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Abstract: The application of silicon dioxide (SiO2) nanoparticles has emerged as a 
promising approach to enhance plant tolerance to drought stress by improving 
morphophysiological and biochemistry performance. This study aimed to evaluate the 
effects of 100 ppm SiO2 nanoparticles on the morphophysiological responses of the 
soybean cultivar Gepak Kuning under normal conditions and polythlene glycol (PEG) 6000-
induced drought stress. The evaluated parameters included plant height, number of 
leaves, stem diameter, root length, number of nodules, percentage of active nodules, 
photosynthetic pigment content, relative water content, electrolyte leakage, protein 
content, proline content, proline to protein ratio, total flavonoid content, total phenolic 
content, and plant biomass. The results showed that the application of SiO2 nanoparticles 
significantly improved morphological characteristics, including plant height, number of 
leaves, stem diameter, root length, number of nodules, and the percentage of active 
nodules. The treatment also enhanced photosynthetic pigment content, including 
chlorophyll a, chlorophyll b, carotenoids, and total chlorophyll, as well as protein content, 
relative water content, and plant biomass. In addition, SiO2 nanoparticles reduced 
oxidative stress by decreasing the chlorophyll a/b ratio, carotenoid to total chlorophyll 
ratio, hydrogen peroxide (H2O2), malondialdehyde (MDA), proline content, proline to 
protein ratio, total flavonoid content, total phenolic content, and fresh and dry biomass 
losses under drought stress. These findings indicate that the application of SiO2 
nanoparticles enhances soybean tolerance to drought stress by improving 
morphophysiological performance, maintaining plant water status, regulating stress-
related metabolite accumulation, and promoting biomass production.  

Keywords: Drought stress, PEG, Glycine max L., Silicon Dioxide Nanoparticles, 
Morphophysiology 

 

INTRODUCTION 

Drought stress is one of the major abiotic factors threatening global agricultural 

productivity, causing substantial reductions in crop growth and yield [1]. In soybean (Glycine 

max L.), drought stress in projected to reduce grain yield by up to 60%, depending on the 
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severity and duration of water deficit [2] Water deficiency limits water and nutrient uptake, 

disrupts metabolic processes, alters root architecture, impairs morphophysiological 

performance, and disturbs cellular osmotic balance, ultimately resulting in reduced plant 

growth and productivity [3] Moreover, drought stress promotes the excessive accumulation 

of reactive oxygen species (ROS), including hydrogen peroxide (H2O2) and malondialdehyde 

(MDA), wich induce oxidative damage to cellular components such as lipids, proteins, and 

nucleic acids, thereby impairing normal physiological functions [4]  

 Nanotechnology has emerged as a promising approach to address the challenges of 

modern agriculture, particularly those associated with abiotic stress [5]. Among the various 

nanomaterials, SiO2 nanoparticles have attracted considerable attention because of their 

ability to improve nutrient use efficiency and enhance plant tolerance to drought stress [6], 

[7]. The effects of SiO2 nanoparticles have been attributed to several physiological and 

biochemicals mechanisms, including improved nutrient uptake, maintenance of plant water 

status, enhanced accumulation of protective metabolites, and increased plant growth and 

biomass under water-deficit conditions [8].  

 In soybean production, the application of SiO2 nanoparticles is expected to enhance 

drought tolerance by improving plant growth, maintaining morphophysiological 

performance, preserving plant water status, regulating oxidative stress, promoting the 

accumulation of stress-related metabolites, and increasing biomass production. Although 

the beneficial effects of SiO2 nanoparticles have been reported in several crop species, 

information regarding their effects on local soybean cultivars under drought stress remains 

limited. In this study drought stress was simulated using polyethlene glycol (PEG) 6000 [9]. 

 Therefore, this study aimed to evaluate the effectiveness of SiO2 nanoparticles in 

improving the drought tolerance of the local soybean cultivar Gepak Kuning under PEG 6000-

induced drought stress by assessing morphophysiological characteristics, photosynthetic 

pigments, plant water status, oxidative stress markers, stress-related metabolites, and 

biomass production. 

