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ABSTRACT 

Green nanotechnology provides innovative approaches to sustainable agriculture by creating eco-friendly 

nanomaterials with biostimulatory properties. In the current research, chitosan nanoparticles (ChNPs) were synthesised from 

crustacean shrimp shells through an ionic gelation process and further their characterization was examined. The scanning 

electron microscopy (SEM) revealed ChNPs were spherical in shape and size ranges from 16 to 24 nm. UV–visible 

spectroscopic analysis revealed the characteristic absorption behaviour of NPs which confirms the ChNPs synthesis and 

further X-ray diffraction (XRD) study confirmed semi-crystalline nature of the synthesized ChNPs. Fourier transform infrared 

spectroscopy (FTIR) confirmed the involvement of functional groups in ChNPs synthesis. The rice seedlings and pot-grown 

rice plants exposed to different concentrations (0, 10, 20, 30, 40, 50, and 60%) of ChNPs indicated significant increases in 

protein, proline, chlorophyll and carotenoids contents suggesting modulations in physiological and biochemical traits. The 

ChNPs concentration dependent increased in antioxidant enzymes such as superoxide dismutase, catalase, peroxidase, 

glutathione peroxidase, and ascorbate peroxidase were recorded in seedlings and plants treated with ChNPs. Moreover, the 

DPPH radical scavenging assay (77.9±3.1 % inhibition) confirmed the ChNPs improves antioxidant potential. These findings 

demonstrate that, ChNPs improves morphological, physiological, and biochemical traits and antioxidant defense systems in 

Oryza sativa. Therefore, ChNPs are shown to have promise as environmentally sound nanobiostimulants that can help to 

achieve sustainable crop production while also representing a new way of enhancing plant resilience and productivity.  
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1. INTRODUCTION  

Nanotechnology primarily focuses on the 

design, creation, and analysis of particles at the 

nanoscale. The tiny particles are known as 

nanoparticles, and they act as a single entity depending 

on their characteristics and mode of transport 

(Sonawane et al. 2022). Owing to their small size, 

nanoparticles can more efficiently and directly enter the 

body and reach specific cell or tissues. Nanoparticles 

serve as contrast agents in medical imaging and as 

transport agents for drug and gene delivery in vivo (Jha 

and Mayanovic 2023). Nanoparticles can also carry and 

deliver pharmaceutical drug molecules in a shorter 

timeframe and with less discomfort in the body, and 

they also aiding in the detection and treatment of 

various diseases (Shelke et al. 2022).  

In addition, chitosan is a linear polyamine with 

several free amine groups that are easily accessible for 

crosslinking. Its cationic characteristic enables ionic 

crosslinking with multivalent anions. ChNPs are a novel 

form of medication that has been made possible by 

recent advancements in nanotechnology (Huang and 

Yang, 2004). Compared to bulk chitosan, these 

nanoparticles have improved surface area, 

bioavailability, reactivity, potential to increase 

absorption, and effectiveness even at lower doses due to 

their more effective interaction with plant cells or 

tissues. For the reasons mentioned above, ChNPs are an 

appealing nano-biostimulant option for the application 

in agricultural improvement (Boonlertnirun et al. 2008). 

According to previous literature, in the present 

study biosynthesized ChNPs are of considerable interest 

in medicine, environmental fields, and agriculture, 

especially for enhancing seed germination, stress 

tolerance, and antioxidant defence mechanisms in other 

crop and medicinally important plants. Consequently, 

the environment-friendly generation of ChNPs 

constitutes a promising and optimistic approach to 

producing sustainable nanomaterials that are more 

effective and safer for the environment (Aranaz et al. 

2021). Chitosan, a naturally occurring polysaccharide 

obtained from the deacetylation of chitin, has attracted 

focused interest due to its biocompatibility, 

biodegradability, and non-toxicity. It has gained 

significant recognition due to its elicitor effects in 
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plants, antifungal properties, and antibacterial activities 

(Krishna et al. 2010). Numerous morphological, 

physiological, and biochemical processes, such as seed 

germination, growth rate, stress tolerance, and nutrient 

absorption, are improved in plants treated with chitosan 

and ChNPs. Chitosan is highly suitable for the 

preparation of nanoparticles intended for controlled 

drug delivery and drug release. ChNPs and their 

preparation methods are simple and mild; they offer 

versatile administration options and have attracted 

increased interest as a drug delivery carrier 

(Tiyaboonchai, 2003).  

