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Abstract 

Nanoparticle (NPs) based seed-priming enhances plant growth by modulating key metabolic pathways, improving 
physiological performance and crop productivity.Silicon-based nano-priming has emerged as a promising strategy to enhance 
early crop establishment through modulation of growth and antioxidant defense mechanisms. This study assessed 
concentration-dependent effects of SiO₂ NP seed-priming (25-100 mg L-1) on germination, growth, photosynthetic pigments, 
secondary-metabolites, and antioxidant defense in in-vitro cultured Brassica juncea seedlings grown on half-strength MS-
medium. SiO₂ NP-priming significantly enhanced germination percentage, seedling vigor index (SVI), elongation, growth, 
biomass, and tissue moisture content, with 100 mg L-1emerging as the most effective concentration. Shoot and root lengths 
were maximized at 50-100mg L-1, while fresh-dry biomass and moisture content peaked at 100 mg L-1, indicating improved 
assimilate production and water relations. Photosynthetic pigments (chlorophyll a, chlorophyll b, total chlorophyll, and 
carotenoids) were markedly enhanced at 75-100 mg L-1, reflecting improved chloroplast development and photosynthetic 
efficiency. Secondary metabolites, including total phenolics and flavonoids, along with DPPH radical scavenging activity, 
increased progressively at higher concentrations, suggesting stimulation of non-enzymatic antioxidant systems. Enzymatic 
antioxidants (SOD, CAT, and GPX) exhibited strong up-regulation, particularly at 100 mg L-1, indicating enhanced reactive 
oxygen species detoxification and redox-homeostasis. In contrast, 25 mg L-1 appeared sub-optimal, resulting in comparatively 
reduced physiological and biochemical responses. Overall, SiO₂ NP priming at 75-100 mg L-1 significantly improved growth-
dynamics, photosynthetic capacity, secondary metabolism, and antioxidant defense, proving its potential as a sustainable 
approach to strengthen early seedling establishment and physiological resilience in Indian mustard. 
 
Keywords: Nano-priming, indian mustard (Brassica juncea L. Czernj. Cosson), DPPH Inhibition percentage, total phenolics, 
total flavonoids, redox-enzymes 

Introduction 

Nanotechnology has become a powerful approach in 
sustainable crop management, providing advanced solutions 
to enhance plant growth and stress adaptability. Among 
various engineered nanoparticles, silicon dioxide 
nanoparticles (SiO₂ NPs) have gained significant interest for 
their potential to improve seed germination, seedling vigor, 
and tolerance to environmental challenges. These NPs 
influence plant physiology through diverse mechanisms, 
such as enhancing nutrient absorption, escalating 
photosynthetic efficiency, strengthening antioxidant defense 
systems, and triggering stress-responsive signaling 
pathways. Furthermore, SiO₂ NPs stimulate root growth, 
thereby improving water and nutrient uptake, and alleviate 
the detrimental effects of abiotic stresses-including drought, 
salinity, and heavy metal toxicity,by modulating critical 
physiological and biochemical processes (Dhingra et al., 
2022; Hasanaklou et al., 2023) [8, 16]. 
Seed priming, a controlled pre-sowing hydration treatment, 
is a well-established approach to enhance germination 
performance and early seedling establishment. By initiating 
pre-germinative metabolic activities without radicle 
protrusion, priming accelerates the lag phase, enhances 
enzymatic activation, supports cellular repair mechanisms, 
and promotes metabolite accumulation. Consequently, 
primed seeds exhibit improved germination uniformity, 
vigor, and stress tolerance, particularly under suboptimal 
environmental conditions. The integration of 
nanotechnology with seed priming is termed nano-priming, 
represents a promising advancement, combining the 