 

MATERIAL AND METHODS 

The experiment was conduct in Februari 2026 at the Greenhouse and Center for Excellence 

in Science and Technology for Industrial Plant Biotechnology (PUI-PT BioTIn), University of 

Jember, East-Java, Indonesia (-8.164630o N, 113.716932o E). 

 

SiO2 Preparation 

Commercial SiO2 nanoparticles were purchased from PT Maxlab Indonesia (Indonesia). The 

physicochemical properties of the nanoparticles were consistent with the manufacturer’s 

specifications.  

 A 100 ppm SiO2 nanoparticle suspension was prepared by dispersing the nanoparticles 

in sterile distilled water and homogenizing the suspension using a vortex mixer for 2 min to 

minimize particle aggregation. Fresh suspension was prepared immediately before each 

application. The SiO2 nanoparticle suspension was applied to the soil at a final concentration 

of 100 ppm. 
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Plant Material and Growth Conditions  

Soybean (Glycine max L.) seeds of the local cultivar Gepak Kuning were planted in 20 x 20 

cm polybags filled with inseptisol soil collected from Banyuwangi, East Java, Indonesia (-

8.3276304o N, 114.1217776o S). The plants were watered regularly until 12 days after 

planting (DAP). Drought stress was induced by applying 150 mL of a 10% polyethylene glycol 

(PEG) 6000 solution to each polybag every 3 days for a total of four applications, beginning 

at 12 DAP [9]. Silicon dioxide (SiO2) nanoparticles were applied as a soil treatment at a 

concentration of 100 ppm, starting at 14 DAP, with four applications at 4-day intervals. The 

PEG treatment was initiated before the application of SiO2 nanoparticles to ensure the 

establishment of drought stress. Leaf, stem, root, and nodule samples were collected at 28 

DAP for morphological, physiological, biochemical, and biomass analyses.  

 

Morpho-physiological Parameters  

Morphological parameters, including plant height, number of leaves, stem diameter, root 

length, number of nodules, and percentage of active nodules, were evaluated at 28 days 

after planting (DAP). Plant height was measured from the base of the stem to the shoot tip, 

while the number of leaves was determined by counting fully expanded trifoliate leaves. 

Stem diameter was measured at the stem base using a digital caliper. Root length was 

measured from the base of the primary root to the root tip after carefully washing the root 

system. The total number of nodules was counted for each plant, and the percentage of 

active nodules was determined by dissecting the nodules and identifying active nodules 

based on presence of a pink or reddish internal color [10]. Leaf samples were collected at 

28 DAP and immediately used for physiological and biochemical analyses.  

 

Pigment Photosynthesis Content  

Photosynthetic pigment contents were determined following a method described by Porra 

[11]. Briefly, 0.3 g of fresh leaf tissue was homogenized with 80% methanol (1:5 w/v), prior 

centrifuged at 10,000 rpm for 10 min, and the supernatant obtained was collected for 

pigment analysis. The absorbance of the extract was measured at 665, 652, and 470 nm 

using a UV-Vis spectrophotometer. Chlorophyll a, chlorophyll b, total chlorophyll, and 

carotenoid contents were calculated using the following equations: 

Chlorophyll a (mg/g) = 
[(16,29 x Abs665)−(8,54 x Abs652)]

1000
x volume/weight  (1) 

Chlorophyll b (mg/g) = 
[(30,66 x Abs652)−(13,58 x Abs665)]

1000
x volume/weight  (2) 

Carotenoid (mg/g) = 
[(1000 x Abs470)−(22,12 x Abs665)−(2,71 x Abs652)]

227
x volume/weight (3) 

Total chlorophyll (mg/g) = 
[(22,12 x Abs665)+(2,71 x Abs652)]

1000
x volume/weight  (4) 

 

Relative Water Content (RWC), Electrolyte Leakage (EL) 

