
Silicon and Selenium nanoparticles synergistically
alleviate arsenic toxicity and enhance chamomile
(Matricaria chamomilla L.) yield and quality under
drought stress
Afshin Nourizadeh 

Lorestan University
Mahboobeh Jalali 

Lorestan University

Article

Keywords: Arsenic toxicity, Chamomile, Drought stress, Nanocomposite, Selenium nanoparticles, Silicon
nanoparticles

Posted Date: September 11th, 2026

DOI: https://doi.org/10.21203/rs.3.rs-10691832/v1

License:   This work is licensed under a Creative Commons Attribution 4.0 International License.  
Read Full License

Additional Declarations: No competing interests reported.

https://doi.org/10.21203/rs.3.rs-10691832/v1
https://doi.org/10.21203/rs.3.rs-10691832/v1
https://doi.org/10.21203/rs.3.rs-10691832/v1
https://creativecommons.org/licenses/by/4.0/


Silicon and Selenium nanoparticles synergistically alleviate arsenic toxicity 1 

and enhance chamomile (Matricaria chamomilla L.) yield and quality under 2 

drought stress 3 

 4 

Afshin Nourizadeh, Mahboobeh Jalali 5 

Soil Sciences Department, Faculty of Agriculture, Lorestan University, Khorramabad, Iran, Jalali.mah@lu.ac.ir 6 

 7 

Abstract 8 

German chamomile (Matricaria chamomilla L.)  faces  threats from drought and arsenic contamination, 9 

which compromise its medicinal quality and yield. This study evaluated the combined application of silicon 10 

and selenium nanoparticles to counteract these stresses. A greenhouse factorial experiment was conducted 11 

with two irrigation levels (95% and 55% field capacity), two arsenic concentrations (0 and 50 mg kg⁻¹), 12 

and five nanoparticle regimes: control, SiNPs alone, SeNPs alone, a physical mixture (nSi+nSe), and a pre-13 

synthesized silicon-selenium nanocomposite (nSi@nSe). Exposure to concurrent drought and arsenic stress 14 

diminished plant height, flower yield, chlorophyll content, essential oil percentage, and bioactive 15 

constituents like chamazulene and α-Bisabolol. It elevated oxidative stress markers, including 16 

malondialdehyde (MDA) and electrolyte leakage (EL), alongside increased phenol content and arsenic 17 

accumulation in roots and shoots. Among treatments, the nSi@nSe proved most effective. It reduced MDA 18 

by 46% and EL by 45% relative to the stressed control. Furthermore, it significantly curtailed arsenic 19 

uptake, lowering root concentrations from 23.2 to 15.5 mg kg⁻¹ DW and shoot levels from 10.08 to 5 mg 20 

kg⁻¹ DW, while decreasing the translocation factor from 0.45 to 0.32. This treatment boosted chamazulene 21 

and essential oil yields even under severe stress.  nSi@nSe synergistically secures chamomile yield, safety, 22 

and medicinal integrity in contaminated droughts . 23 

 24 

Keywords: Arsenic toxicity, Chamomile, Drought stress, Nanocomposite, Selenium nanoparticles, Silicon 25 

nanoparticles 26 

 27 

1. Introduction 28 

German chamomile (Matricaria chamomilla L.) is undeniably a high-value medicinal plant, but from my 29 

perspective as a soil chemist and plant nutritionist, its economic significance, rooted in the anti-30 

inflammatory and antimicrobial compounds chamazulene and α-bisabolol is only half the story [1]. The 31 
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essential oil, which is produced and stored in the glandular trichomes of the flower heads, commands a high 32 

market price. However, the primary constraint in arid and semi-arid regions is not soil fertility or fertilizer 33 

management, but rather the availability of water. Drought doesn't just shrink yields; it directly impairs the 34 

biosynthesis of those very secondary metabolites that give the oil its value. So, for sustainable production, 35 

our focus as crop scientists must shift from chasing higher biomass to managing soil water-holding capacity 36 

and irrigation efficiency, because without addressing water stress, even the best-nourished chamomile plant 37 

will fail to deliver its chemical potential [2].  38 

From a physiological standpoint, drought stress is a multifactorial inhibitor. It disrupts stomatal 39 

conductance. It also impairs mesophyll CO₂ diffusion. This reduces photosystem II efficiency. 40 

Consequently, net photosynthesis declines. Less biomass accumulates in reproductive organs. Terpenoid 41 

biosynthesis is also directly reduced [3, 4]. Water deficit triggers a specific stress response in chamomile. 42 

Chlorophyll degrades progressively [5]. Osmotic adjustment occurs via proline and glycine betaine 43 

accumulation. The essential oil chemoprofile also changes qualitatively [6]. Moderate stress can increase 44 

oil percentage on a dry-weight basis. This is a concentration effect. However, total flower biomass per plant 45 

decreases substantially. Net oil yield per unit area is significantly reduced. This has a negative impact on 46 

commercial viability. 47 

Arsenic contamination adds another layer of complexity. This toxic metalloid enters the soil-plant system 48 

through various pathways. These include contaminated irrigation water and historical pesticide use. A 49 

critical pathway is the use of phosphate fertilizers. These fertilizers are derived from sedimentary apatite 50 

with high arsenic levels [7]. In soil, arsenic is mainly present as arsenate [As(V)]. It is a phosphate analog. 51 

It enters roots via high-affinity phosphate transporters. Arsenite [As(III)] enters through aquaglyceroporin 52 

channels [8]. Once inside, arsenic triggers a cascade of toxic effects. It uncouples oxidative 53 

phosphorylation. It competitively inhibits ATP and nucleic acid metabolism. Crucially, it generates reactive 54 

oxygen species via Fenton-type reactions. This leads to lipid peroxidation and protein carbonylation. 55 

Photosynthetic pigments are destroyed, compromising cellular integrity [9]. For chamomile, this creates a 56 

dual problem. Agronomic performance decreases. Product safety for human consumption is compromised. 57 