physiological benefits of priming with the unique 
physicochemical properties of NMs to enhance early plant 
establishment and productivity (Nile et al., 2022; Pathak et 
al., 2023). Brassica juncea (L.) [21, 22] is one of the most 
important oilseed crops in India, occupying approximately 
9.18 million hectares and contributing over 85% of the 
country’s rapeseed-mustard acreage and nearly one-third of 
total edible oil production. The crop is valued for its high oil 
content (35-45%), balanced fatty acid composition, 
tocopherols, and antioxidant compounds. Its by-products 
serve as protein-rich animal feed, while crop residues 
contribute to green manure and sustainable farming systems. 
Despite its substantial agronomic, nutritional, and industrial 
importance, Indian mustard productivity is significantly 
constrained by diverse abiotic and biotic stresses. Enhancing 
yield stability and stress resilience is therefore imperative 
under increasing climate variability and rising global food 
demand (Shekhawat et al., 2012; Sharma et al., 2024) [25, 26]. 
In this context, the present study focuses on nano-priming as 
a targeted pre-sowing intervention to improve early-stage 
performance of the Indian mustard variety NRCDR-2. 
Specifically, the research investigates the effects of SiO₂ 
NPs-mediated seed priming on germination behavior, 
seedling vigor, and associated physiological and 
biochemical responses. By leveraging the high surface 
reactivity and bioavailability of SiO₂ NPs, nano-priming is 
hypothesized to stimulate germination metabolism, enhance 
antioxidant capacity, and improve nutrient mobilization 
during early growth. This study aims to elucidate the 
mechanistic basis of SiO2 nano-priming–induced 
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improvements in regeneration efficiency and seedling 
establishment, thereby contributing to the development of 
resilient and high-performing mustard production systems. 
 

Materials and methods 

Seeds procurement and preparation of SiO₂ NP’s 

suspensions 

Seeds of Brassica juncea (L.) Czern. and Coss. var. 
NRCDR-2 were procured from ICAR-Directorate of 
Rapeseed-Mustard Research (ICAR-DRMR), Bharatpur, 
Rajasthan, India. Seeds were initially surface-sterilized with 
20% (v/v) Extran (Merck, India) for 20 min and thoroughly 
rinsed under running tap water to remove detergent residues, 
followed by repeated washing with distilled water. Under 
aseptic conditions in a laminar airflow cabinet, seeds were 
further sterilized with 0.1% (w/v) HgCl₂ (HiMedia, India) 
for 3 min and rinsed three times with autoclaved distilled 
water to eliminate residual traces of HgCl₂. SiO2 nano 
powder (SRL, India) was dispersed in distilled water to 
obtain final concentrations of 10, 20, 40, and 80 mg L-1. 
Suspensions were autoclaved and subsequently sonicated 
for 2-3 h using an ultrasonicator (Labman, India) to ensure 
uniform dispersion. These freshly prepared suspensions 
were used for seed nano-priming treatments. 
 

Seed nano-priming and in vitro culture 

Surface sterilized seeds were primed in SiO₂ NP 
suspensions at concentrations of 0 (control), 10, 20, 40, and 
80 mg L-1 under aseptic conditions. Approximately 150 
seeds per treatment were placed in Erlenmeyer flasks and 
incubated on a rotary shaker for 18-20 h. After priming, the 
seeds were transferred to autoclaved half-strength MS-
medium (Murashige and Skoog 1962) [20] (supplemented 
with 1% (w/v) sucrose (HiMedia, India) and the pH were 
adjusted to 5.77 ± 0.08. The cultures were maintained for 14 
days under controlled conditions of 25 ± 2 °C, a 16 h 
photoperiod, 85% relative humidity, and a light intensity of 
100 µmol m-2 s-1. Fourteen-day-old seedlings were then 
collected for morphological and physio-biochemical 
evaluations. 
 