Enhancement in rice (Oryza sativa) grain 

production is a crucial staple crop for over 50% of the 

global population. It is crucial for the stability of food 

supplies and rural livelihoods, especially in Asian 

countries (Brunel et al. 2008). Abiotic factors like 

drought, salt, and extreme temperatures, as well as 

biotic factors like pests, and weeds, constantly threaten 

rice production worldwide. These restrictions drastically 

restrict the productivity and quality of agricultural 

products. As a result, using cutting-edge, 

environmentally friendly agricultural techniques is 

essential to improving rice development and production 

(Tiyaboonchai, 2003). Despite extensive study on the 

beneficial effects of chitosan on a variety of crops, 

nothing is known about how ChNPs affect Oryza sativa 

growth and development (Nguyen et al. 2013). 

According to Saharan et al. (2016), maximizing the use 

of ChNPs in rice production requires analysing a 

number of traits like germination rate, seedling vigor, 

plant growth and height, biomass accumulation, and 

stress tolerance. Divya et al. (2022) reported that the 

effectiveness of ChNPs as a growth promoter in 

improving the yield and biological activity of rice has 

been examined. For instance, 1.0 mg/ml of ChNPs was 

applied to seed, soil, foliar and combination treatments 

and the growth and yield parameters were assessed. The 

combination treatment of seed, soil and the foliar 

application of ChNPs was found to be most proficient. 

Therefore, the current research is to assess how 

biosynthesized ChNPs affect the growth, physiological 

characteristics, and biochemical responses of Oryza 

sativa during both the seedling and mature stages. 

Furthermore, the research seeks to assess their potential 

as a nano-biostimulant that is environmentally 

sustainable and can enhance growth performance and 

resilience to stress. 

2 MATERIALS AND METHODOLOGY 

2.1 Plant Materials and Chemicals 

The certified rice seeds were procured from the 

Agriculture College Shivajinagar, Pune, Maharashtra. 

Shrimp shells were brought from the local fish market 

(Ravet, Pune), the shells were carefully cleaned in order 

to get rid of contaminants and traces of organic waste. 

In order to remove moisture and stop the growth of 

microbes, the cleaned shells were subsequently dried in 

a hot air oven at 80°C for 2-3 days. After proper drying, 

the Shrimp shells were crushed into fine powder using a 

mechanical grinder. Then, the dried powder was used 

for deproteinization, demineralization and deacetylation 

processes. Shrimp shells powder material was 

treated with 2.0 N sodium hydroxide (NaOH) (HiMedia, 

Mumbai, India) at a concentration of 12 g/ml (w/v). The 

mixture was heated for four hours at 70°C using a water 

bath (Steelmet Industries, Mumbai, India). Once the 

reaction was completed, the solid residue was filtered 

out and repeatedly cleaned with double-distilled water 

until the pH becomes neutral (pH 7.0). After 

deproteinization, the mixture was dried before being 

processed further. 

The deproteinized product was treated with 

10% hydrochloric acid (HCl, HiMedia, Mumbai, India) 

at room temperature for 4 hours at a ratio of 14 ml/g. In 

order to remove extra HCl and soluble salts, the solid 

residue was carefully cleaned with distilled water until a 

pH became neutral (pH 7.0). The material was dried 

after demineralization prior to further processing. The 

chitin was treated with 35% NaOH at a ratio of 14 mL 

per gram in order to deacetylation. The reaction mixture 

was kept at room temperature while being constantly 

stirred magnetically for 75 hrs. Once the reaction was 

finished, the deacetylated product was filtered and 

repeatedly cleaned with distilled water until the pH was 

7.0 to eliminate alkali residues. The final product was 

cleaned, dried, and purified. The final product chitosan 

was subsequently used for further characterization. 

2.2 Biosynthesis of Chitosan Nanoparticles 

ChNPs were synthesized by using ionic 

gelation process, which is based on the electrostatic 

interaction between positively charged chitosan and 

negatively charged tripolyphosphate (TPP) (Himedia, 

Mumbai, India). In order to produce homogenous 

chitosan solution, 200 ml of distilled water, 1% of acetic 

acid (v/v) were used to dissolve 200 mg of extracted 

chitosan powder. The acidic media allows chitosan to 

fully dissolve by protonating its amino (–NH₂) groups. 

