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The present study investigated the ameliorative effects of foliar -applied ZnO -NPs on 

sunflower ( Helianthus annuus  L.) subjected to Cr stress. Sunflower plants were exposed 

to 50 and 150 ppm Cr, with foliar application of ZnO -NPs at 50 and 100 ppm. The effects 

of these treatments were evaluated through photosynthetic pigments, root and shoot 

length, proline, soluble sugars, protein content, membrane stability index (MSI), fresh 

weight, and dry weight. Chromium stress significa ntly (P ≤ 0.001) reduced most 

growth, physiological, and biochemical attributes. Total chlorophyll decreased by 

58.45% and 62.69%, MSI by 77.37% and 84.16%, fresh weight by 42.42% and 54.22%, 

and dry weight by 68.00% and 74.00% under 50 and 150 ppm Cr, res pectively. In 

contrast, Cr stress increased proline and soluble sugar accumulation, indicating 

activation of stress -adaptive responses. Foliar ZnO-NP application substantially 

alleviated Cr -induced damage, with 100 ppm ZnO generally producing greater 

improvements than 50 ppm. At 100 ppm ZnO, total chlorophyll, chlorophyll b, shoot 

growth, protein content, and MSI showed pronounced recovery, while  MSI 

amelioration reached 135.85%. Under severe Cr stress (150 ppm), total chlorophyll 

recovery increased from 22.80% with 50 ppm ZnO to 60.49% with 100 ppm ZnO , 

whereas chlorophyll b recovery increased from 31.69% to 70.93%. Correlation analysis 

demonstrated positive associations among growth, biomass, chlorophyll, protein, and 

MSI, while proline and soluble sugars were associated with stress -related responses. 

Hierarchical clustering and principal component analysis further separated Cr -stressed 

plants from ZnO -associated recovery responses, with the first two principal 

components explaining 91.2% of total variation. Overall, foliar ZnO -NPs, particularly 

at 100 ppm, substantially improved the physiological and biochemical performance of 

sunflower under Cr stress.  
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Introduction  

Chromium (Cr) contamination of agricultural soils is an increasing environmental concern because of its persistence, mobility , 

phytotoxicity, and potential transfer through the soil –plant system. Chromium is released into agricultural and natural 

ecosystems through several anthropogenic activities, including electroplating, leather tanning, mining, metal processing, 

pigment production, industrial effluents, and the use of contaminated irrigation water. Among the different oxidation states of 

Cr, hexavalent chromium [ Cr(VI)] is generally considered more mobile and toxic than trivalent chromium [Cr(III)]. Because 

plants do not possess a specific Cr uptake system, Cr can enter plant tissues through transport pathways normally involved in  

the uptake of essential nutrients. Once absorbed, Cr may accumulate in roots and shoots and interfere with nutrient acquisition, 

water relations, photosynthesis, cellular metabolism, and plant growth (Shanker et al., 2005; Shahid et al., 2017a, 2017b; Ha yat 

et al., 2012; Ulhassan  et al., 2022). Chromium toxicity is also strongly influenced by Cr speciation, concentration, exposure 

duration, plant species, and environmental conditions (Shanker et al., 2005; Shahid et al., 2017b). Additional evidence shows  

that Cr exposure can suppr ess growth and photosynthesis, disturb mineral nutrition, and generate oxidative injury across crop 

species (Basit et al., 2022b; Basit et al., 2023b; Paunov et al., 2018; Fattahi et al., 2019).  

The phytotoxicity of Cr is closely associated with disruption of cellular redox homeostasis. Chromium exposure can stimulate 

excessive production of reactive oxygen species (ROS), including superoxide radicals and hydrogen peroxide. When ROS 

production exc eeds the capacity of antioxidant defense mechanisms, oxidative stress develops, resulting in damage to lipids, 

proteins, nucleic acids, membranes, and photosynthetic structures. Chromium -induced oxidative stress can consequently 

impair chloroplast function , reduce photosynthetic pigment accumulation, disturb carbon assimilation, and restrict plant 

growth and biomass production (Dixit et al., 2002; Mittler, 2002; Sharma and Dietz, 2009; Hayat et al., 2012; Shahid et al., 

2017b). The magnitude of these respon ses depends on Cr concentration, exposure duration, plant species and genotype, 

developmental stage, and environmental conditions (Shanker et al., 2005; Shahid et al., 2017b; Ulhassan et al., 2022). These 

responses are consistent with the broader concept that stress -generated ROS can function in signaling at controlled levels but 

become damaging when production exceeds cellular scavenging capacity (Mittler, 2017; Mittler et al. , 2022). Amino -acid 

metabolism and cellular redox imbalance are central components of heavy -metal stress adaptation (Sharma and Dietz, 2006, 

2009).  