Growth andMorphological parameters 

Seedlings were gently removed after 14 days and washed to 
eliminate residual medium. Morphological parameters, 
including shoot length, root length, number of leaves, and 
number of nodes, were recorded. Biomass accumulation was 
determined as fresh weight (FW) and dry weight (DW). For 
dry weight estimation, seedlings were oven-dried at 65 °C 
until constant weight. Moisture content (MC%) (Reeb et al., 
1999) [24], germination percentage, and Seedling vigor index 
(SVI) were calculated using standard formulae (Abdul‐Baki 
and Anderson, 1973) [1]. 
 

Physio-biochemical analysis 

Chlorophyll (chl a, chl b and Total chl) and total carotenoid 
content (Lichtenthaler and Wellburn, 1983) [19] were 
estimated using the DMSO (Rankem, India) extraction 
method (Hiscox and Israelstam, 1979) [18]. Fresh leaf tissue 
(100 mg) was homogenized in 2 mL DMSO and incubated 
in the dark for 24 h, followed by heating at 65 °C for 1 h. 
After centrifugation (10,000 rpm, 20 min), the absorbance 
of the supernatant was measured at 480, 645, and 663 nm 
using a UV-visible spectrophotometer (Shimadzu UV-1900, 
Japan) against DMSO as a blank. Pigment concentrations 
were calculated according to standard equations (Wellburn, 
1994) [31] and expressed as mg g-1 FW. 

Total phenolic content (TPC), total flavonoid content (TFC), 
and DPPH radical scavenging activity were quantified to 
assess the effect of SiO2 NP priming on non-enzymatic 
antioxidant capacity in shoot and root tissues of Indian 
mustard (Haq et al., 2022) [13]. Methanolic extracts were 
prepared by homogenizing 200 mg of fresh tissue in 80% 
methanol, followed by 24 h incubation at 4 °C in the dark 
and subsequent sonication. The extracts were centrifuged, 
and the supernatant was used for analysis. TPC was 
determined using the Folin-Ciocalteu reagent, with 
absorbance recorded at 760 nm and results expressed as µg 
gallic acid equivalents (GAE) g-1 FW. TFC was estimated 
by the aluminum chloride colorimetric method, measuring 
absorbance at 510 nm and expressing values as µg quercetin 
equivalents (QE) g-1 FW. Antioxidant capacity was further 
evaluated using the DPPH assay, in which the methanolic 
extract was mixed with 25 µM DPPH solution (HiMedia, 
India), incubated in the dark for 45 min, and absorbance was 
recorded at 517 nm. Radical scavenging activity was 
calculated according to the method described by Bemani et 
al. (2012) [7]. 
 
Antioxidant enzyme assays 
Fresh plant tissue (200 mg) was homogenized in chilled 
extraction buffer containing 50 mM phosphate buffer (pH 
7.8), 2 mM EDTA(HiMedia, India), 5 mM PMSF(HiMedia, 
India), 0.5% Triton X-100(Sigma, Switzerland), and 5% 
PVP(HiMedia, India). After sonication and centrifugation 
(10,000 rpm, 20 min, 4 °C), the supernatant was used for the 
enzyme assays (Haq et al., 2021) [14]. 
 
Superoxide Dismutase (SOD; EC 1.15.1.1) 
SOD activity was assayed by measuring 50% inhibition of 
nitroblue tetrazolium (NBT) photoreduction following 
(Beauchamp and Fridovich, 1971) [6]. The reaction mixture 
contained 50 mM phosphate buffer (pH 7.8), 
riboflavin(HiMedia, India), NBT(HiMedia, India), DL-
methionine(HiMedia, India), EDTA(HiMedia, India), and 
50 µL enzyme extract. After 30 min illumination at 25 °C, 
absorbance was recorded at 560 nm, with non-illuminated 
tubes as blanks and buffer-only tubes as controls. One unit 
of SOD activity was defined as the amount of enzyme 
causing 50% inhibition of NBT reduction and expressed as 
U g-1 fresh weight. 
 