This is a serious concern for herbal preparations [7].   58 

Drought and arsenic stress often co-occur. They frequently overlap in regions with water scarcity and 59 

industrial contamination. Critically, the combined effect is often synergistic. Plants show heightened 60 

sensitivity. Mitigation strategies must address both stressors and this requires effective and sustainable 61 

intervention approaches [10].  62 



Nanotechnology offers a promising frontier. Nanoparticles have a high specific surface area. They exhibit 63 

unique physicochemical properties. Amorphous silicon dioxide and elemental selenium nanospheres have 64 

shown distinct stress-ameliorative properties [11]. Silicon nanoparticles (SiNPs) provide structural and 65 

biochemical protection. At the apoplastic level, SiNPs polymerize below the cuticle. This reinforces cell 66 

walls and reduces water loss. It also restricts the apoplastic flow of toxic metalloid cations. Silicon 67 

modulates aquaporin expression, sustaining root hydraulic conductivity. Biochemically, silicon primes the 68 

ascorbate-glutathione cycle and it enhances the redox buffering capacity. For heavy metals, SiNPs promote 69 

rhizospheric arsenic complexation. They reduce root-to-shoot translocation. They enhance vacuolar 70 

sequestration of arsenic [12].  71 

Selenium nanoparticles (SeNPs) function differently. They are beneficial, though not essential, trace 72 

elements. Se acts as a cofactor for glutathione peroxidase-like activity. At optimal concentrations, SeNPs 73 

reduce oxidative stress markers like MDA and H₂O₂. They sustain photosystem II efficiency. They augment 74 

non-enzymatic antioxidants like phenolics and flavonoids. Also, SeNPs regulate phytohormonal crosstalk 75 

(auxin, gibberellin, ABA). This enhances stomatal sensitivity and overall stress resilience [13].  76 

Combined nanoparticle application may yield synergistic benefits. Si and Se nanoparticles target multiple 77 

stress pathways simultaneously. Silicon provides a physical and structural shield. Selenium reinforces the 78 

biochemical antioxidant network. This creates a comprehensive defense phenotype. Research on synergistic 79 

effects in medicinal plants is limited. German chamomile is an ideal model system. It has a well-80 

characterized secondary metabolome and economic sensitivity. Mechanistic understanding is essential for 81 

field-deployable strategies. 82 

This study was designed to evaluate the individual and combined effects of silicon and selenium 83 

nanoparticles on mitigating arsenic toxicity, improving quantitative yield parameters, enhancing qualitative 84 

traits and modulating physiological and biochemical responses under drought stress, while rigorously 85 

testing the hypothesis that their synergistic application confers superior stress tolerance and offers a 86 

promising strategy for enhancing chamomile production in marginal environments. 87 

 88 

2. Results 89 

2.1. Characterization of SiNPs and SeNPs 90 

Silicon nanoparticles used in this study were procured from Krangin Company (Iran). To verify particle 91 

size and purity, scanning electron microscopy (SEM) and energy-dispersive X-ray spectroscopy (EDS) 92 

analyses were performed at the Razi Metallurgy Research Institute (Fig. 1). The EDS spectrum confirmed 93 

the elemental composition of the nanoparticles as SiO₂, revealing two distinct sharp peaks in the 0–5 keV 94 



region, corresponding to oxygen and silicon, respectively. SEM micrographs revealed relatively spherical 95 

nanoparticles with uniform size distribution on the surface. The average particle size was estimated to range 96 

between 8–10 nm, with a mean diameter of 8.3 nm. 97 

(A)                                                            (B) 

 
 98 

Fig. 1 Scanning electron microscopy (SEM) image (A) and energy-dispersive X-ray spectroscopy (EDS) 99 

spectrum (B) of SiNPs 100 

Selenium nanoparticles were obtained from Pishgaman Nanomaterials Iranian Company (Fig 2). The 101 

nanoparticles exhibited the following characteristics: particle size range of 10–45 nm, bulk density of 3.89 102 

g cm⁻³, approximately spherical morphology, zeta potential of –32.8 mV, Z-average of 41.35 nm, and 103 

polydispersity index (PDI) of 0.565. 104 

(A) (B) 

 
 

 105 

Fig. 2 Scanning electron microscopy (SEM) image (A) and energy-dispersive X-ray spectroscopy (EDS) 106 

spectrum (B) of SeNPs 107 

 108 



2.2. Effect of SiNPs and SeNPs on morphologic parameters 109 

The results of analysis of variance regarding the effects of different treatments on the morphological traits 110 

of chamomile plants showed that only the main effects were significant for plant height, capitulum diameter, 111 

number of lateral branches, and flower yield at the 1% probability level, while the interactive effects were 112 

not significant (Table 1). 113 

 114 

Table 1 Variance analysis results of the effect of drought stress (D), arsenic (A), and nanoparticles (N) on 115 

morphologic parameters of Matricaria chamomilla L. 116 

Flower yield 

 

Number of lateral 

branches per plant 

Capitulum 

diameter 

Plant 

Height  
df 

Source of 

variation 

37593.70** 3.48** 859.24* 17.36** 1 D 

23.98** 1.34** 55.091** 120.49** 1 A 

414.54** 0.68** 76.31** 24.65** 4 N 

45.93 ns 0.79 ns 15.88 ns 9.660 ns 1 D*A 

27.89 ns 0.86 ns 38.43 ns 11.045 ns 1 D*N 

256.41 ns 0.54 ns 48.3 ns 19.33 ns 4 A*N 

168.34 ns 0.31 ns 23.69 ns 7.033 ns 4 D*A*N 

58.92 0.006 12.96 8.67 30 Residual 

8.55 9.68 17.36 13.97 - CV (%) 

"*" and "**" indicate significant difference at levels of 5% and 1%, respectively, and " ns " indicates non-significant 117 

effect. 118 

 119 

The mean comparison results indicated that both water deficit stress and arsenic stress significantly reduced 120 

plant height compared to the control treatment (Table 2). In contrast, the combined application of SiNPs 121 

and SeNPs, either as a nanocomposite or as a physical mixture, resulted in a significant increase in plant 122 

height relative to both the control treatment and the individual application of each nanoparticle. 123 

Furthermore, the evaluation of other traits, including capitulum diameter, number of lateral branches, and 124 

flower yield, revealed that water deficit and arsenic stresses caused significant reductions in these 125 

parameters (Table 3). The maximum values of capitulum diameter, lateral branch number, and flower yield 126 

were observed in Si@Se treatment. 127 

 128 

Table 2 The main effects of drought stress (D), arsenic (A), and nanoparticles (N) on morphologic 129 

parameters of Matricaria chamomilla L. 130 



 Plant height 
(cm) 

capitulum 
diameter (cm) 

Number of sub-
branches 

 

Flower yield (kg 
ha-1) 

D     

D0 40.28± 1.25a 2.09 ± 0.03a 12.17± 0.12a 225.3± 10.85a 

D1 37.87 ± 1.42b 1.53 ± 0.02b 8.83 ± 0.32b 160.4 ± 11.64b 

A (mgkg-1)     