Nanotechnology provides a promising approach for improving plant tolerance to abiotic stresses. Nanoparticles possess 

distinctive physicochemical properties, including high surface area, enhanced reactivity, and the ability to interact with pl ant 

surfaces and cellular systems (Rico et al., 2011; Dimkpa et al., 2012). Among different metal -based nanoparticles, zinc oxide 

nanoparticles (ZnO -NPs) have received particular attention because zinc (Zn) is an essential micronutrient required for 

numerous physiological and biochemical processes. Zinc participates in enzyme activation, protein synthesis, membrane 

stability, gene regulation, photosyn thetic processes, and maintenance of cellular structural integrity (Cakmak, 2000; Broadley 

et al., 2007; Hafeez et al., 2013; Marschner, 2012). Consequently, an appropriate supply of Zn through nanoformulations  may 

improve plant nutritional status and strengthen physiological and antioxidant responses under stressful conditions (Khan et 

al., 2023). Agricultural nanomaterials can influence nutrient delivery, uptake, translocation, and stress signaling, although  their 

effects depend on particle chemistry, size, dose, and exposure route (Basit et al., 2022a; Basit et al., 2023a; Kah et al., 2 018; 

Rico et al., 2011; Siddiqui et al., 2015). Earlier work also established both beneficial and phytotoxic plant responses to engineered 

nanoparticles, emphasizing the importance of dose and formulation (Prasad et al., 2012; Sabir et al., 2014; Liu et al., 2022) . 

Several studies have demonstrated the potential of ZnO -NPs to mitigate heavy -metal toxicity. Metallic nanoparticles, including 

ZnO-NPs, have been reported to reduce heavy -metal accumulation and toxicity through several mechanisms, including 

improved photosynthetic activity, regulation of cellular metabolism, enhanced nutrient acquisition, stimulation of antioxidant 

defense, reduction of oxidative damage, and improvement of cellular integrity (Dimkpa et al., 2012; Ulhassan  et al., 2022; Khan 

et al., 2023). For example, Ramzan et al. (2023) reported that phytostabilized ZnO nanoparticles improved physiological and 

antioxidative responses of maize exposed to Cr stress and reduced Cr accumulation. Similarly, ZnO -NPs have impro ved 

physiological and antioxidant responses in other heavy -metal-stressed crops, including soybean exposed to arsenic (Noman et 

al., 2020). These findings suggest that ZnO -NPs may act through multiple complementary mechanisms rather than through a 

single pathway. Beneficial ZnO -NP responses have been reported in chickpea, mung bean, tomato, cilantro, cotton, wheat, 

maize, and other crops, particularly through improved pigme nt retention, antioxidant capacity, nutrient relations, and growth 

(Mahajan et al., 2011; Burman et al., 2013; Raliya et al., 2015; Pullagurala  et al., 2018; Hussain et al., 2018; Rizwan et al., 2019b; 

Venkatachalam et al., 2017b). Conversely, high or poorly matched doses may inhibit development or alter nutritional quality 

(Wang et al., 2016; Yoon et al., 2014; Peralta -Videa et al., 2014; Stampo ulis et al., 2009).  

Sunflower ( Helianthus annuus  L.) is an economically important oilseed crop whose productivity depends strongly on efficient 

photosynthesis, adequate vegetative growth, membrane stability, and effective biomass accumulation. Exposure to Cr can 

interfere with these processes and conseq uently reduce plant growth and physiological performance (Shanker et al., 2005; 
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Hayat et al., 2012). Recent evidence also indicates that zinc -based nanoparticles can improve chlorophyll content, growth, 

osmotic regulation, and antioxidant defense in sunflower subjected to other abiotic stresses. Despite increasing interest in 

nanoparticle-mediated mitigation of heavy -metal stress, relatively limited information is available regarding the integrated 

physiological and biochemical response of sunflower to Cr stress combined with foliar ZnO -NP application. In particular, 

simultaneous evaluation of photosynthetic pigments, root and shoot growth, osmolytes, protein, membrane stability, and fresh 

and dry biomass can provide a more comprehensive understanding of ZnO -mediated stress alleviation. Foliar delivery is 

particularly relevant because particle retention, dissolution, leaf -surface properties, and subsequent transport strongly 

influence Zn uptake and biological effectiveness (Read et al., 2020; García -López et al., 2019).  

The present study was therefore conducted to investigate the ameliorative potential of foliar -applied ZnO nanoparticles against 

Cr -induced stress in sunflower. Specifically, the study evaluated the effects of 50 and 100 ppm ZnO -NPs under 50 and 150 ppm 

Cr stress on photosynthetic pigments, root and shoot growth, proline, soluble sugars, protein, membrane stability, fresh weight,  

and dry weight. In addition, percentage reduction under Cr stress and percentage amelioration and recovery following ZnO -NP 

application were calculated to quantify the magnitude of stress injury and ZnO -mediated restoration. Multivariate analyses, 

including correlation analysis, hierarchical clustering, and principal component analysis, were further used to identify 

relationships among traits and characterize the overall physiological response of sunflower to Cr and ZnO -NP treatments. The 

experimental objective was to determine whether foliar ZnO -NP application could reduce the physiological and biochemical 

consequences of Cr toxicity and identify the more effective ZnO -NP concentration for stress mitigation.  

Materials and Methods  

Experimental site and plant material  

The experiment was conducted from February to May at the Plant Physiology Laboratory and Botanical Garden, Department of 

Botany, Lahore College for Women University (LCWU), Lahore, Pakistan, to evaluate the ameliorative effects of chemically 

synthesized zi nc oxide nanoparticles (ZnO -NPs) on chromium (Cr) -induced stress in sunflower ( Helianthus annuus  L.). Seeds 

of sunflower cultivar Hi -Sun 33 were obtained from Ayub Agricultural Research Institute (AARI), Faisalabad.  