The relative water content was determined following method by Rosa et al [12]. Leaf 

samples (0.3 g) were soaked in 30 mL of distilled water for 24 hours at 4°C in the dark, and 
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their saturated weights were recorded. The samples were oven dried at 70°C for 48 hours, 

and their dry weights were recorded. RWC was calculated using the following equations: 

RWC (%) = 
FW−DW

SW−DW
x 100%    (5) 

• FW = fresh weight  

• SW = saturated weight  

• DW = dry weight  

 EL was determined following method described by Rosa et al [12]. Fresh leaf samples 

(0.3 g) were cut into approximately 5 mm segments and immersed in 10 mL of distilled 

water in bottle, prior incubated at room temperature for 2 hours, then the initial electrical 

conductivity (EC1) of the solution was measured using an electrical conductivity (EC) meter. 

The samples were then autoclaved at 121 oC for 20 min to completely release cellular 

electrolytes, cooled to room temperature, and the final electrical conductivity (EC2) was 

measured. EL was calculated using the following equation:  

EL (%) = 
EC1

EC2
x 100%     (6) 

 

H2O2 and MDA content 

H2O2 and MDA content was determined following method described by Velikova [13]. Fresh 

leaf tissue (0.3 g) was homogenized in 0.1% trichloroacetic acid (TCA) (1:5 w/v) prior 

centrifuged at 12,000 rpm for 15 min at 4 oC. Subsequently for H2O2, 250 µL of the 

supernatant was vortex-mixed with 250 µL 10 mM potassium phosphate buffer (pH 7.0) and 

1 mL of potassium iodide (KI) and incubated at 4 oC for 15 min before measuring the 

absorbance at 390 nm using a UV-Vis spectrophotometer.  The H2O2 concentration was 

determined from a standard calibration curve and expressed as µmol g-1 fresh weight (FW). 

For MDA, 250 µL of the supernatant was mixed with 1 mL of a reaction solution containing 

20% TCA and 0.5% thiobarbituric acid (TBA) (1:4 v/v). The absorbance of the reaction 

mixture was measured at 532 and 600 nm using a UV-Vis spectrophotometer. The MDA 

concentration was calculated using an extiction coefficient 155 Mm-1 cm-1 and expressed as 

µmol g−1 FW. 

  

Protein and Prolin Content 

Protein content was determined using the Bradford assay [14]. Fresh leaf tissue (0.3 g) was 

homogenized in potassium buffer (pH 7.4) (3:1 w/v), prior centrifuged at 12,000 rpm for 15 

min at 4 oC, and the supernatant was incubated a 4 oC for 24 hours. Subsequently, 5 µL of 

the extract was mixed with 45 µL of distilled water and 950 µL of Bradford reagent. After 

incubation, the absorbance was measured at 595 nm using a UV-Vis spectrophotometer. 

Protein concentration was determined from a Bovine Serum Albumin (BSA) standard curve 

and expressed as mg g-1 FW. Proline content was determined using the method described by 

Lee et al [15] Briefly, 200 µL of the extract was mixed with 800 µL of the reaction reagent. 

The reaction mixture was heated at 95 oC for 20 min using a dry block heater, cooled to 

room temperature, and centrifuged at 10,000 rpm for 1 min at 25 oC. The absorbance of the 

supernatant was measured at 520 nm using a UV-Vis spectrophotometer. Proline 

concentration was calculated from standard curve and expressed as µmol g−1 FW 
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Phenolic and Flavonoid Content 

Total phenolic content (TPC) was determined using the Folin-Ciocalteu method described 

by Taga et al [16] Briefly, 5 µL of the extract was vortex-mixed with 45 µL of analytical-

grade methanol, 1 mL of 2% sodium carbonate (Na2CO3), and 50 µL of 50% Folin-Ciocalteu 

reagent, prior incubated for 30 min at room temperature before measuring the absorbance 

at 750 nm using a UV-Vis spectrophotometer. Total phenolic content was calculated from a 

gallic acid standard curve and expressed as mg Gallic Acid Equivalents (GAE) g-1 FW. 