A0 41.82 ± 1.13a 2.11 ± 0.01a 12.42± 0.25a 241.9± 15.25a 

A1 38.42 ± 1.32b 1.74 ± 0.02b 9.96 ± 0.33b 173.6 ± 12.42b 

N (mg kg-1)     

C 39. 5 ± 1.47d 2.01± 0.09d 11.03± 0.29d 236.7± 10.88c 

nSi 45.61 ± 1.38b 2.48 ± 0.04c 12.15 ± 0.34c 295.4 ± 13.92b 

nSe 44.75 ± 1.65bc 2.50 ± 0.01b 13.85 ± 0.14b 272.1± 14.66b 

nSi+ nSe 46.93 ± 1.95ab 2.65 ± 0.01b 15.21 ± 0.51ab 315.4± 20.08a 

nSi@nSe 48.4 ± 1.01a 2.83 ± 0.01a 16.4 ± 0.40a 330.7± 19.73a 

Duncan's multiple range test (DMRT) indicates that there is no significant difference between the same letters at 131 

P≤0.05. 132 

 133 

 134 

2.3. Effect of of SiNPs and SeNPs on physiological parameters 135 

Analysis of variance revealed that drought stress (D), arsenic (A), and nanoparticles (N) had significant 136 

individual effects on most of the physiological parameters assessed in Matricaria chamomilla L (Table 4). 137 

Drought stress significantly influenced all measured traits, including total chlorophyll, total phenol, EL, 138 

MDA content, SOD activity, and RWC, at either 1% or 5% probability levels. Arsenic application also 139 

exhibited highly significant effects (p < 0.01) on all studied parameters. Furthermore, nanoparticle 140 

treatment significantly affected total chlorophyll, MDA content, SOD activity, and RWC, while its effect 141 

on total phenol was not significant. Among the two-way interactions, the D×A interaction was significant 142 

for total chlorophyll, total phenol, and EL; the D×N interaction was significant for total chlorophyll, total 143 

phenol, and EL; and the A×N interaction was significant for total chlorophyll and total phenol. The three-144 

way interaction (D×A×N) was only significant for total chlorophyll and total phenol (Table 3).  145 

 146 

Table 3: Variance analysis results of the effect of drought stress (D), arsenic (A), and nanoparticles (N) on 147 

physiological parameters of Matricaria chamomilla L. 148 

Total 

chlorophyll 

Total 

phenol 

 

Electrolyte 

leakage 

MDA 

content 

SOD 

activity 

RWC 

 

df 
Source of 

variation 

8.71** 26.64* 37593.70** 3.48** 859.24* 17.36** 1 D 



899.6** 64.87** 23.98** 1.34** 55.091** 120.49** 1 A 

7.04 ** 87.32 ns 414.54** 0.68** 76.31** 24.65** 4 N 

2.28 ** 10.54 ** 45.93 ns 0.79 ns 15.88 ns 9.660 ns 1 D*A 

0.62 ** 12.65 * 27.89 ns 0.86 ns 38.43 ns 11.045 ns 1 D*N 

1.7 ** 9.76 ** 256.41 ns 0.54 ns 48.3 ns 19.33 ns 4 A*N 

2.85 * 5.87 ** 168.34 ns 0.31 ns 23.69 ns 7.033 ns 4 D*A*N 

0.26 0.97 58.92 0.006 12.96 8.67 30 Residual 

2.11 11.76 8.55 9.68 17.36 13.97 - CV (%) 

"*" and "**" indicate significant difference at levels of 5% and 1%, respectively, and " ns " indicates non-149 

significant effect. 150 

 151 

The results showed that the highest percentage of RWC was observed at 95% FC without salinity stress in 152 

the treatment of nSi@nSe (59.4%) (Fig. 3). However, no significant difference was found between this 153 

treatment and the combined treatment of nSi+ nSe under both no-salinity and drought stress conditions. 154 

Exposure to arsenic alone (A1D0) or drought alone (A0D1) generally increased the values across treatments 155 

compared to the control condition, indicating stress-induced elevation of the parameter. Under combined 156 

arsenic and drought stress (A1D1), the highest values were observed, suggesting a synergistic exacerbation 157 

of stress effects (Figure 3).  158 

 159 

Fig. 3. The interplay between different treatments (drought stress (D), arsenic (A), and nanoparticles (N)) on the on 160 

RWC of Matricaria chamomilla L. Abbreviations:  A0: no arsenic stress, A1: soil contaminated with 50 mg  kg-1 161 

arsenic; N: no nanoparticles, nSi: application of silicon nanoparticles, nSe: application of selenium 162 

nanoparticles, nSi+nSe: application of a mixture of silicon nanoparticles and selenium nanoparticles, nSi@nSe: 163 

application of a composite of silicon nanoparticles and selenium nanoparticles. DMRT indicates that there is no 164 

significant difference between the same letters at p ≤ 0.05. 165 



 166 

The results showed that, both drought and arsenic stresses increased SOD enzyme activity (Fig. 4). The 167 

highest activity of this enzyme was observed in the control treatment in soil contaminated with 50 mg kg-168 

1 arsenic at 0.55 FC. Under non-stress conditions, no significant difference was observed among the 169 

different nanoparticle treatments, but as stress increased, this difference became more pronounced (Fig. 4).  170 

 171 

 172 

Fig 4. The interplay between different treatments (drought stress (D), arsenic (A), and nanoparticles (N)) on the on 173 

SOD activity of Matricaria chamomilla L. Abbreviations:  A0: no arsenic stress, A1: soil contaminated with 50 mg  174 

kg-1 arsenic; N: no nanoparticles, nSi: application of silicon nanoparticles, nSe: application of selenium 175 

nanoparticles, nSi+nSe: application of a mixture of silicon nanoparticles and selenium nanoparticles, nSi@nSe: 176 

application of a composite of silicon nanoparticles and selenium nanoparticles. DMRT indicates that there is no 177 

significant difference between the same letters at p ≤ 0.05. 178 

 179 

Regarding the effect of different treatments on MDA content, the results showed that this trait increased 180 

with increasing stress (drought and arsenic) (Fig. 5). Under drought stress conditions (0.55% FC) and with 181 

the application of 50 mg kg-1 arsenic, the application of nSi@nSe reduced MDA content by 46% compared 182 

to the control treatment. Under non-stress conditions (A0D0), the lowest value was recorded in the 183 

nSi@nSe treatment (9.6 µg g-1FW), while the control showed the highest (14.6 µg g-1FW), indicating that 184 

nanoparticle application, particularly the nSi@nSe, effectively reduced stress-related parameters even in 185 

the absence of exogenous stressors. Exposure to arsenic alone (A1D0) or drought alone (A0D1) increased 186 

the measured values across all treatments compared to their respective non-stressed controls, with drought 187 

stress generally exerting a more pronounced effect than arsenic. The combined application of arsenic and 188 

drought (A1D1) resulted in the highest values, confirming a synergistic exacerbation of oxidative damage 189 