Synthesis and characterization of ZnO nanoparticles  

ZnO-NPs were synthesized through a chemical precipitation method using zinc sulfate heptahydrate and sodium hydroxide as 

precursor materials. A 0.1 M zinc sulfate solution was reacted with 0.2 M NaOH under vigorous magnetic stirring at 100 °C for  

2 h, while m aintaining the pH at approximately 12 through gradual addition of NaOH. The resulting suspension was allowed to 

stand overnight, and the precipitate was collected, washed 2 –3 times with deionized water, and dried in a hot -air oven at 400 

°C. The synthesize d ZnO-NPs were characterized using UV –visible absorption and Fourier -transform infrared (FTIR) 

spectroscopy following established procedures (Al -Aboodi et al., 2020; Ansari et al., 2024).  

The use of ZnO -NPs as a potential stress -mitigating treatment is supported by recent studies reporting improvements in plant 

growth, photosynthetic performance, osmotic regulation, and biochemical responses under abiotic stress (Ramzan et al., 2023; 

Khan e t al., 2023). However, ZnO -NP responses are concentration -dependent, and excessive nanoparticle exposure may cause 

oxidative stress and physiological disturbances; therefore, their concentration and mode of application should be carefully 

considered (Kang et al., 2024). Comparable concentration-dependent benefits and limitations have been observed across ZnO -

NP studies (Sheteiwy et al., 2021; Singh et al., 2016; Pandey et al., 2010).  

Soil analysis and pot experiment  

Soil collected from a local nursery in Lahore was analyzed for pH, electrical conductivity (EC), and texture using standard 

procedures. The soil had a pH of 6.89, EC of 79.7 mS m⁻¹, and sandy clay texture. The pot experiment was conducted under 

botanical g arden conditions using a completely randomized design with three replications. Seeds were soaked overnight in 

distilled water and sown at a depth of approximately 2.5 –5.0 cm, with 10 seeds initially sown per pot. Seedlings were manually 

thinned at the 4 –5-inch stage to maintain one healthy plant per pot. Plants were subjected to the respective Cr and ZnO-NP 

treatments, while distilled water was applied to the untreated control. ZnO -NPs were applied as foliar treatments, and leaf 

samples were collected 4–5 days after application. Plants were harvested at physiological maturity, approximately 90 –120 days 

after sowing.  

Foliar application was selected because Zn -based nanoparticles can influence plant physiological and biochemical processes 

through direct leaf exposure and subsequent uptake, while recent studies have demonstrated the potential of foliar -applied 

ZnO-NPs to alleviate abiotic stress responses in crops (Khan et al., 2023). Foliar ZnO -NP application has also been associated 

with altered growth, antioxidant responses, and metal accumulation under combined abiotic stresses (Adrees et al., 2021; 

Rizwan et al., 2019b).  
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Experimental treatments  

The experiment consisted of a 3 × 3 factorial combination of three Cr concentrations (0, 50, and 150 ppm) and three ZnO -NP 

concentrations (0, 50, and 100 ppm), resulting in nine treatment combinations. These comprised the untreated control (0 Cr + 

0 ZnO -NPs), Cr -stressed treatments (50 and 150 ppm Cr), ZnO -NP treatments (50 and 100 ppm ZnO -NPs), and their respective 

combinations under Cr stress. Each treatment was replicated three times.  

Morphological and physiological measurements  

Shoot and root lengths were measured in centimeters using a scale after carefully removing adhering soil. Fresh biomass was 

recorded immediately after harvest using an electronic balance, whereas dry biomass was determined after oven -drying the 

plant material at 70 °C for 72 h to constant weight.  

Relative water content (RWC) was determined according to Weatherley (1950). Fresh leaf tissue was weighed, hydrated in 

distilled water for 24 h to obtain turgid weight, and subsequently oven -dried at 70 °C for 72 h to determine dry weight. RWC 

was calculat ed as: 

𝑅𝑊𝐶(%) =
𝐹𝑊 − 𝐷𝑊

𝑇𝑊 − 𝐷𝑊
× 100 

where FW, TW, and DW represent fresh, turgid, and dry weights, respectively.  

Membrane stability index (MSI) was determined following Premachandra  et al. (1990). Leaf tissue (0.1 g) was washed with 

distilled water, subjected to control heating, and electrical conductivity was recorded before and after heat treatment. MSI was 

calculated from the initial and final conductivity readings.  

Photosynthetic pigments  

Chlorophyll and carotenoid contents were determined according to Arnon (1949) and Lichtenthaler  and Wellburn (1983), 

respectively. Fresh leaf tissue (0.1 g) was homogenized in 80% acetone, centrifuged, and the absorbance of the extract was 

recorded at 663, 645, and 470 nm using a spectrophotometer. Chlorophyll a, chlorophyll b, total chlorophyll, and carotenoid 

contents were calculated using the respective equations of Arnon (1949) and Lichtenthaler and Wellburn (1983).  

The inclusion of photosynthetic pigments as indicators of Cr toxicity and ZnO -NP-mediated recovery is supported by recent 

studies showing that heavy -metal stress can disrupt photosynthetic processes, whereas appropriate Zn -based nanoparticle 

application may improve chlorophyll retention and photosynthetic performance (Ramzan et al. , 2023). Photosynthetic traits 

are widely used as sensitive indicators of abiotic and metal stress, while ZnO -NPs can modify pigment content and 

photosynthetic performance (Faseela et al., 2020; Kataria et al., 2019; Salam et al., 2022).  