As an additional cross-linking agent, TPP (mg/ml) 

solution was made with distilled water. To create 

chitosan nanoparticles, 5 mL of chitosan solution was 

mixed with 2.0 mL of TPP solution drop-wise while 

being continuously stirred at 1000 rpm using a magnetic 

stirrer. To ensure uniform chitosan nanoparticle 

synthesis, the reaction containers were incubated at 

room temperature for 1 hour. As a result of ionic 

interactions between the negatively charged phosphate 

groups of TPP and the protonated amino groups of 
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chitosan, which leads to synthesis of stable chitosan 

nanoparticles. The constant stirring prevented the 

nanoparticles from aggregating and promoted 

appropriate dispersion. Centrifugation was used to 

separate the nanoparticles at 20000 rpm for 30 minutes. 

 

 

Fig. 1: Extraction of pure chitosan from shrimp shells and synthesis of ChNPs 

2.3 Characterization of Chitosan Nanoparticles 
(ChNPs) 

To examine the morphology and size 

distribution of the nanoparticles, Scanning Electron 

Microscopy (SEM, Nova NanoSEM NPEP303) imaging 

was performed at an accelerating voltage of 15 kV and 

under high vacuum conditions. Chitosan NPs were 

analysed using FTIR using a Bruker FTIR (Bruker 

Corporation, Germany) over the range of 4000–500 

cm⁻¹ and a resolution of 4 cm⁻¹ to identify its functional 

groups and confirm its structure. The suspension of 

ChNPs was scanned through the wavelength range of 

200–500 nm. X-ray diffraction (XRD, Rigaku 

Corporation, Ultima-IV, Japan) with a Cu Kα radiation 

source (λ = 1.5406 Å) operated at 40 kV and 40 mA 

was used to analyse the crystalline nature of chitosan 

NPs. The synthesized ChNPs were analysed for their 

optical properties using a UV–Visible 

spectrophotometer (Shimadzu, Japan).   

2.4 Treatment of ChNPs to Seeds 

Stock solutions of ChNPs were prepared in 6 

different conical flasks and placed in a rotary shaker 

(Steelmet, Mumbai, India) for 3 days. The 

concentrations were varied from 0.0%, 10%, 20%, 30%, 

40%, 50%, and 60% of ChNPs were represented as T0, 

T1, T2, T3, T4, T5 and T6. After 3 days, all conical 

flasks were removed from the rotary shaker, and 5.0 g 

of rice seeds were added to each conical flask. Seeds 

were treated with 10% of ChNPs for 60 min, 20% of 

ChNPs, 30% of ChNPs, 40% of ChNPs, 50% of ChNPs, 

and 60% of ChNPs were dissolved in 100 ml of distilled 

water in a conical flask. For control, the seeds were 

treated in 100 mL of distilled water for 60 min in 

conical flask separately. To evaluate the growth 

response of rice after germination, morphological 

parameters such as root length, shoot length, biomass 

(both fresh and dry weight), and seedling viability were 

assessed. 

2.5 Physiological Analysis of Oryza sativa 
Plantlets Treated with ChNPs 

2.5.1 Chlorophyll Content 

The modified acetone method of Arnon’s 

(1949) was used to estimate the chlorophyll content 

from leaf tissue of rice (Porra and Scheer, 2019). Fresh 

leaf tissue (0.5 g) was homogenized in 80% acetone 

using mortar pestle. The homogenized mixture was 
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centrifuged. The absorbance of supernatant was 

measured using spectrophotometer at 645 and 663 nm 

against blank of 80% acetone. 

2.5.2 Carotenoids Content 

The carotenoid content in fresh leaf tissue of 

rice was estimated using the method outlined by Yi et 

al. (1996). Fresh leaf tissue (0.5 g) was homogenized 

and extracted using 10 ml of 80% acetone. A 

spectrophotometer was used to measure the absorbance 

of the reaction mixture at 480 and 510 nm. Total 

carotenoid content from leaf tissue was estimated and 

the results were expressed as mg/g fresh weight. 