(Fig. 5).  190 



 191 

Fig. 5. The interplay between different treatments (drought stress (D), arsenic (A), and nanoparticles (N)) on the on 192 

MDA content of Matricaria chamomilla L. Abbreviations: A0: no arsenic stress, A1: soil contaminated with 50 mg  193 

kg-1 arsenic; N: no nanoparticles, nSi: application of silicon nanoparticles, nSe: application of selenium 194 

nanoparticles, nSi+nSe: application of a mixture of silicon nanoparticles and selenium nanoparticles, nSi@nSe: 195 

application of a composite of silicon nanoparticles and selenium nanoparticles. DMRT indicates that there is no 196 

significant difference between the same letters at p ≤ 0.05. 197 

 198 

The results regarding the effect of different treatments on EL showed that as drought stress increased, EL 199 

significantly increased across all treatments (Fig. 6). Arsenic contamination also led to an increase in EL. 200 

The highest value of this trait (62.3%) was observed in the control treatment under 0.55% FC with the 201 

application of 50 mg kg-1 arsenic, while the lowest value (17.2%) was recorded in the treatment with nano-202 

silicon application under 0.95% FC and without arsenic stress (Fig. 6).   203 

 204 

Fig. 6. The interplay between different treatments (drought stress (D), arsenic (A), and nanoparticles (N)) on the on 205 

EL of Matricaria chamomilla L. Abbreviations: A0: no arsenic stress, A1: soil contaminated with 50 mg  kg-1 206 

arsenic; N: no nanoparticles, nSi: application of silicon nanoparticles, nSe: application of selenium 207 

nanoparticles, nSi+nSe: application of a mixture of silicon nanoparticles and selenium nanoparticles, nSi@nSe: 208 



application of a composite of silicon nanoparticles and selenium nanoparticles. DMRT indicates that there is no 209 

significant difference between the same letters at p ≤ 0.05. 210 

 211 

Comparison of the mean data showed that with increasing drought and arsenic stress, total phenol content 212 

significantly increased across all treatments (Fig. 7). Under the combined condition of drought stress and 213 

arsenic stress (0.55% FC  A1), no significant differences were observed among the various treatments. 214 

 215 

Fig. 7. The interplay between different treatments (drought stress (D), arsenic (A), and nanoparticles (N)) on the on 216 

total phenol of Matricaria chamomilla L. Abbreviations: A0: no arsenic stress, A1: soil contaminated with 50 mg kg-217 

1 arsenic; N: no nanoparticles, nSi: application of silicon nanoparticles, nSe: application of selenium 218 

nanoparticles, nSi+nSe: application of a mixture of silicon nanoparticles and selenium nanoparticles, nSi@nSe: 219 

application of a composite of silicon nanoparticles and selenium nanoparticles. DMRT indicates that there is no 220 

significant difference between the same letters at p ≤ 0.05. 221 

 222 

 223 

The comparison of mean values revealed that with increasing drought stress, leaf chlorophyll content 224 

decreased significantly (Fig. 7). The highest SPAD content was observed under the combined application 225 

of silicon and selenium nanoparticles, whether in the form of a composite or as a physical mixture. 226 

Conversely, the lowest chlorophyll content was recorded in the control treatment under drought stress at 227 

0.55 FC, with the addition of 50 mg kg-1 arsenic. 228 



 229 

 230 

Fig 7. The interplay between different treatments (drought stress (D), arsenic (A), and nanoparticles (N)) on the on 231 

chlorophyll content of Matricaria chamomilla L. Abbreviations: A0: no arsenic stress, A1: soil contaminated with 50 232 

mg  kg-1 arsenic; N: no nanoparticles, nSi: application of silicon nanoparticles, nSe: application of selenium 233 

nanoparticles, nSi+nSe: application of a mixture of silicon nanoparticles and selenium nanoparticles, nSi@nSe: 234 

application of a composite of silicon nanoparticles and selenium nanoparticles. DMRT indicates that there is no 235 

significant difference between the same letters at p ≤ 0.05. 236 

 237 

2.4. Effect of SiNPs and SeNPs on the quantity and quality of essential oil, root and shoot arsenic  of 238 

Matricaria chamomilla L. 239 

 240 

The ANOVA results revealed that drought stress (D), arsenic (A), and nanoparticles (N) each significantly 241 

influenced essential oil content, chamazulene, α-bisabolol, and arsenic accumulation in chamomile (p < 242 

0.01 for most traits). The two-way interactions (D×A, D×N, and A×N) were significant for the majority of 243 

parameters, indicating that the effect of one factor is modulated by the level of another, though α-bisabolol 244 

showed non-significant responses in several interactions. The three-way interaction (D×A×N) was 245 

significant for all traits except α-bisabolol, demonstrating that the combined effects of these three factors 246 

are highly interdependent and context-dependent. This implies that the effectiveness of silicon and selenium 247 

nanoparticles in improving essential oil quality and reducing arsenic uptake varies with drought intensity 248 

and arsenic concentration (Table 4).  249 

 250 

Table 4: Variance analysis results of the effect of drought stress (D), arsenic (A), and nanoparticles (N) the quantity 251 

and quality of essential oil, root and shoot arsenic of of Matricaria chamomilla L. 252 

 253 



Arsenic translocation 

factor 

Shoot 

arsenic 

Root 

arsenic  
α-Bisabolol Chamazulene  

Essential 

oil  
df 

Source of 

variation 

257.64* 8642.42* 2754.87** 428.06** 552.9** 8.71** 1 D 

262.87** 3265.02** 4362.4** 1432.35** 279.86** 899.6** 1 A 

175.76 * 547.84 * 9737.23** 3621.6** 314.3** 7.04** 4 N 

342.65 ** 278.33 ** 308.11 ** 425.39 ns 232.6 ** 2.28 ** 1 D*A 

37.9 ns 631.7 ns 763.54 ** 315.8 ns 962.45 ** 0.62 ** 1 D*N 

507.44 ** 673.84 ** 14.98 ** 315.53 ns 521.2 ** 1.7ns 4 A*N 

24.97 * 641.5 * 43.76 ** 24.88 ns 121.4 ** 2.85 ** 4 D*A*N 

5.87 9.35 4.09 3.83 5.63 0.26 30 Residual 

13.07 11.53 5.92 6.94 18.12 14.86 - CV (%) 