Biochemical analyses  

Total soluble sugars were estimated using the phenol –sulfuric acid method of Dubois et al. (1956). Fresh leaf tissue (0.1 g) was 

homogenized in distilled water and centrifuged at 3000 rpm for 10 min. The supernatant was reacted with 5% phenol and 

concentrated sulfuric acid, and absorbance was measured at 420 nm. Sugar concentration was calculated using a glucose 

standard curve.  

Free proline was determined following Bates et al. (1973). Fresh leaf tissue (0.1 g) was extracted with sulfosalicylic acid, reacted 

with acid ninhydrin, heated at 100 °C for 1 h, and the resulting chromophore was extracted with toluene. Absorbance was 

measured at 520 nm, and proline concentration was calculated using a standard curve.  

Soluble protein content was estimated according to Lowry et al. (1951). Fresh leaf tissue (0.1 g) was extracted in sodium 

phosphate buffer, centrifuged, and the supernatant was reacted with Lowry reagents. Absorbance was recorded at 650 nm, and 

protein concentration was determined using a protein standard curve.  

The selection of proline, soluble sugars, and protein as biochemical indicators is consistent with recent ZnO -NP studies, in 

which osmolyte accumulation and biochemical adjustment were associated with plant responses to abiotic stress (Khan et al., 

2023; Ramzan et al., 2023). Similar biochemical adjustments involving osmolytes, proteins, and antioxidative process es have 

been documented under nanoparticle-mediated stress mitigation (Noman et al., 2018; Faizan et al., 2021).  

Statistical Analysis  

Data were analyzed using R statistical software (R Core Team, 2024). The experiment was analyzed as a 3 × 3 factorial 

experiment with Cr concentration (0, 50, and 150 ppm) and ZnO -NP concentration (0, 50, and 100 ppm) as fixed factors and 
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three replications. Factorial analysis of variance (ANOVA) was performed separately for each morphological, physiological, an d 

biochemical trait to determine the main effects of Cr, ZnO -NP, and their interaction (Cr × ZnO -NP).  

The percentage reduction caused by Cr stress relative to the unstressed control was calculated as:  

𝑅𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛(%) =
𝐶 − 𝑆

𝐶
× 100 

where C represents the mean value of the control treatment (0 Cr + 0 ZnO -NPs) and S  represents the mean value of the 

corresponding Cr -stressed treatment without ZnO -NPs. This calculation was applied to traits for which a decrease represents 

an adverse response to Cr stress, including growth, chlorophyll, biomass, and membrane stability.  

The ameliorative effect of ZnO -NPs under Cr stress was quantified as percentage recovery:  

𝐴𝑚𝑒𝑙𝑖𝑜𝑟𝑎𝑡𝑖𝑜𝑛(%) =
𝑇 − 𝑆

𝐶 − 𝑆
× 100 

where C is the mean value of the unstressed control, S  is the mean value of the corresponding Cr -stressed treatment without 

ZnO-NPs, and T  is the mean value of the corresponding Cr + ZnO -NP treatment. A value of 0% indicates no recovery, whereas 

100% represents complete restoration to the control level. Values >100% indicate that the ZnO -NP treatment exceeded the 

control value, whereas negative values indicate a response lower than that of the Cr -stressed treatment. This recovery approach 

provides a quantitative estimate of the proportion of Cr -induced deviation restored by ZnO -NP applica tion. 

For proline, which commonly functions as a stress -associated osmolyte, treatment responses were interpreted according to its 

biological role rather than assuming that an increase necessarily represents improved plant performance. A decline in stress -

induced proline toward the control level was considered evidence of alleviation only when accompanied by improvements in 

growth, physiological, or other biochemical traits.  

Pearson's correlation analysis was performed to evaluate the strength and direction of associations among morphological, 

physiological, and biochemical traits. Principal component analysis (PCA) was performed using standardized quantitative trait  

data to identify major sources of multivariate variation and traits contributing most strongly to differential responses to Cr and 

ZnO-NP treatments. A standardized treatment × trait matrix was also visualized using a heatmap to provide an integrated 

comparison of treatment responses.  

Results  

Analysis of variance  

Analysis of variance revealed highly significant ( P ≤ 0.001) effects of Cr concentration on all evaluated traits (table 1), with 

particularly strong effects on MSI, total chlorophyll, fresh weight, dry weight, and chlorophyll a. ZnO -NP application also 

significantly affected all traits except root length, for which the effect was non -significant. The Cr × ZnO -NP interaction was 

highly significant ( P ≤ 0.001) for all traits except protein, where the interaction was significant at P ≤ 0.05. The strongest 

interaction effects were observed for proline, MSI, total chlorophyll, dry weight, chlorophyll a, sugar, shoot length, and root 

length. The significant interaction across most traits indicates that the response to ZnO -NPs varied with Cr concentration and 

demonstrates a strong ZnO -NP-mediated modification of sunflower responses to Cr stress.  