 Total flavonoid content (TFC) was determined according to Pradipta et al [17] using 

Quercetin as the standard. Briefly, 10 µL of the extract was mixed with 40 µL of analytical-

grade methanol, 400 µL of distilled water, and 30 µL of 10% aluminum chloride (AlCl3) was 

added, and the mixture was incubated for an additional 6 min. finally, 200 µL of 1 N sodium 

hydroxide (NaOH) and 240 µL of distilled water were added before measuring the absorbance 

at 415 nm using a UV-Vis spectrophotometer.  Total flavonoid content was calculated from 

a quercetin standard curve and expressed as mg Quercetin Equivalent (QE) g-1 FW.  

 

Statistical Analysis 

The study was conducted using a non-factorial completely randomized design consisting of 

eight treatments with three replicates. The analysis used was ANOVA, followed by the 

Duncan Multiple Range Test (p<0.05). 

 

RESULT AND DISCUSSION 

SiO2 Nanoparticle Improve Soybean Vegetative Growth Under Drought Stress 

The application of SiO2 nanoparticles significantly affected all vegetative growth parameters 

of soybean plants (Fig.1). Among the treatments, plants treated with SiO2 nanoparticles (n-

SiO2) exhibited the greatest plant height (51.6 cm), whereas drought-stressed plants (DS) 

showed the lowest value (37.06 cm). Similarly, the highest number of leaves was recorded 

in the n-SiO2 treatment (5.6 leaves plant-1), while the DS treatment produced the fewest 

leaves (4.3 leaves plant-1). Stem diameter followed the same trend, reaching a maximum of 

2.4 mm in the n-SiO2 treatment and a minimum of 1.6 mm under drought stress.  

 A similar response was observed in root growth. Plants treated with n-SiO2 produced 

the longest roots (34.5 cm), whereas drought-stressed plants had the shortest roots (22.7 

cm). drought stress also markedly reduced nodulation, as reflected by the lowest number 

of nodules (8.6 nodules plant-1) in the DS treatment. In contrast, the n- SiO2 treatment 

produced the highest number of nodules (34.3 nodules plant-1), accompanied by the highest 

percentage of active nodules (98%). These result indicate that SiO2 nanoparticles effectively 

alleviated the adverse effects of drought stress by promoting vegetative growth and 

maintaining nodulation, thereby supporting nitrogen fixation and overall plant 

development. Improved growth under SiO2 nanoparticle treatment may be associated with 

enhanced plant water status, nutrient uptake, and photosynthetic efficiency, wich 

collectively contribute to greater drought tolerance [18]  

 Drought stress induced by 10% PEG 6000 during the vegetative stage significantly 

reduced the morphological performance of soybean plants. Polyethylene glycol is widely 
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used to simulate drought stress because it lowers the osmotic potential of the growing 

medium, thereby limiting water availability to plant roots and mimicking soil water deficit 

conditions [9], [19]. Reduced water availability inhibits cell division and cell expansion, 

decreases tissue water potential, and consequently suppresses plant growth and 

development [20]. These adverse effects are reflected not only in reduced morphological 

growth but also in altered physiological responses, changes in stress-related metabolite 

accumulation, and decreased biomass production.  
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Fig. 1: Plant height, number of leaves, stem diameter, root length, number of nodule, 

and active nodule for the morphological appearance of soybean plants after treatment 

with SiO2 nanoparticle. Different letters at the same level indicate a significant 

difference (p < 0.05) 

 

Response of Photosynthetic Pigments in Soybean after Treatment with SiO2 

Nanoparticle and PEG 

 

Table 1: Effect after treatment with SiO2 nanoparticle and PEG on photosynthesis 

pigment of soybean plants. 