"*" and "**" indicate significant difference at levels of 5% and 1%, respectively, and " ns " indicates non-significant 254 

effect. 255 

 256 

 257 

Essential oil content decreased significantly with increasing drought stress across all treatments (Fig. 8). 258 

The maximum essential oil content (0.89%) was obtained in the nSi@nSe treatment under 0.95 FC and in 259 

the absence of arsenic stress. In contrast, the minimum essential oil content was recorded in the control 260 

treatment under drought stress (0.55 FC) combined with 50 mg kg-1 arsenic application. Also, no significant 261 

differences were observed between the nSi@nSe and nSi+nSe treatments under any of the tested conditions 262 

(Fig. 8). 263 

 264 

 265 



Fig 8. The interplay between different treatments (drought stress (D), arsenic (A), and nanoparticles (N)) on the on 266 

essential oil content of Matricaria chamomilla L. Abbreviations: A0: no arsenic stress, A1: soil contaminated with 50 267 

mg  kg-1 arsenic; N: no nanoparticles, nSi: application of silicon nanoparticles, nSe: application of selenium 268 

nanoparticles, nSi+nSe: application of a mixture of silicon nanoparticles and selenium nanoparticles, nSi@nSe: 269 

application of a composite of silicon nanoparticles and selenium nanoparticles. DMRT indicates that there is no 270 

significant difference between the same letters at p ≤ 0.05. 271 

 272 

Chamazulene content decreased significantly under drought and arsenic stress, with the lowest values 273 

observed under combined stress (A1D1), indicating stress-induced suppression of essential oil quality. 274 

Arsenic alone (A1D0) slightly reduced chamazulene, while drought alone (A0D1) caused a more 275 

pronounced decrease. The combined stress (A1D1) resulted in the lowest values across all treatments (Fig. 276 

9).  277 

 278 

Fig 9. The interplay between different treatments (drought stress (D), arsenic (A), and nanoparticles (N)) on the on 279 

chamazulene content of Matricaria chamomilla L. Abbreviations: A0: no arsenic stress, A1: soil contaminated with 280 

50 mg  kg-1 arsenic; N: no nanoparticles, nSi: application of silicon nanoparticles, nSe: application of selenium 281 

nanoparticles, nSi+nSe: application of a mixture of silicon nanoparticles and selenium nanoparticles, nSi@nSe: 282 

application of a composite of silicon nanoparticles and selenium nanoparticles. DMRT indicates that there is no 283 

significant difference between the same letters at p ≤ 0.05. 284 

 285 

 286 

The results showed that the highest α-bisabolol content was observed in the nSi@nSe treatment under non-287 

stress conditions (no drought and no arsenic stress), though this value was not significantly different from 288 

that of the nSi+nSe treatment under the same conditions. Overall, α-bisabolol content decreased 289 

significantly with increasing drought and arsenic stress levels. The lowest α-bisabolol content was recorded 290 

in the control treatment under 0.55 FC with the application of 50 mg kg⁻¹ as sodium arsenate (Fig. 10). 291 



 292 

Fig. 10. The interplay between different treatments (drought stress (D), arsenic (A), and nanoparticles (N)) on the on 293 

α-Bisabolol of Matricaria chamomilla L. Abbreviations: A0: no arsenic stress, A1: soil contaminated with 50 mg kg-294 

1 arsenic; N: no nanoparticles, nSi: application of silicon nanoparticles, nSe: application of selenium 295 

nanoparticles, nSi+nSe: application of a mixture of silicon nanoparticles and selenium nanoparticles, nSi@nSe: 296 

application of a composite of silicon nanoparticles and selenium nanoparticles. DMRT indicates that there is no 297 

significant difference between the same letters at p ≤ 0.05. 298 

 299 

Shoot arsenic concentration increased significantly under arsenic stress, with the highest values observed 300 

under combined drought and arsenic stress (A1D1), indicating that water deficit enhanced arsenic uptake 301 

and translocation to aerial parts (Fig 11). Under arsenic contamination alone (A1D0), arsenic accumulation 302 

ranged from 3.9 (nSi) to 5.3 (Control), while the combined stress (A1D1) led to substantially higher 303 

concentrations. The physical mixture (nSi+nSe) also performed better than individual applications, 304 

demonstrating a synergistic effect in reducing arsenic uptake. Silicon nanoparticles were more effective 305 

than nSe in limiting arsenic translocation, likely due to silicon's role in reinforcing cell walls and reducing 306 

apoplastic transport of toxic metalloids. 307 



 308 

Fig 11. The interplay between different treatments (drought stress (D), arsenic (A), and nanoparticles (N)) on the on 309 

shoot arsenic concentration of Matricaria chamomilla L. Abbreviations: A0: no arsenic stress, A1: soil contaminated 310 

with 50 mg  kg-1 arsenic; N: no nanoparticles, nSi: application of silicon nanoparticles, nSe: application of selenium 311 

nanoparticles, nSi+nSe: application of a mixture of silicon nanoparticles and selenium nanoparticles, nSi@nSe: 312 

application of a composite of silicon nanoparticles and selenium nanoparticles. DMRT indicates that there is no 313 

significant difference between the same letters at p ≤ 0.05. 314 

 315 

 316 

Root arsenic concentration increased significantly under arsenic stress, with the highest values observed 317 

under combined drought and arsenic stress (A1D1), indicating that water deficit enhanced arsenic uptake 318 

and accumulation in root tissues. Under arsenic contamination alone (A1D0), root arsenic ranged from 10.8 319 

(nSi@nSe) to 17.0 (Control), while combined stress (A1D1) led to substantially higher concentrations, 320 

reaching up to 22.0 in the control treatment. Among nanoparticle treatments, the nanocomposite (nSi@nSe) 321 

consistently showed the lowest root arsenic accumulation under all stress conditions (16.0 under A1D1), 322 

followed by nSi (19.0) and nSe (18.0), while the physical mixture (nSi+nSe) performed better than 323 

individual applications (17.0). Silicon nanoparticles (nSi) were more effective than nSe in reducing arsenic 324 

accumulation in roots, likely due to silicon's role in reinforcing cell walls and limiting apoplastic transport 325 

of toxic metalloids. The synergistic effect of the nanocomposite highlights its potential as an effective 326 

strategy for reducing arsenic uptake and enhancing plant tolerance to heavy metal contamination. 327 