Table 1. Analysis of variance for the effects of chromium (Cr), ZnO nanoparticles, and their interaction on physiological 

and biochemical traits of sunflower  

1. Trait  2. Cr  3. ZnO  4. Cr × ZnO  

5. TChl  6. 5295.92*** 7. 2261.47*** 8. 128.31*** 

9. Chl_a 10. 979.01*** 11. 126.53*** 12. 22.53*** 

13. Chl_b 14. 461.62*** 15. 229.07*** 16. 8.79*** 

17. Root length 18. 46.29*** 19. 1.77 ns 20. 10.77*** 

21. Shoot length 22. 467.33*** 23. 136.24*** 24. 15.23*** 

25. Proline 26. 26.12*** 27. 19.43*** 28. 288.36***  
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29. Protein 30. 127.25*** 31. 29.30*** 32. 2.93* 

33. Sugar  34. 228.37*** 35. 76.51*** 36. 19.01*** 

37. MSI 38. 7571.28*** 39. 1728.28*** 40. 218.61*** 

41. Fresh weight  42. 1232.37*** 43. 42.65*** 44. 10.74*** 

45. Dry weight  46. 590.06***  47. 147.39*** 48. 36.89*** 

ns = non -significant; * = significant at P ≤ 0.05; ** = significant at P ≤ 0.01; *** = significant at P ≤ 0.001.  

Effect of Chromium Stress on Physiological, Biochemical, Growth, and Biomass Traits of Sunflower  

The results in table 2 indicate that chromium stress markedly reduced most physiological, biochemical, growth, and biomass 

traits of sunflower, with generally greater reductions at 150 ppm Cr. The highest reductions were observed for MSI, chlorophy ll, 

dry weight, and protein, whereas proline and sugar showed negative reduction values, indicating an increase under Cr stress.  

At 50 ppm Cr, total chlorophyll, chlorophyll a, and chlorophyll b decreased by 58.45%, 78.53%, and 41.09%, respectively. 

Increasing Cr concentration to 150 ppm resulted in reductions of 62.69%, 73.16%, and 42.60%, respectively. Root and shoot 

lengths were reduced by 29.03% and 37.89% at 50 ppm, with greater reductions o f 32.26% and 47.02% at 150 ppm. Protein 

content declined by 47.34% and 54.99%, while fresh and dry weights decreased by 42.42% and 68.00% at 50 ppm and by 

54.22% and 74.00% at 150 ppm, respectively.  

The membrane stability index showed the strongest decline, decreasing by 77.37% at 50 ppm and 84.16% at 150 ppm Cr, 

demonstrating substantial membrane damage under chromium toxicity. In contrast, proline exhibited negative reduction values 

(−125.96% and −2 13.87%), indicating an increase of approximately 126% and 214%, respectively, as Cr concentration 

increased. Similarly, sugar increased by approximately 26.79% and 34.71%, as indicated by the negative reduction values.  

Table 2. Percentage reduction in physiological, biochemical, growth, and biomass traits of sunflower under 50 and 150 

ppm chromium (Cr) stress.  

49.  Trait  50.  Reduction at 50 ppm Cr (%)  51. Reduction at 150 ppm Cr (%)  

52. Total chlorophyll (TChl)  53. 58.45 54. 62.69 

55. Chlorophyll a (Chl_a)  56. 78.53 57. 73.16 

58. Chlorophyll b (Chl_b)  59. 41.09 60. 42.60  

61. Root length 62. 29.03 63. 32.26 

64. Shoot length 65. 37.89 66. 47.02 

67. Proline 68. −125.96 69. −213.87 

70. Protein 71. 47.34 72. 54.99 

73. Sugar  74. −26.79  75. −34.71 

76. Membrane stability index (MSI)  77. 77.37 78. 84.16 

79. Fresh weight  80.  42.42 81. 54.22 

82. Dry weight  83. 68.00  84. 74.00  

 

Ameliorative Effects of ZnO Nanoparticles on Chromium -Induced Stress in Sunflower  

The results show that foliar application of ZnO nanoparticles ameliorated several adverse effects of chromium stress in 

sunflower, with 100 ppm ZnO showing greater recovery for several traits (table 3). Foliar application of 50 ppm ZnO increased  

total chlo rophyll, chlorophyll a, and chlorophyll b by 38.30%, 14.54%, and 23.51%, respectively. At 100 ppm ZnO , the 

corresponding amelioration increased to 101.62%, 34.96%, and 52.63%, demonstrating a stronger recovery of the 

photosynthetic pigments. Similarly, shoot length improved by 22.52% and 43.05%, while protein content increased by 17.47% 

and 43.23% under 5 0 and 100 ppm ZnO, respectively.  
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The membrane stability index showed the greatest positive response, with amelioration of 46.65% at 50 ppm and 135.85% at 

100 ppm ZnO, indicating a pronounced improvement in membrane stability under the higher ZnO  treatment. Dry weight 

showed an identical amelioration of 46.15% at both ZnO concentrations. Root length improved by 14.29% with 50 ppm ZnO, 

whereas a negative response (−52.38%) was observed at 100 ppm. Fresh weight also showed a negative response at 50 ppm 

(−21.33%) but a slight positive response at 100 ppm (7.64%).  

Proline and sugar exhibited negative amelioration values at both ZnO concentrations. Proline showed values of −52.69% and 

−30.20%, while sugar showed −9.53% and −15.72% at 50 and 100 ppm ZnO , respectively. These negative values indicate that 

ZnO application did not increase these traits relative to the Cr -stressed plants and may reflect the reduction of stress -induced 

osmolyte accumulation following stress alleviation.  

Table 3. Percentage amelioration of chromium -induced stress in sunflower by foliar application of 50 and 100 ppm ZnO 

nanoparticles across physiological, biochemical, growth, and biomass traits.  