Catalase (CAT; EC 1.11.1.6) 
Catalase (CAT) activity was determined at 25 °C by 
monitoring the decrease in H₂O₂ absorbance at 240 nm for 5 
min (Aebi, 1984) [3]. The reaction mixture contained 50 µL 
enzyme extract, 50 mM phosphate buffer (pH 7.0), and 6.5 
mM H₂O₂, with buffer alone as a blank. 
Activity was calculated using an extinction coefficient of 
43.6 M-1cm-1 and expressed as µmol H₂O₂ decomposed min-

1g-1fresh weight. 
 
Guaiacol Peroxidase (GPX; EC 1.11.1.7) 
Guaiacol peroxidase (GPX) activity was measured at 25 °C 
by monitoring the increase in absorbance at 470 nm due to 
H₂O₂-mediated oxidation of guaiacol (Fernández‐García et 
al., 2004) [11]. The reaction mixture contained 50 µL enzyme 
extract, 50 mM phosphate buffer (pH 7.0), and 5 mM 
guaiacol, initiated with 6.5 mM H₂O₂. Absorbance was 
recorded for 5 min at 30-second intervals, with buffer plus 
guaiacol (without enzyme) as a blank.Activity was 
calculated using an extinction coefficient of 26.6 mM-1cm-1 
and expressed as µmol guaiacol oxidized min-1g-1 fresh 
weight. 
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Statistical analysis 
All biochemical analyses were performed in triplicate for 
each treatment, and the results are presented as mean ± 
standard error in the figures. Data were subjected to one-
way analysis of variance (ANOVA) to evaluate significant 
differences among treatment means. When significant 
effects were detected, post hoc comparisons were conducted 
using the Tukey–Kramer multiple comparison test to 
determine differences between individual groups (Hammer 
et al., 2001) [12]. Principal component analysis (PCA) and 
correlation analysis were performed to identify the patterns 
of variation, underlying relationships, and the degree of 
association among the studied physiological and 
biochemical parameters, thereby elucidating the overall 
impact of treatments and the interdependence of measured 
traits (Haq et al., 2019; Verma et al., 2025) [15, 30]. 
 

Results and Discussion 
Seed priming with SiO₂ NPs exerted significant, 
concentration-dependent effects on early growth, vigor, and 
biomass of Brassica juncea seedlings (Fig. 1). Shoot length 
increased markedly at 50 and 100 mg L-1 (7.89 cm), 
compared with the control (6.43 cm), while root length was 
maximized at 50 mg L-1 (8.16 cm). 75-100 mg L-1treatments 
maintained superior root growth relative to control, 
indicating improved water and nutrient acquisition. Leaf 
number showed a slight increase at higher concentrations, 
whereas the node number remained largely unchanged, 

suggesting that SiO₂ NP priming predominantly stimulated 
elongation growth rather than meristematic 
differentiation.Germination percentage improved 
progressively with increasing concentration, peaking at 100 
mg L-1 (97.53%) compared to 90% in the control. 25 mg L-1 
reduced germination (81.25%), while higher concentrations 
restored and enhanced performance. Accordingly, seedling 
vigor index (SVI) was significantly elevated at 50 and 100 
mg L-1, confirming enhanced establishment potential (Table 
1).Biomass accumulation mirrored these trends. The highest 
fresh and dry weights were recorded at 100 mg L-1 (0.62 g 
and 0.16 g, respectively), indicating enhanced assimilate 
production and growth efficiency (Table 2). Moisture 
content also increased with concentration, reaching 87.25% 
at 100 mg L-1, reflecting improved tissue hydration and 
osmotic balance. In contrast, 25 mg L-1 resulted in 
comparatively lower biomass, suggesting that suboptimal 
dosing may be insufficient to trigger beneficial 
physiological responses.Overall, SiO₂ NP priming at 50-100 
mg L-1 significantly enhanced germination, seedling vigor, 
growth, biomass, and tissue moisture, with 100 mg L-1 
emerging as the most effective concentration. These results 
highlight the potential of silicon-based nano-priming as a 
sustainable approach to improve early crop establishment 
through enhanced growth dynamics and water relations 
(Alsaeedi et al., 2019; Dhingra et al., 2022; Aboellail et al., 
2023; Al-Tabbal et al., 2024) [2, 4, 5, 8]. 