 328 

Fig 12. The interplay between different treatments (drought stress (D), arsenic (A), and nanoparticles (N)) on the on 329 

root arsenic concentration of Matricaria chamomilla L. Abbreviations: A0: no arsenic stress, A1: soil contaminated 330 

with 50 mg  kg-1 arsenic; N: no nanoparticles, nSi: application of silicon nanoparticles, nSe: application of selenium 331 

nanoparticles, nSi+nSe: application of a mixture of silicon nanoparticles and selenium nanoparticles, nSi@nSe: 332 

application of a composite of silicon nanoparticles and selenium nanoparticles. DMRT indicates that there is no 333 

significant difference between the same letters at p ≤ 0.05. 334 

 335 

The translocation factor (TF) values were consistently below 1.0 across all treatments, indicating that 336 

arsenic was predominantly retained in root tissues and limited translocation to aerial parts occurred. Under 337 

non-stress conditions (A0D0), TF ranged from 0.19 (nSi@nSe) to 0.28 (Control). The combined application 338 

of drought and arsenic (A1D1) led to the highest TF values (0.32–0.45), suggesting that water deficit 339 

enhanced arsenic mobility from roots to shoots (Fig 13).  340 

 341 

 342 

 343 

 344 



 345 

Fig 13. The interplay between different treatments (drought stress (D), arsenic (A), and nanoparticles (N)) on the on 346 

arsenic translocation factor of Matricaria chamomilla L. Abbreviations: A0: no arsenic stress, A1: soil contaminated 347 

with 50 mg  kg-1 arsenic; N: no nanoparticles, nSi: application of silicon nanoparticles, nSe: application of selenium 348 

nanoparticles, nSi+nSe: application of a mixture of silicon nanoparticles and selenium nanoparticles, nSi@nSe: 349 

application of a composite of silicon nanoparticles and selenium nanoparticles. DMRT indicates that there is no 350 

significant difference between the same letters at p ≤ 0.05. 351 

3. Discussion 352 

The findings of the present study provide compelling evidence for the synergistic protective effects of 353 

SiNPs and SeNPs, particularly as a nanocomposite (nSi@nSe), in alleviating the detrimental impacts of 354 

arsenic toxicity and drought stress on German chamomile (Matricaria chamomilla L.). The observed 355 

improvements in morphological, physiological, biochemical, and quality-related parameters underscore the 356 

complementary mechanisms through which these two beneficial elements operate. 357 

A key finding of this study was the significant reduction in MDA content and EL in plants treated with 358 

nSi@nSe under combined drought and arsenic stress. These parameters serve as reliable indicators of lipid 359 

peroxidation and membrane damage, which are exacerbated by reactive oxygen species (ROS) generated 360 

under stress conditions  [13]. The 46% reduction in MDA content and the consistently lower EL values in 361 

the nSi@nSe treatment compared to the control highlight its superior capacity to preserve membrane 362 

integrity. This synergistic effect can be attributed to the dual action of silicon and selenium. Silicon 363 

reinforces cell wall structure and reduces apoplastic transport of toxic metalloids, while selenium acts as a 364 

cofactor for glutathione peroxidase (GSH-Px), enhancing the detoxification of ROS. The enhanced activity 365 

of antioxidant enzymes, such as SOD observed in this study further corroborates the role of these 366 

nanoparticles in bolstering the plant's redox buffering capacity [14]. The superior performance of the 367 

nSi@nSe over individual or mixed applications suggests that the intimate association of Si and Se in the 368 

nSi@nSe facilitates more efficient delivery and synergistic interaction at the cellular level [15].  369 



The study demonstrated that the application of nSi@nSe significantly reduced arsenic accumulation in both 370 

roots and shoots, while also minimizing the translocation factor. These findings are consistent with the 371 

known role of silicon in restricting the apoplastic movement of metalloids. Silicon promotes the 372 

complexation of arsenic in the rhizosphere and enhances its sequestration in root vacuoles, thereby limiting 373 

its transport to aerial parts [16]. The foliar application of chitosan-based silicon nanoparticles has been 374 

shown to reduce arsenic concentration in rice grains by promoting its attachment to leaf cell walls [17]. In 375 

our study, the nanocomposite’s effectiveness in reducing TF values, particularly under combined stress, 376 

suggests that the presence of Se may augment silicon’s effect by modulating the expression of Si 377 

transporters (e.g., Lsi1, Lsi2) involved in arsenic uptake. This is particularly important for chamomile, as 378 

reduced arsenic accumulation in flowers is crucial for ensuring the safety of herbal products for human 379 

consumption [18].  380 

The decline in total chlorophyll content under stress was mitigated by the application of nanoparticles, with 381 

the nSi@nSe showing the best preservation. This aligns with studies showing that both Si and Se can sustain 382 

photosystem II efficiency and protect photosynthetic pigments from degradation under heavy metal and 383 

drought stress [19]. The maintenance of chlorophyll levels is vital for sustaining net photosynthesis and 384 

biomass production, which is reflected in the improved flower yield observed in this study. 385 

Furthermore, the nanocomposite treatment significantly enhanced the content of chamazulene, the key 386 

bioactive compound in chamomile essential oil. While stress often suppresses terpenoid biosynthesis, the 387 

application of nSi@nSe appeared to counteract this effect, likely by reducing oxidative stress and 388 

maintaining metabolic flux toward secondary metabolite production. Selenium has been shown to enhance 389 

the biosynthesis of phenolic and flavonoid compounds by upregulating the phenylpropanoid pathway, and 390 

Si may contribute by improving overall plant health and nutrient status [20]. The increase in chamazulene 391 

content under combined stress is particularly noteworthy, as it demonstrates the nanoparticles' role in not 392 

only protecting the plant but also improving the quality of the harvested product. This is consistent with 393 

findings that bio-priming can enhance chamazulene percentage in chamomile under stress conditions [21].  394 

