induced by salinity (Aazami et al., 2021). 
 
Malondialdehyde (MDA) and Hydrogen Peroxide (H₂O₂) Levels 
 

MDA is a marker of lipid peroxidation and oxidative damage, while H₂O₂ is a reactive oxygen species (ROS) 

that accumulates under stress (El-Beltagi, & Mohamed, 2013). In this study, MDA and H₂O₂ levels increased with 
rising salinity but were significantly reduced with ZnNPs application, especially at 250 mg/L ZnNPs. The reduction 
in these oxidative stress markers indicates that ZnNPs help in reducing oxidative damage and maintaining cellular 
integrity under salt stress. Statistical analysis revealed a strong interaction between NaCl and ZnNPs, suggesting 
that ZnNPs are particularly effective in mitigating oxidative damage under high salinity conditions. The results align 
with previous studies showing that ZnNPs can improve the antioxidant defense system in plants, which helps in 
reducing ROS accumulation and limiting oxidative damage (Kumar et al., 2020). 

 
Overall Impact of ZnNPs on Wheat Growth 
 

The application of ZnNPs significantly improved the physiological performance of wheat under salt stress. The 
enhanced potassium and calcium uptake, along with the increased antioxidant enzyme activity and reduced 
oxidative stress, suggest that ZnNPs play a crucial role in improving plant tolerance to salinity (Faizan et al., 2021). 
These results highlight the potential of ZnNPs as a sustainable solution for enhancing nutrient uptake, regulating 
ion homeostasis, and activating antioxidant defenses, thus improving crop productivity in saline soils. 
 
Conclusion 
 

This study demonstrates the effectiveness of zinc nanoparticles in mitigating salt stress in wheat. The ZnNPs 
treatment significantly reduced sodium accumulation in shoots, improved calcium uptake in roots and shoots, and 
enhanced antioxidant enzyme activity. These findings suggest that ZnNPs can play a vital role in improving wheat 
growth and productivity under saline conditions, offering a promising strategy for sustainable agriculture in salinity-
challenged environments. 
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