 

Table 1: Morphological response at various levels of SiO2 NPs treatment in 14-day old Indian mustard seedlings 
 

Treatment 
Concentration (mg 

L-1) 

Shoot length (cm)  

(Mean ± SE) 

Root length (cm)  

(Mean ± SE) 

Number of Leaves 

(Mean ± SE) 

Number of Nodes 

(Mean ± SE) 

Germination 

percentage 

Seedling Vigor index 

(Mean ± SE) 

SiO2 NP 0 6.43 ± 0.20b 6.42 ± 0.20c 4.33 ± 0.21b 2.33 ± 0.14a 90 1158.22 ± 33.45b 

 25 7.05 ± 0.4ab 7.42 ± 0.5ab 4.54 ± 0.25b 2.08 ± 0.15b 81.25 1176.31 ± 49.40b 

 50 7.89 ± 0.33a 8.16 ± 0.29a 4.64 ± 0.25ab 2.32 ± 0.15a 91.66 1473.14 ± 35.49a 

 75 7.51 ± 0.32ab 7.33 ± 0.41b 4.50 ± 0.16b 2.14 ± 0.1ab 93.66 1389.91 ± 41.27ab 

 100 7.89 ± 0.38a 7.44 ± 0.47ab 4.72 ± 0.24a 2.26 ± 0.13a 97.53 1495.14 ± 45.66a 

Different letters in superscript indicate differential significance within a column at P ≤ 0.05 based on the post hoc multiple comparison 
Tukey-Kramer tests. 
 

Table 2: Biomass accumulation response at various levels of SiO2 NPs treatment in 14-day old Indian mustard seedlings 
 

Treatment 
Concentration 

(mg L-1) 
Fresh Weight 

(FW) (g) (Mean ± SE) 
Dry Weight 

(DW) (g) (Mean ± SE) 
Percentage Moisture Content (MC 

%) (Mean ± SE) 

SiO2 NP 0 0.57 ± 0.06ab 0.15 ± 0.10a 69.31 ± 16.65b 

 25 0.49 ± 0.06b 0.09 ± 0.04b 71.02 ± 11.41b 

 50 0.53 ± 0.03ab 0.12 ± 0.01ab 81.67 ± 3.06ab 

 75 0.43 ± 0.04b 0.11 ± 0.01ab 84.96 ± 1.76a 

 100 0.62 ± 0.04a 0.16 ± 0.01a 87.25 ± 0.83a 

Different letters in superscript indicate differential significance within a column at P ≤ 0.05 based on the post hoc multiple comparison 
Tukey-Kramer tests 

 
 

Fig 1: Morphological effect of silica nano-treatments on seedlings of Brassica juncea (L.) Czernj. Cosson var. NRCDR-2. 
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SiO₂ NP seed priming significantly modulated 

photosynthetic pigments in Brassica juncea in a 

concentration-dependent manner (Fig. 2). Chl a, chl b, and 

total chlorophyll decreased at 25 mg L-1 but increased 

markedly at 75 and 100 mg L-1, with the highest values 

recorded at 100 mg L-1. Total carotenoids followed a similar 

trend, showing significant enhancement at higher 

concentrations.The increased pigment accumulation at 75-

100 mg L-1 indicates improved chloroplast development, 

photosynthetic efficiency, and photoprotection, likely 

mediated by enhanced nutrient assimilation and membrane 

stabilization. In contrast, the reduced pigment content at 25 

mg L-1 suggests that suboptimal dosing is insufficient to 

stimulate pigment biosynthesis. Overall, 100 mg L-1 

emerged as the most effective concentration for enhancing 

photosynthetic capacity (Hatami et al., 2021; Rai-Kalal et 

al., 2021; Simko et al., 2026) [17, 23, 28]. 