The results of this study provide a strong scientific basis for the use of nSi@nSe as a sustainable strategy 395 

to enhance crop resilience in challenging environments. The synergistic effects observed are likely due to 396 

the complementary functions of silicon (physical barrier, structural support) and Se (biochemical 397 

antioxidant defense) [22]. This dual mechanism creates a robust defense phenotype that is more effective 398 

than either element alone. The use of nanotechnology to deliver these elements offers advantages in terms 399 

of targeted application and enhanced bioavailability. Future research should focus on elucidating the 400 

molecular mechanisms underlying this synergy, particularly the role of Si and Se in regulating stress-401 



responsive genes and phytohormonal crosstalk [13]. Field-scale trials are also necessary to validate the 402 

efficacy of this approach under real-world conditions and to optimize application rates for different crops 403 

and stress scenarios [23].   404 

 405 

 406 

4. Materials and Methods 407 

4.1. Experimental Design and Treatments  408 

This research was conducted to investigate the alleviation of arsenic uptake risk in German chamomile 409 

(Matricaria chamomilla L.) using (SiNPs) and (SeNPs) under deficit irrigation conditions. The experiment 410 

was carried out at the Faculty of Agriculture, Lorestan University, located on the Khorramabad (longitude 411 

48°22′ E, latitude 33°29′ N, altitude 1125 m above sea level), Iran, during the year 2025 (Fig. 14). 412 

 413 

Fig 14. Geographical location of the research implementation site 414 

 415 

The experiment was conducted as a completely randomized factorial design with three replications under 416 

controlled greenhouse conditions, incorporating three principal factors evaluated across multiple levels to 417 

comprehensively assess all treatment interactions. The first factor consisted of five nanoparticle treatments, 418 

which included a control with no nanoparticles (Control), SiNPs applied alone (nSi), SeNPs applied alone 419 

(nSe), a simple physical mixture of silicon and selenium nanoparticles (nSi+nSe), and a pre-synthesized 420 

silicon-selenium nanocomposite (Si@Se), with the remaining treatments serving as additional verification 421 

points. The second factor comprised two irrigation regimes, specifically a well-watered control maintained 422 



at 95–100% of field capacity (FC) (D0), drought stress set at 55% of FC (D1). The third factor involved 423 

two arsenic levels, namely a control with no added arsenic (A0) and a contaminated treatment receiving 50 424 

mg kg⁻¹ arsenic supplied as sodium arsenate (A1). 425 

Soil samples were collected from a depth of 0–30 cm at the Faculty of Agriculture, air-dried, and passed 426 

through a 2 mm sieve. The physicochemical properties of the soil were determined using standard methods 427 

[24] and are summarized in Table 5. 428 

 429 

Table 5. Soil physical and chemical properties used in this assay 430 

Soil parameter Unit Value 

Soil texture - Clay loam 

ECe dS m-1 1.24 

pH - 7.72 

FC % 32.37 

CEC Cmol+ kg−1 dry soil 27.3 

Organic Carbon % 0.68 

CaCO3 (%) 8.20 

Olsen P mg kg-1 3.65 

Available K mg kg-1 342 

DTPA extractable Fe mg kg-1 3.8 

DTPA extractable Zn mg kg-1 1.4 

DTPA extractable Mn mg kg-1 11 

Available arsenic mg kg-1 Nd* 

Available selenium mg kg-1 Nd* 

Total arsenic mg kg-1 <0.1 

Total selenium mg kg-1 0.32 

*Nd: Below detection limit of the instrument 431 

 432 

 433 

To establish the experimental contamination regime, a predetermined quantity of sodium arsenate 434 

heptahydrate (AsHNa₂O₄.7H₂O) was dissolved in deionized water to yield a nominal arsenic concentration 435 

of 50 mg kg⁻¹ on a dry-weight soil basis. The resulting arsenical solution was applied to the bulk soil matrix 436 

via uniform atomized spraying, following the protocol delineated by Hassani et al. and Mansouri et al. [25, 437 

26]. Following application, the spiked soil was air-dried under controlled conditions, after which it was 438 

mechanically homogenized to ensure optimal spatial distribution of the contaminant. Subsequently, the 439 

contaminated substrate was combined with the uncontaminated potting soil in proportions corresponding 440 

to each treatment replicate, with iterative and rigorous mixing employed to guarantee macroscopic 441 

homogeneity across all experimental units. To facilitate physicochemical equilibration and allow for the 442 

stabilization of arsenic species within the soil matrix, the moisture content of the amended soil was adjusted 443 



to field capacity and maintained under ambient conditions for a two-week aging period prior to the sowing 444 

of test specimens. 445 

Each experimental unit consisted of a plastic pot (equipped with basal drainage apertures) containing 5.0 446 

kg of air-dried sieved soil. Five seeds of Matricaria chamomilla L. were sown per pot at a uniform depth; 447 

following successful germination and seedling establishment, the stand was manually thinned to two 448 

uniform plants per pot to ensure consistent growth conditions and minimize intraspecific competition. 449 

The plants were cultivated over a four-week establishment phase within a controlled greenhouse 450 

environment, maintained at a diurnal temperature regimen of 25 ± 2 °C, relative humidity ranging between 451 

50–60 %, and a photoperiod of 16 h light: 8 h dark. Irrigation during this initial phase was managed 452 

gravimetrically: each pot was initially weighed to obtain the baseline pot-plus-soil mass. To determine FC, 453 

pots were saturated with tap water until free drainage commenced, then covered with impermeable plastic 454 

sheeting to preclude evaporative losses. After cessation of gravitational drainage, the pots were reweighed, 455 

and the gravimetric water content calculated on an oven-dry soil mass basis was designated as 100 % field 456 

capacity, following the protocol of Pourmansour et al. [27]. Throughout the first four weeks, all pots were 457 

irrigated daily to maintain soil moisture at 100 % FC, with water additions adjusted based on daily weight 458 

measurements. 459 

At the commencement of the fifth week post-sowing, a differential irrigation regime was imposed to induce 460 

water deficit stress: the drought-stressed cohort was maintained at 50 % FC, while control pots continued 461 

at 100 % FC. Concurrently, nanoparticle suspensions were applied as foliar sprays using a manual hand-462 

held atomizer until the point of visible runoff, administered on two separate occasions (specifically, during 463 

the first and third weeks of the fifth week). Control plants received an equivalent volume of distilled water 464 

via the same application method to standardize mechanical effects. Both arsenic contamination (established 465 

prior to planting) and the combined drought/nanoparticle treatments were sustained throughout a six-week 466 

stress period, terminating at the onset of full flowering phenological stage, at which point all plant material 467 

was harvested for subsequent physiological and biochemical analyses. 468 

 469 

4.2. Measurements 470 

At 100 days following sowing, corresponding to the full flowering stage, all experimental plants were 471 

destructively harvested for subsequent analyses. Upon collection, a suite of key morphological parameters 472 

was recorded to evaluate the integrative effects of the imposed treatments on plant development. 473 