85.  Trait  86.  ZnO 50 ppm amelioration (%)  87. ZnO 100 ppm amelioration (%)  

88.  Total chlorophyll (TChl)  89. 38.30 90. 101.62 

91. Chlorophyll a (Chl_a)  92. 14.54 93. 34.96  

94. Chlorophyll b (Chl_b)  95. 23.51 96. 52.63  

97. Root length 98. 14.29 99. −52.38  

100. Shoot length 101. 22.52 102. 43.05  

103. Proline 104. −52.69  105. −30.20  

106. Protein 107. 17.47 108. 43.23  

109. Sugar  110. −9.53  111. −15.72 

112. Membrane stability index (MSI)  113. 46.65 114. 135.85 

115. Fresh weight  116. −21.33 117. 7.64 

118. Dry weight  119. 46.15 120. 46.15 

 

ZnO Nanoparticle -Mediated Recovery from Chromium -Induced Stress in Sunflower  

The results indicate that ZnO  nanoparticles promoted substantial recovery of sunflower plants from the adverse effects of 150 

ppm Cr stress, with the magnitude of recovery generally greater at 100 ppm ZnO than at 50 ppm ZnO (table 4). Total chlorophyl l 

recovered by 22.80% with 50 ppm ZnO + 150 ppm Cr and by 60.49% with 100 ppm ZnO + 150 ppm Cr. Similarly, chlorophyll 

a recovery increased from 5.34% to 12.83%, while chlorophyll b recovery increased markedly from 31.69% to 70.93% with 

increasing ZnO concentration.  

Growth traits also showed considerable recovery. In contrast, shoot length recovered by 25.37% and 48.51% under 50 and 100 

ppm ZnO, respectively. Protein content showed recovery of 14.30% at 50 ppm and 35.39% at 100 ppm ZnO. Sugar exhibited 

substantial rec overy, increasing from 36.99% to 61.00% with increasing ZnO concentration.  

A notable recovery was also observed in stress -related biochemical and membrane parameters. Proline showed 77.33% 

recovery with 50 ppm ZnO and 44.32% with 100 ppm ZnO , while MSI recovered by 8.78% and 25.58%, respectively. Dry 

weight showed 16.22% recovery at both ZnO concentrations. Fresh weight showed a negative recovery at 50 ppm ZnO 

(−18.01%) but a slight positive recovery (6.45%) at 100 ppm ZnO.  
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Table 4. Percentage recovery of chromium -induced stress in sunflower following ZnO nanoparticle application under 

150 ppm Cr  

121. Trait  122. ZnO 50 ppm + Cr 150 ppm (%)  123. ZnO 100 ppm + Cr 150 ppm (%)  

124. Total chlorophyll (TChl)  125. 22.80  126. 60.49  

127. Chlorophyll a (Chl_a)  128. 5.34 129. 12.83 

130. Chlorophyll b (Chl_b)  131. 31.69 132. 70.93 

133. Root length 134. 30.00  135. −110.00  

136. Shoot length 137. 25.37 138. 48.51 

139. Proline 140. 77.33 141. 44.32 

142. Protein 143. 14.30 144. 35.39 

145. Sugar  146. 36.99 147. 61.00 

148. Membrane stability index (MSI)  149. 8.78 150. 25.58 

151. Fresh weight  152. −18.01 153. 6.45 

154. Dry weight  155. 16.22 156. 16.22 

 

Correlation Analysis of Traits Under Cr Stress and ZnO Treatments  

The correlation matrix highlights two contrasting physiological clusters in sunflowers under chromium stress and ZnO  

nanoparticle treatments: The first cluster includes growth parameters (Root_Length, Shoot_Length), biomass traits 

(Fresh_Weight, Dry_Weight), photosynthetic pigments (Chl_a, Chl_b, TChl ), Protein, and membrane stability (MSI) as 

presented in figure 1. These traits show strong positive correlations with one another (dark blue circles), indicating that t hese 

traits were positively associated with plant growth and biomass accumulation. The second cluster centers on stress -responsive 

osmolytes, specifically Sugar. Soluble sugar content exhibits strong negative correlations (dark red circles) with all growth , 

biomass, and chlorophyll traits. This inverse relationship indicates that under heavy  metal stress, plants divert energy from 

growth toward sugar accumulation for osmotic defense, whereas effective ZnO nanoparticle treatments reduce stress levels, 

lowering sugar accumulation while promoting growth.  

 

 

Figure 1.  Correlation matrix showing the relationships among physiological, biochemical, growth, and biomass traits 

of sunflower under chromium stress and ZnO nanoparticle treatments.  
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Hierarchical Cluster Analysis  

The hierarchical clustering heatmap divides the nine treatment combinations ( 3 × 3 factorial of Cr stress and foliar ZnO -NPs) 

into two distinct trait and response profiles (figure 2). Growth parameters (Root_Length, Shoot_Length), biomass traits 

(Fresh_Weight, Dry_Weight), photosynthetic pigments (Chl_a, Chl_b, TChl), soluble protein, a nd membrane stability (MSI) 

cluster tightly together, showing elevated expression (red/orange z -scores) in treatments where foliar ZnO -NPs mitigated 

chromium toxicity. This demonstrates that ZnO -NP applications protect cellular membranes and chlorophyll synthesis, directly 

sustaining vegetative growth and biomass accumulation. Conversely, stress osmolytes (Sugar and Proline) form a separate, 

isolated cluster that peaks primarily under severe, unm itigated chromium stress (T3). Under high Cr toxicity, sunflower plants 

divert metabolic resources toward osmoprotectant synthesis for survival, resulting in reduced chlorophyll and biomass. Foliar  

ZnO-NP treatments effectively reverse this trend, suppressing stress -induced osmolyte reliance while restoring normal 

photosynthetic and growth processes.  