 

 
 

Fig 2: Effect of silica nano-treatmentson photosynthetic pigments (chlorophyll and total carotenoid content) in shoots of 14 days grown 

Indian mustard seedling 

 

The data represented as mean ± SE and letters above the mean bar 

indicate differential significance at P ≤ 0.05, as determined by the 

Tukey–Kramer post hoc multiple comparison test. 

SiO₂ NP priming differentially modulated secondary 

metabolites and antioxidant activity in Brassica junceain a 

dose-dependent way. Total phenolics and flavonoids (Fig. 3) 

declined at 25 mg L-1 but increased progressively at 50-100 

mg L-1, with maximum accumulation at 100 mg L-1 in both 

shoots and roots.DPPH radical scavenging activity (Fig. 4) 

similarly peaked at 100 mg L-1, indicating enhanced 

antioxidant capacity. Overall, higher concentrations (75-100 

mg L-1) stimulated secondary metabolism and redox 

defense, whereas 25 mg L-1 was suboptimal.Overall, 

optimal SiO₂ NP concentrations (75-100 mg L-1) enhanced 

phenolic and flavonoid biosynthesis along with antioxidant 

potential, suggesting stimulation of the plant’s redox 

defense system. In contrast, 25 mg L-1 appeared suboptimal, 

leading to reduced metabolite accumulation. These findings 

indicate that higher SiO₂ NP doses promote secondary 

metabolism and antioxidative competence, contributing to 

improved physiological resilience and seedling vigor 

(Hasanaklou et al., 2023; Zahedi et al., 2023; Dudi et al., 

2025) [9, 16, 32]. 

 

 
(A) 
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(B) 

 

Fig 3: Effect of SiO2 NPs on (A) total phenolic content and (B) total flavonoid content in shoots and roots of 14 days grown Indian mustard 

seedling 
 

The data represented as mean ± SE and letters above the mean bar indicate differential significance at P ≤ 0.05, as determined 

by the Tukey–Kramer post hoc multiple comparison test. 

 

 
 

Fig 4: Effect of SiO2 NPs on DPPH free radical scavenging efficiency in shoots and roots of 14 days grown Indian mustard seedling 

 

The data represented as mean ± SE and letters above the 

mean bar indicate differential significance at P ≤ 0.05, as 

determined by the Tukey–Kramer post hoc multiple 

comparison test. 

SiO2NP priming significantly altered antioxidant enzyme 

activities in Brassica juncea, indicating a strong 

concentration-dependent response in both shoots and roots 

(Table 3). SOD activity increased progressively with 

concentration, reaching a maximum at 100 mg L-1 (601.28 

units g-1 FW in shoots; 702.56 units g-1FW in roots), 

significantly higher than the control. Moderate enhancement 

was observed at 50 mg L-1, while 75 mg L-1 showed 

comparatively lower root activity.CAT activity exhibited 

substantial stimulation at 100 mg L-1, with shoot and root 

values (263.88 and 288.45 µmol g-1 FW min-1, respectively) 

markedly exceeding control levels. Lower 

concentrations(25-75 mg L-1) produced moderate increases, 

but none matched the response at 100 mg L-1.GPX activity 

also followed an increasing trend, peaking at 100 mg L-1 

(9.58 in shoots; 9.08 µmol g-1 FW min-1 in roots). Although 

50 mg L-1 enhanced GPX activity, maximal induction was 

clearly observed at the highest concentration.Overall, SiO₂ 

NP priming at 100 mg L-1 strongly up-regulated key 

antioxidant enzymes (SOD-CAT-GPX cascade), indicating 

enhanced reactive oxygen species (ROS) detoxification and 

improved redox homeostasis. Lower concentrations induced 

partial activation, whereas optimal dosing (100 mg L-1) 

provided the most pronounced enhancement of enzymatic 
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defense mechanisms, contributing to improved 

physiological performance and stress resilience 

(Emamverdian et al., 2020; Siddiqui et al., 2020; Vanitha et 

al., 2024) [10, 27, 29]. 
 