Treatment Chlorophyll a 

(mg/g FW) 

Chlorophyll b 

(mg/g FW) 

Carotenoid (mg/g 

FW) 

Chlorophyll 

Content 

(mg/g FW) 

Ctrl 7.92 ± 0.12b 5.95 ± 0.26b 4.61 ± 0.51b 13.87 ± 0.38b 

n-SiO2 8.99 ± 0.04a 6.90 ± 0.07a 3.13 ± 0.09c 15.89 ± 0.04a 

DS 6.07 ± 0.04c 2.54 ± 0.16d 6.01 ± 0.05a 8.61 ± 0.16c 

DS + n-SiO2  6.16 ± 0.11c 3.20 ± 0.18c 5.20 ± 0.50ab 9.36 ± 0.08c 
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Fig. 2: Ratio chlorophyll a/b and ratio carotenoid/chlorophylls content of soybean 

plants aftertreatment SiO2 nanoparticle. Different letters at the same level indicate a 

significant difference (p < 0.05) 

 

 The result of the study that the photosynthetic pigment content was significantly 

affected by the application of n-SiO2 and PEG. The n-SiO2 treatment showed the highest 

levels of chlorophyll a, chlorophyll b, and total chlorophyll, with average values of 8.99 

mg/g FW, 6.90 mg/g FW, and 15.89 mg/g FW, respectively. Meanwhile, for carotenoid 

content, chlorophyll a/b ratio, and carotenoid/total chlorophyll ratio showed the highest 

results under the DS treatment with values of 6.01 mg g⁻¹ FW, 2.40, and 0.69, respectively. 

Conversely, the DS treatment exhibit the lowest chlorophyll a, chlorophyll b, and total 

chlorophyll contents, at 6.07, 2.54, and 8.61 mg g⁻¹ FW, respectively. The n-SiO₂ treatment, 

showed the lowest carotenoid content, chlorophyll a/b ratio, and carotenoid/total 

chlorophyll ratio, with values of 3.13 mg g⁻¹ FW, 1.30, and 0.19, respectively. 

 Photosynthetic pigments are key indicators of a plant's photosynthetic capacity and 

the stability of its photosynthetic apparatus [21] The results of this study demonstrated that 

drought stress significantly reduced the contents of chlorophyll a, chlorophyll b, and total 

chlorophyll while increasing carotenoid levels, the chlorophyll a/b ratio, and the 

carotenoid/total chlorophyll ratio.  

 Plants develop adaptive mechanisms to mitigate the effect of drought stress by 

reducing the rate of transpiration and photosynthetic activity, resulting in decreased 

chlorophyll content, stomatal closure, and a lower photosynthetic rate [22] Treatment with 

n-SiO₂ effectively alleviated the adverse effects of drought stress by improving nutrient 

uptake efficiency, silica deposition in plant tissues, enhancing tissue water balance, and 

photosynthetic activity [21] In addition, the application of n-SiO₂ increased chlorophyll 

contents in soybean plants under drought stress, which is consistent with previous studies 

[23], [24] 
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Response of Water Status and Oxidative Stress in Soybean After Treatment with SiO2 

Nanoparticle and PEG 
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Fig. 4: Relative water content, electrolyte leakage, H2O2 content and MDA content of 

soybean plants after treatment SiO2 nanoparticle. Different letters at the same level 

indicate a significant difference (p< 0.05) 

 

 Treatment with n-SiO₂ had a significant effect on relative water content (RWC), 

electrolyte leakage (EL), H₂O₂ and MDA levels (Fig. 4). The n-SiO₂ treatment showed the 

highest RWC, with an average value of 78%, whereas the DS treatment exhibited the lowest 

RWC of 61%. In contrast, EL showed the opposite trend with the DS treatment produced the 

highest EL at 21.04%, while the n-SiO₂ treatment recorded the lowest result at 20.37%. H₂O₂ 

accumulation also increased significantly as a result of drought stress. The highest H₂O₂ 

content was observed in the DS treatment at 23.98 μM g⁻¹ FW. Meanwhile, the n-SiO₂ 

treatment recorded the lowest result of 16.74 μM g⁻¹ FW. A similar trend was also observed 

in MDA content. The DS treatment showed the highest MDA content at 18.00 μM g⁻¹ FW, 

whereas the n-SiO₂ treatment produced the lowest at 11.95 μM g⁻¹ FW. 