 

 

Figure 2 . Hierarchical cluster heatmap displaying the differential responses of physiological, biochemical, growth, and 

biomass traits in sunflower ( Helianthus annuus  L.)  

Principal Component Analysis (PCA)  

The Principal Component Analysis (PCA) biplot accounts for 91.2% of the total dataset variance (figure 3), effectively 

partitioning the responses into two main components: Dimension 1 (80.9%) and Dimension 2 (10.3%). Dimension 1 serves as 

the primary axis differentiating plant vigor from chromium -induced stress, where non-stressed and ZnO-NP-treated plants (T1, 

T4, T5, T6) cluster on the positive (right) side alongside vectors for photosynthetic pigments (Chl_a, Chl_b, TChl), biomass 

(Dry_Weight), growth ( Shoot_Length), soluble protein, and membrane stability (MSI). In sharp contrast, chromium -stressed 

treatments (T2, T3, T8, T9) plot on the negative (left) side, aligning directly with elevated Sugar content. This spatial div ergence 

confirms that while Cr s tress restricts growth and suppresses photosynthetic efficiency, foliar application of ZnO -NPs drives 

recovery along Dimension 1 toward higher biomass and pigment retention. Meanwhile, Dimension 2 is mainly defined by the 

orthogonal vector for Proline, capturing specific osmotic adjustments across the treatment groups. The strong opposite 

orientation between Sugar and growth/pigment vectors further illustrates the metabolic shift from biomass production to 

stress-induced osmoprotection. 
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Figure 3 . Principal Component Analysis (PCA) biplot illustrating the grouping of sunflower ( Helianthus annuus  L.) 

traits and treatment combinations (T1 –T9) under chromium stress and foliar ZnO nanoparticle applications . 

Discussion  

Chromium Stress and Physiological Impairment  

Chromium (Cr) significantly affected all measured traits (P ≤ 0.001), particularly membrane stability index (MSI), total 

chlorophyll, fresh weight, dry weight, and chlorophyll a. These findings agree with reports that Cr toxicity disrupts nutrien t 

uptake, photosynthesis, membrane integrity, and biomass production (Shanker et al., 2005; Shahid et al., 2017; Ulhassan  et al., 

2022). Comparable Cr -related physiological impairment and nanoparticle -mediated attenuation have been documented in rice 

and soybean (Basit et al., 2022b; Basit et al., 2023b).  

Total chlorophyll declined by 58.45% and 62.69% at 50 and 150 ppm Cr, respectively. Chlorophyll a decreased by 78.53% and 

73.16%, while chlorophyll b declined by 41.09% and 42.60%. These reductions may result from nutrient interference, oxidative 

damage, impaired pigment biosynthesis, and disrupted electron transport. Because chlorophyll a reduction was greater at 50 

ppm, the results indicate severe pigment disruption at both concentrations rather than a strictly linear dose response. Such 

pigment losses ar e consistent with metal -induced disruption of chloroplast function, electron transport, and chlorophyll 

fluorescence (Paunov et al., 2018; Faseela et al., 2020).  

MSI declined by 77.37% and 84.16% at 50 and 150 ppm Cr, respectively, suggesting substantial oxidative membrane injury, 

lipid peroxidation, and electrolyte leakage. Root length decreased by 29.03% and 32.26%, shoot length by 37.89% and 47.02%, 

fresh weight  by 42.42% and 54.22%, and dry weight by 68.00% and 74.00%. The greater reduction in dry weight indicates 

impaired biomass accumulation. The stronger effects on shoots and biomass suggest major disruption of aerial physiological 

processes; however, Cr accu mulation and translocation were not measured. Heavy -metal stress commonly reduces growth and 

biomass as oxidative damage and nutrient imbalance intensify (Fattahi et al., 2019; Hussain et al., 2018).  

Proline increased by approximately 126% and 214%, while soluble sugars increased by 26.79% and 34.71% at 50 and 150 ppm 

Cr, respectively. These changes likely represent osmotic adjustment, membrane and protein stabilization, and redox regulation  

rather than improved growth. The simultaneous decline in growth, chlorophyll, protein, MSI, and biomass suggests metabolic 

investment in stress protection (Shahid et al., 2017; Ulhassan  et al., 2022). Protein content decreased by 47.34% and 54.99%, 

possibly because of inhibited protein synthesis, oxidative damage, altered nitrogen metabolism, and increased proteolysis. 

Proline and soluble sugars can contribute to osmotic adjustment and c ellular protection under stress, although their 

accumulation often reflects stress intensity rather than productivity (Hayat et al., 2012; Noman et al., 2018).  