Table 3: Impact of SiO2NPs treatment on SOD activity, catalase activity, and GPX activity in shoots and roots of 14-day old Indian mustard 

seedlings 
 

Treatment 
Concentration 

(mg L-1) 

SOD Activity (Units g-1 FW) 

(Mean ± SE) 

CAT Activity (µmol per g FW 

min-1) (Mean ± SE) 

GPX Activity (µmol per g FW 

min-1) (Mean ± SE) 
  Shoot Root Shoot Root Shoot Root 

SiO2 NPs 0 421.16 ± 1.03b 536.20 ± 3.67bc 113.16 ± 2.95c 157.11 ± 9.50b 0.74 ± 0.06c 1.96 ± 0.03c 
 25 439.14 ± 2.33b 559.13 ± 4.31bc 138.43 ± 5.66b 178.60 ± 5.44b 1.47 ± 0.03c 6.34 ± 0.03b 
 50 597.21 ± 1.19ab 578.75 ± 2.16c 147.08 ± 6.45c 238.15 ± 4.36b 6.79 ± 0.10c 8.47 ± 0.25b 
 75 498.39 ± 2.43ab 419.63 ± 4.34b 136.17 ± 7.18ab 187.68 ± 13.3ab 4.04 ± 0.07b 5.31 ± 0.05a 
 100 601.28 ± 1.77a 702.56 ± 7.33a 263.88 ± 3.58a 288.45± 17.75a 9.58 ± 0.26a 9.08 ± 0.07a 

Different letters in superscript indicate differential significance within a column at P ≤ 0.05 based on the post hoc multiple 

comparison Tukey–Kramer tests. 

 

Principal component analysis (PCA) revealed clear 

associations among antioxidant enzymes, DPPH activity, 

and SVI in both shoots and roots under SiO₂ NP priming 

(Fig. 5). In shoots, PC1 explained 98.81% of the total 

variance (PC2: 5.15%), with SOD, GPX, DPPH, and total 

phenolics clustering strongly along PC1, while CAT loaded 

more on PC2, indicating a partially independent role; SVI 

aligned positively with PC1, confirming that enhanced 

antioxidant capacity was closely linked to improved vigor. 

In roots, PC1 (77.43%) and PC2 (22.41%) showed greater

 dispersion, with SOD contributing most strongly to 

variability, followed by CAT and GPX; SVI was positively 

associated with PC1 but negatively with PC2, suggesting 

root vigor was mainly driven by antioxidant enhancement 

along PC1. Overall, SiO₂ NP priming promoted a 

coordinated antioxidative response correlated with seedling 

performance, with shoots exhibiting more synchronized 

defense regulation and roots showing greater tissue-specific 

variability. 

 

 
 

Fig 5: Principal Component Analysis (PCA) of biochemical datasets in nano-treated shoots and roots of Indian mustard seedlings 

 

The correlation analysis of shoot and root attributes under 

SiO₂ NP priming (Fig. 6) revealed a highly coordinated 

relationship among growth traits, photosynthetic pigments, 

secondary metabolites, and antioxidant defense systems, 

indicating an integrated physio-biochemical 

response.Across both tissues, SVI showed strong positive 

correlations with growth parameters as shoot length (SL), 

root length (RL), moisture content (MC%), and antioxidant 

enzymes (SOD, CAT, GPX). The association was 

particularly strong with MC% (r ≈ 0.95 in both tissues) and 

with SOD/CAT activities, demonstrating that improved 

hydration status and enhanced enzymatic antioxidant 

defense were major contributors to overall seedling 

performance. Growth parameters (SL, RL, and leaf 

numbers; LN) were strongly interrelated (r > 0.80), 

confirming synchronized seedling development. In both 

shoots and roots, GPX exhibited strong correlations with 

growth traits (especially LN and RL), indicating its central 

role in regulating oxidative balance during tissue expansion. 