 Plant water status is a key factor determining a plant's ability to survive during 

drought stress. The decrease in RWC observed in the DS treatment indicated that water 

deficit impairs root water uptake, leading to a reduction in turgor pressure and disruption 

of cellular metabolism [18] Treatment with n-SiO₂ is linked to silicon's ability to enhance 

root development, thereby improving water-holding capacity. Furthermore, silica 

deposition can reduce water loss through transpiration and improve water-use efficiency. 

These mechanisms enabled plants to maintain turgor pressure and physiological activity 

under drought stress [25] An increase in RWC was accompanied by a decrease in EL, 
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indicating that n-SiO₂ maintained cell membrane stability [26] Electrolyte leakage is an 

important indicator of membrane damage caused by the accumulation of reactive oxygen 

species (ROS), which leads to lipid peroxidation in the plasma membrane. The lower EL 

value observed in the n-SiO₂ treatment indicated that greater membrane stability at 

preventing the loss of ions and cellular metabolites into the surrounding environment [27] 

 Improved water status contributed to reduced H₂O₂ and MDA accumulation. H₂O₂ is 

one of the main ROS that increases during drought stress due to an imbalance between ROS 

formation and detoxification [28] Excessive accumulation of H₂O₂ triggered membrane lipid 

peroxidation, as indicated by increased MDA levels. Therefore, high levels of H₂O₂ and MDA 

levels indicated that the DS treatment experienced severe oxidative stress. Conversely, the 

reduction in H₂O₂ and MDA levels in the n-SiO₂ treatment suggested that silicon is capable 

of reducing ROS accumulation. Silicon has been reported to enhance the activity of 

antioxidant enzymes, thereby enabling ROS scavenging before they cause membrane 

damage [29] In addition, silicon has also been reported to maintain ionic homeostasis and 

alleviate abiotic stress [30]. 

 

Response of Osmotic Adjustment Oxidative Stress and Yield in Soybean After 

Treatment with SiO2 Nanoparticle and PEG 
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Fig. 5: Protein content soybean plants after treatment with SiO2 nanoparticle. 

Different letters at the same level indicate a significant difference (p < 0.05) 

 

 The n-SiO₂ treatment showed significant differences among treatments. The n-SiO₂ 

treatment resulted in the highest protein content at 4.45 μg mg⁻¹, representing a 4.7% 

increase compared with the control. Conversely, the DS treatment produced the lowest 

protein content of 3.29 μg mg⁻¹, representing 22.4% reduction compared with the control. 

In contrast, The DS + n-SiO₂ treatment increased protein content to 4.01 μg mg⁻¹. These 

results indicated that drought stress inhibited protein accumulation. The reduction in 

protein content in the DS treatment inhibited protein metabolism while accelerating protein 

degradation due to increased oxidative stress. Protein is a major component of primary 

metabolism and contributes to the formation of enzymes, structural proteins, transport 



Vol. 14 No. 04 (2026): European Journal of Applied Sciences 

 

Scholar Publishing 

 

 
 

Page | 201  

 

proteins, and various regulatory proteins involved in plant growth and physiological 

responses [31] 
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Fig. 6: Metabolite secondary content soybean plants after treatment with SiO2 

nanoparticle. Different letters at the same level indicate a significant difference (p < 

0.05) 

 

 Treatment with n-SiO₂ resulted in significant differences in the proline content, 

proline-to-protein ratio, flavonoid content, and phenolic content in soybean plants (Fig. 6). 

The highest proline content was observed in the DS treatment at 0.30 μg mg⁻¹, while the n-

SiO₂ treatment exhibited the lowest result at 0.19 μg mg⁻¹. The DS + n-SiO₂ treatment 

reduced proline content to 0.29 μg mg⁻¹, representing a 3.4% reduction compared to the 

control. A similar trend was also observed in the proline-to-protein ratio. The highest ratio 

was found in the DS treatment at 0.09, whereas the n-SiO₂ treatment exhibited the lowest 

ratio of 0.04. The DS + n-SiO₂ treatment reduced the ratio to 0.07. 