ZnO nanoparticles (ZnO -NPs) significantly affected nearly all traits, except root length, and the Cr × ZnO interaction was 

significant for most traits. Total chlorophyll, chlorophyll a, and chlorophyll b increased by 38.30%, 14.54%, and 23.51% with  

50 ppm ZnO, compared with 101 .62%, 34.96%, and 52.63% with 100 ppm ZnO. This suggests stronger pigment recovery at 

100 ppm, potentially due to Zn -mediated improvement in enzyme activity, protein metabolism, membrane stability, and 

antioxidant protection (Khan et al., 2023; Ulhassan  et al., 2022). Similar improvements under Cr stress have been reported in 

maize and chickpea. Similar ZnO -NP-induced improvements in growth, pigments, and antioxidant performance have been 
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reported in chickpea, tomato, cilantro, maize, and wheat (Burman et al., 2013; Pullagurala et al., 2018; Faizan et al., 2021;  Salam 

et al., 2022; Adrees et al., 2021).  

MSI amelioration reached 46.65% and 135.85% with 50 and 100 ppm ZnO , respectively. Dry weight improved by 46.15% at 

both concentrations, while shoot length increased by 22.52% and 43.05% and protein content by 17.47% and 43.23%. These 

responses indicate coordinated improvements in photosynthesis, growth, protein metabolis m, and membrane stability. Root 

length increased by 14.29% with 50 ppm ZnO but showed a −52.38% response at 100 ppm. This indicates that ZnO effects were 

concentration- and trait -dependent; excessive ZnO  exposure may disturb nutrient balance, increase ROS, or inhibit growth 

(Kang et al., 2024). Thus, 100 ppm was more effective for most traits but was not universally beneficial. Zinc can support 

membrane integrity, enzyme function, and stress tolerance, an d ZnO -based treatments may also reduce heavy -metal 

accumulation or improve nutrient balance (Ajouri et al., 2004; Huang et al., 2019; Rizwan et al., 2019a; Rizwan et al., 2019b ). 

Proline amelioration values were −52.69% and −30.20%, while sugar values were −9.53% and −15.72% at 50 and 100 ppm 

ZnO. Under 150 ppm Cr, proline recovery reached 77.33% and 44.32%, while sugar recovery reached 36.99% and 61.00%, 

respectively. Reduced accu mulation of these stress -associated metabolites, alongside improved growth, chlorophyll, protein, 

MSI, and biomass, may indicate reduced stress pressure rather than a negative ZnO  effect. Similar shifts in stress metabolites 

and antioxidant systems following ZnO -NP treatment have been observed in several crop species (García -López et al., 2019; 

Venkatachalam et al., 2017a; Venkatachalam et al., 2017b).  

At 150 ppm Cr, total chlorophyll recovery increased from 22.80% with 50 ppm ZnO  to 60.49% with 100 ppm, while chlorophyll 

b recovery increased from 31.69% to 70.93%. Shoot length recovery increased from 25.37% to 48.51%, and protein recovery 

from 14.30% to 35.39%. However, root recovery declined from 30.00% to −110.00%, and fresh -weight recovery was −18.01% 

and 6.45%. These results confirm that 100 ppm generally improved recovery but responses remained trait -specific. The trait -

specific nature of recovery is consistent with evidence that ZnO -NP effects depend on dose, plant species, exposure pathway, 

and the prevailing stress environment (Sheteiwy et al., 2021; Basit et al., 2023a; Ulhassan et al., 2023).  

Growth, biomass, chlorophyll, protein, and MSI showed strong positive associations, reflecting their shared roles in 

photosynthesis, cellular integrity, and biomass production. Soluble sugars were negatively associated with growth, biomass, 

and chlorophyll , likely reflecting stress -related metabolic allocation. However, correlation indicates association, not causation. 

Hierarchical clustering grouped growth, biomass, pigments, protein, and MSI separately from proline and sugar, distinguishing  

performance-related and stress -responsive traits. PCA explained 91.2% of total variation (Dim1 = 80.9%; Dim2 = 10.3%). 

Dimension 1 separated treatments according to plant vigor and Cr stress, while Dimension 2 was mainly associated with proline . 

ZnO-treated plants generally shifted toward improved growth and photosynthetic functioning. These coordinated multivariate 

patterns agree with the close physiological coupling among photosynthesis, membrane integrity, biomass production, and stress  

metabolism (Kataria et al., 2019; Mittler, 2017).  

Cr stress caused substantial reductions in photosynthetic pigments, growth, protein, MSI, and biomass, while increasing proli ne 

and soluble sugars. ZnO -NPs modified these responses, with 100 ppm generally producing greater improvement in chlorophyll, 

shoot length, protein, MSI, and recovery traits. Nevertheless, negative responses in root length and some recovery variables 

demonstrate that ZnO effects de pend on dose, exposure conditions, nanoparticle properties, and plant genotype (Khan et al., 

2023; Ulhassan et al., 2022; Kang et al., 2024). Studies across crops likewise show that ZnO -NPs may be beneficial within an 

effective concentration range while becoming neutral or inhibitory at higher exposure levels (Mahajan et al., 2011; Pandey et  

al., 2010; Singh et al., 2016; Wang et al., 2016; Yoon et al., 2014).  

Conclusion  

Overall, the findings indicate that foliar ZnO nanoparticles have considerable potential as a nanotechnology -based strategy for 

alleviating Cr -induced physiological and biochemical stress in sunflower. The results are particularly encouraging because ZnO  

treatment improved several interconnected attributes rather than a single trait. However, optimization of nanoparticle 

concentration and application strategy remains essential to maximize stress alleviation while minimizing possible nanoparticl e-

associated phytotoxicity.  
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