CAT and SOD also showed positive intercorrelations, 

reflecting coordinated enzymatic detoxification of reactive 

oxygen species (ROS).Photosynthetic pigments (chl a, chl b, 

total chl, and carotenoids) were highly positively correlated 

(r > 0.90), particularly in shoots, confirming synchronized  

regulation of the photosynthetic apparatus. These pigments 

also showed strong associations with total phenolic content 

(TPC) and total flavonoid content (TFC), suggesting that 

enhanced secondary metabolism paralleled improvements in 

photosynthetic capacity.Non-enzymatic antioxidant 

parameters (TPC, TFC, and DPPH activity) were strongly 

correlated with each other (r ≈ 0.75–0.95) in both shoots and 

roots. DPPH activity also showed positive associations with 

enzymatic antioxidants, especially GPX, demonstrating a 

tightly linked enzymatic and non-enzymatic defense 

network.Comparatively, shoots exhibited more compact and 

stronger intercorrelations among pigments and antioxidant 

traits, indicating a highly synchronized metabolic 

adjustment. Roots, while also strongly correlated, displayed 

slightly greater variability, suggesting tissue-specific 

modulation of antioxidant enzymes, particularly CAT and 

GPX. Overall, the correlation analysis clearly indicated that 

SiO₂ NP priming promotes an integrated antioxidative-
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growth network in both shoots and roots. Enhanced ROS-

scavenging capacity (SOD, CAT, GPX), elevated phenolic 

metabolism (TPC, TFC), improved radical scavenging 

activity (DPPH), and better moisture retention collectively 

contributed to enhanced photosynthetic efficiency and 

biomass accumulation. These strong positive inter-

relationships confirm that oxidative stress mitigation and 

metabolic coordination are the principal mechanisms 

underlying improved seedling growth under silica nano-

priming. 
 

 
 

 
 

Fig 6: Correlation analysis of morphological and biochemical traits in nano-treated shoots and roots of Indian mustard seedlings

Conclusion 

Seed priming with SiO₂ NPs significantly enhanced growth, 
biomass, and physio-biochemical performance of Brassica 
juncea in a concentration-dependent manner, with 100 mg 
L-1emergingas the most effective dose. Optimal treatments 
(50-100 mg L-1) improved germination, seedling vigor, 
shoot and root elongation, fresh and dry weight, and tissue 
moisture content, indicating better early establishment and 
water relations. Higher concentrations (75-100 mg L-1) also 
increased chlorophyll and carotenoid levels, stimulated 
phenolic and flavonoid accumulation, enhanced DPPH 
radical scavenging activity, and up-regulated antioxidant 
enzymes (SOD, CAT, GPX), reflecting strengthened 
photosynthetic efficiency and redox homeostasis. In 
contrast, 25 mg L-1 was suboptimal. Overall, SiO₂ NP 
priming at 100 mg L-1 effectively promoted growth, 
metabolic activation, and antioxidant defense, highlighting 
its potential as a sustainable nano-priming strategy for 
improved crop establishment and stress resilience. Principal 
component analysis (PCA) revealed that variation among 
treatments was primarily governed by the coordinated 
enhancement of antioxidant enzyme activities and seedling 
vigor, reflecting a dominant antioxidant–growth axis with 
comparatively limited root-specific influence. Correlation 
analysis confirmed strong positive linkages among growth, 
pigments, secondary metabolites, and ROS-scavenging 
systems. Overall, silica nano-priming enhanced seedling 
performance through integrated redox regulation and 
metabolic activation. 
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