Specifically, the following traits were quantified for each individual plant. 474 



4.2.1. chlorophyll content index (SPAD) 475 

Chlorophyll content was measured using a portable SPAD-502 chlorophyll meter (Konica Minolta, Japan), 476 

which determines relative chlorophyll concentration by measuring the transmittance of light through the 477 

leaf at wavelengths of 650 nm (red, absorbed by chlorophyll) and 940 nm (near-infrared, used as a 478 

reference). Measurements were taken on fully expanded, healthy leaves from the middle portion of each 479 

plant, avoiding the main veins to ensure consistency. Three readings per leaf were recorded from three 480 

randomly selected leaves per plant, and the average value was calculated and expressed in SPAD units. 481 

 4.2.2. Relative Water Content (RWC) 482 

Leaf relative water content was measured according to Hanson and Hitz. [28]. Fresh leaves were weighed 483 

(FW), then floated on distilled water for 24 h. The turgid weight (TW) was recorded, and samples were 484 

oven-dried at 80°C for 48 h to determine dry weight (DW). RWC was calculated as: 485 

RWC (%) = [(FW – DW) / (TW – DW)] × 100 486 

4.2.3. Electrolyte Leakage (EL) 487 

Electrolyte leakage was determined following Lutts et al. [29].  Leaf samples were washed with distilled 488 

water and placed in glass tubes containing 10 mL distilled water. After 24 h, electrical conductivity (EC₁) 489 

was measured. The tubes were then autoclaved at 120°C for 20 min, and after cooling, EC₂ was recorded. 490 

Electrolyte leakage percentage was calculated as: 491 

EL (%) = (EC₁ / EC₂) × 100 492 

4.2.4. Malondialdehyde (MDA) content  493 

MDA content, an indicator of lipid peroxidation, was measured by homogenizing 0.5 g of fresh leaf tissue 494 

in 20% trichloroacetic acid (TCA) containing 0.5% thiobarbituric acid (TBA). The homogenate was heated 495 

at 95 °C for 25 min, cooled, and centrifuged, and absorbance was measured at 532 nm following Heath and 496 

Packer. [30].    497 

4.2.5. Superoxide Dismutase (SOD) Activity Assay 498 

Superoxide dismutase (SOD; EC 1.15.1.1) activity was measured based on its ability to inhibit the 499 

photochemical reduction of nitro blue tetrazolium (NBT). Fresh leaf tissue (0.3 g) was homogenized in cold 500 

phosphate buffer (50 mM, pH 7.8) containing 0.1 mM EDTA and centrifuged at 10,000 rpm for 15 minutes 501 

at 4°C. The reaction mixture (3 mL), containing 50 mM phosphate buffer (pH 7.8), 13 mM methionine, 75 502 

μM NBT, 0.1 mM EDTA, 2 μM riboflavin, and 100 μL of enzyme extract, was illuminated under 503 

fluorescent light for 15 minutes. Absorbance was then measured at 560 nm. One unit of SOD activity was 504 



defined as the amount of enzyme required to inhibit 50% of NBT photoreduction, and activity was 505 

expressed as U mg⁻¹ protein [31].  506 

4.2.6. Total Phenolic Content 507 

Total phenolic content was determined using the Folin–Ciocalteu method [32]. Fresh leaf tissue (0.5 g) was 508 

ground in liquid nitrogen and extracted with 3 mL of 85% methanol. The extract was centrifuged at 10,000 509 

rpm for 20 min at 4°C. Then, 10 µL of the supernatant was mixed with 50 µL of Folin–Ciocalteu reagent 510 

and 580 µL of distilled water. After 5–8 min, 150 µL of 1 M sodium carbonate was added. The mixture 511 

was incubated in darkness for 30 min at 40°C, and absorbance was measured at 765 nm. A blank was 512 

prepared using 80% methanol instead of the extract. 513 

4.2.7. Arsenic concentrations of Shoot and Root  514 

Arsenic concentrations were analyzed following wet digestion [33]. Dried and powdered plant samples (0.5 515 

g) were digested in a mixture of concentrated HNO₃ and HClO₄ (2:1 v/v) on a hot plate. After cooling, the 516 

digests were dissolved in 2 mL of 10% HCl and diluted to 50 mL with distilled water. The resulting 517 

solutions were used for determination of arsenic. Arsenic concentrations in the digested samples were 518 

measured using inductively coupled plasma optical emission spectrometry (ICP-OES). 519 

4.2.8.  Translocation Factors 520 

The translocation factor (TF) was calculated to determine the plant's ability to translocate arsenic from roots 521 

to shoots [34].  522 

TF = [As concentration in shoot] / [As concentration in root] 523 

 524 

4.2.9. Essential Oil Extraction and Analysis 525 

Essential oil was extracted from dried chamomile flowers by hydrodistillation using a Clevenger-type 526 

apparatus (European Pharmacopoeia, 1996). Dried plant material (100 g) was slightly ground and placed 527 

in the distillation flask with 800 mL distilled water, followed by heating for 3 h after boiling commenced. 528 

The essential oil was collected in graduated tubes, and after volume measurement, the oil was separated 529 

and dehydrated over anhydrous sodium sulfate. The essential oil samples were stored in amber glass vials 530 

at 4°C in darkness for further analysis. 531 

GC-MS Analysis: Gas chromatography (GC) and gas chromatography–mass spectrometry (GC-MS) 532 

analyses were performed at the Chemistry Laboratory of the Research Institute of Forests and Rangelands, 533 

Iran. The essential oil samples (1 µL diluted in 2 mL dichloromethane) were injected into the GC and GC-534 

MS systems.  535 



4.3. Statistical Analysis 536 

All data were subjected to analysis of variance (ANOVA) using SAS software (Version 9.4). Prior to 537 

ANOVA, normality of data distribution was assessed using the Kolmogorov–Smirnov test, and 538 

homogeneity of variances was confirmed using Levene's test. Main effects and interaction effects were 539 

evaluated using two-way ANOVA at a significance level of α = 0.05. When significant, means were 540 

separated using Duncan's multiple range test at P ≤ 0.05. 541 

 542 
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