2.5.3 Proline Content 

The proline content was analysed using the 

technique of Bates et al. (1973) as described by 

Sadasivam and Manickam (1996). 0.5 g of fresh leaf 

tissue was homogenized in 3% sulfosalicylic acid, 

treated with ninhydrin and glacial acetic acid, heated at 

100 °C, and the chromophore was extracted using 4.0 

ml of toluene. Absorbance of the reaction mixture was 

measured at 520 nm, and proline content was 

determined from a standard curve, and results were 

expressed as μmol g⁻¹ fresh weight of leaf tissue. 

2.5.4 Protein Content 

The protein content is estimated by using 

Lowry method (Lowry et al. 1951). Fresh plant tissue 

(1.0 g) was homogenized in phosphate buffer and 

centrifuged at 10000 rpm. The supernatant was treated 

with alkaline copper reagent and Folin–Ciocalteu 

reagent. The absorbance of the reaction mixture was 

measured at 660 nm, and the protein content was 

determined from a standard curve of BSA (HiMedia, 

Mumbai, India). The results of protein content were 

expressed as mg g-¹ fresh weight. 

2.6 Antioxidant Assays 

2.6.1 Superoxide Dismutase (SOD) (EC 1.15.1.1) 

  Superoxide dismutase (SOD) activity was 

assessed in fresh plant tissue of rice using modified 

method of Sarker and Oba, (2018). To obtain the SOD 

enzyme extract, 0.1 g of fresh plant tissue of rice was 

homogenized in 250 mL of cold potassium phosphate 

buffer (pH of 7.0) using a mortar pestle. The enzyme 

extract was centrifuged at 10,000 rpm for 10 minutes at 

4°C. Potassium phosphate buffer (2.45 ml), 300 µl of 

100 mM methionine, 50 µl of 10 mM riboflavin, 50 µl 

of EDTA, 100 µl of 750 mM nitroblue tetrazolium 

(NBT) solution, and 100 µl of enzyme extract were 

collectively used as the reaction mixture for analysis. 

The absorbance of the reaction mixture was measured at 

560 nm using spectrophotometer. The results were 

expressed as units per gram of fresh weight of tissue. 

2.6.2 Catalase (CAT) (EC 1.11.1.6) 

The catalase activity was determined from leaf 

tissue of rice using the modified method of Laxmi et al. 

(2018). To obtain the enzyme extract, 0.1 g of fresh 

plant tissue was homogenized in 0.067 M (pH 7.0) 

phosphate buffer and centrifuged at 1-4°C. The 

sediment was stirred using a cold phosphate buffer. 

Supernatant was used for the catalase activity, and 

enzyme extract (devoid of H2O2) was used as a blank. 

3.0 ml of H2O2-PO4 buffer and 100 µl of enzyme extract 

were used in the reaction mixture. The absorbance of 

the reaction mixture was measured at 240 nm using 

spectrophotometer. According to Luck (1965) catalase 

activity was measured in µmol of H2O2 degraded per 

minute per gram of fresh weight of leaf tissue.  

2.6.3 Peroxidase (POX) (EC 1.11.1.7) 

The peroxidase activity was measured in fresh 

plant tissue using the modified method of Wu et al. 

(2022). To obtain the enzyme extract, 0.1 g of fresh 

plant tissue was homogenized in 0.1 M phosphate buffer 

(pH 7.0) and centrifuged at 18,000 rpm for 15 minutes 

at 5°C. The reaction mixture included 30 µl of hydrogen 

peroxide, 50 µl of guaiacol solution and 100 µl of 

enzyme extract. A spectrophotometer was used to 

measure the increase in absorbance at 436 nm for 3 

minutes. The change in absorbance per minute per gram 

of fresh weight was recorded and used to express 

enzyme activity.  

2.6.4 Glutathione Peroxidase (GPX) (EC 1.11.1.9) 

In order to prepare the enzyme extract, fresh 

plant tissue (0.1 g) was homogenized in 0.4 M sodium 

phosphate buffer (pH 7.0), and centrifuged at 10,000 

rpm for 15 minutes at 4°C. 400 µl of phosphate buffer, 

100 µl of sodium azide, 200 µl of reduced glutathione, 

500 µl of enzyme extract, 100 µl of H2O2, and 2000 µL 

of distilled water were collectively used as the reaction 

mixture. The reaction mixture containing tubes was 

incubated at 37°C for 30 minutes. 500 µl of 10% 

Trichloroacetic acid centrifuged mixture. Save the 

supernatant and add 1000 µl of 5, 5'-Dithiobis (2-

nitrobenzoic acid) Ellman's reagent (DTNB) and 3 ml of 

Na2HPO4 were added to the supernatant. The 

absorbance of the reaction mixture was measured at 412 

nm using a spectrophotometer. The activity of 

glutathione peroxidase was measured in µg of GSH 

used per minute per gram of fresh weight.  