 The accumulation of secondary metabolites showed a similar trend. The DS 

treatment resulted in the highest phenolic and flavonoid contents of 0.81 μg GAE g⁻¹ FW 

and 0.39 μg QE mg⁻¹ FW, respectively. Conversely, the n-SiO₂ treatment reduced phenolic 

and flavonoid contents to 0.66 μg GAE g⁻¹ FW and 0.17 μg QE mg⁻¹ FW. 

 The accumulation of proline is one of the primary physiological responses to drought 

stress. The increase in proline content in the DS treatment indicated that soybean plants 

experienced severe osmotic stress. Proline acted as a compatible osmolyte to maintain 
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turgor pressure, protects proteins and cell membranes, and stabilizes enzyme structures 

during water deficit[15] . In contrast, the lower proline content in the n-SiO₂ treatment 

indicated that the treatment effectively alleviated drought-induced stress. The reduction 

in proline content in the DS + n-SiO₂ treatment compared with the DS treatment further 

supports this finding. This response was also reflected by the proline-to-protein ratio, which 

represents the balance between protein degradation and osmolyte synthesis during drought 

stress [32] The higher ratio observed in the DS treatment indicated a metabolic shift from 

protein synthesis toward stress defense mechanisms. A similar trend was also observed for 

flavonoid and phenolic contents. Both compounds are secondary metabolites that act as 

non-enzymatic antioxidants to neutralize ROS under drought stress. The highest flavonoid 

and phenolic contents observed in the DS treatment indicated that soybean plants activated 

their antioxidant defense system in response to excessive ROS accumulation. However, the 

n-SiO₂ treatment decreased the accumulation of both metabolites. These findings indicated 

that n-SiO₂ shifted the morphophysiological response from a stress defense toward a drought 

tolerance mechanism [33] 

 

Table 2: Effect after reatment with SiO2 and PEG on shoot and root biomass of soybean 

at 28 days 

Treatment Shoot weight (g) Root weight (g) 

Ctrl 8.10 ± 0.22b 4.17 ± 0.26b 

n-SiO2 11.60 ± 0.83a 4.90 ± 0.16a 

DS 6.23 ± 0.12c 2.83 ± 0.12c 

DS + n-SiO2  7.70 ± 0.16bc 3.97 ± 0.12b 

 

 The n-SiO₂ treatment significantly affected the shoot and root biomass of soybean 

plants at 28 days after planting. The n-SiO₂ treatment produced the highest shoot and root 

biomass at 11.60 g and 4.90 g, respectively, whereas the DS treatment exhibited the lowest 

biomass at 6.23 g and 2.83 g, respectively. Plant biomass is a key indicator of photosynthetic 

performance and metabolic efficiency during the vegetative growth stage. The reduction in 

shoot and root biomass observed under the DS treatment indicated that drought stress 

limited plant growth by reducing water uptake and disrupting the stability of the 

photosynthetic apparatus. These conditions inhibited cell division and enlargement in 

plants, resulting in lower biomass accumulation. In contrast, the n-SiO₂ treatment 

significantly increased shoot and root biomass under both normal and drought stress 

conditions. Overall, these findings demonstrated that silicon improved biomass 

accumulation primarily by maintaining the integration of morphophysiological responses, 

reduced oxidative damage, and optimized primary metabolism, thereby allowing grater 

carbon allocation toward vegetative growth and biomass accumulation [34] 

 

CONCLUSION 

The application of n-SiO₂ effectively improved the morphophysiological performance of 

soybean plants under both normal and PEG 6000-induced drought stress conditions. SiO₂ 

nanoparticles positively affected the physiological responses of soybean plants by increasing 

RWC and reducing EL, thereby reducing oxidative damage, as indicated by H₂O₂ 
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accumulation and MDA levels. In addition, n-SiO₂ maintained photosynthetic pigment levels 

and protein content while suppressing proline accumulation and stress-induced secondary 

metabolites. Overall, n-SiO₂ treatment promoted vegetative growth and biomass 

accumulation under drought stress conditions. 
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