2.6.5 Ascorbate peroxidase (APX) Assay (EC 1.11.1.11) 

The Sadasivam and Manickam (1996) method 

was used to measure the activity of ascorbate peroxidase 

(APX). To obtain the enzyme extract, fresh plant tissue 

(0.1 g) was homogenized in ice-cold potassium 

phosphate buffer using a mortar and pestle and the 

enzyme extract was centrifuged at 12,000 rpm for 15 



Manjushri Madne et al. / J. Environ. Nanotechnol., Vol. 15(2), 217-235 (2026) 

221 

minutes at 4°C temperature. 800 µl of 50 mM phosphate 

buffer (pH 7.0), 100 µl of 0.5 mM ascorbate, 50 µl of 

0.1 mM EDTA, 50 µl of enzyme extract, and 50 µl of 

0.1 mM hydrogen peroxide were all included in the 

reaction mixture. The oxidation of ascorbate caused a 

drop in absorbance at 290 nm, which was recorded in 1 

minute. The unit of measurement for APX activity was 

µmol of ascorbate oxidized per minute per gram of fresh 

weight of tissue.  

2.6.6 DPPH (2,2-diphenyl-1-picrylhydrazyl) 

In the DPPH radical scavenging assay, gallic 

acid served as a standard antioxidant to assess and 

contrast the antioxidant potential of the test samples 

(enzyme extract). A stock solution of gallic acid was 

made in methanol and then diluted to achieve various 

concentrations for assay. 100 µL aliquot of each 

concentration of gallic acid was combined with 3.0 mL 

of DPPH solution and incubated in the dark for 30 

minutes at room temperature. After incubation, the 

reduction of absorbance was measured at 517 nm using 

a UV–Visible spectrophotometer (Baliyan et al. 2022).  

2.7 Statistical Analysis 

A completely randomized design (CRD) was 

used in all experiments. All tests were carried out three 

times, and the results are presented as mean ± standard 

deviation (SD). To assess the significance of differences 

between control and treated groups, statistical analysis 

was conducted using a t-test. A probability level of 

p<0.05 was regarded as statistically significant. 

3. RESULTS 

3.1 Synthesis and Characterization of ChNPs 

The chitosan was obtained from a natural 

source, chitin present in shrimp shells. The extracted 

chitosan was used for the synthesis of ChNPs. Synthesis 

of ChNPs was achieved through using TPP. The 

structure of synthesized ChNPs was analyzed, and 

particle dimensions (varying from 16 to 25 nm) were 

measured using SEM analysis. Characterization of 

ChNPs was performed using SEM, FTIR, XRD, and 

UV–Visible spectroscopic analysis.  

 

Fig. 2: The process of obtaining chitosan from shrimp shells and synthesis of ChNPs is depicted in sequential steps, (A) 
Removal of protein from shrimp shells using NaOH, (B) Demineralization of deproteinized material, (C) Ch was extracted 

from chitin through deacetylation process, (D) It showed extracted Ch from chitin, (E) Synthesis of ChNPs by using TPP and 
(F) Synthesized ChNPs.

3.1.1 SEM and EDS Analysis of ChNPs  

The SEM analysis showed that the 

nanoparticles were mostly spherical in shape with slight 

agglomeration and a size varying between an average of 

16 and 24 nm. The presence of carbon (C), oxygen (O), 

nitrogen (N), Al, Si, P, Ca, and Na were confirmed by 

EDS spectra, which indicate a high-purity chitosan-

based organic matrix without detectable impurities.  

3.1.2 FTIR Analysis of ChNPs 

The FTIR analysis was performed for the 

characterization of the synthesized ChNPs. The FTIR 

spectra displayed characteristic absorption bands of 

chitosan, such as a broad peak around 3438 cm-¹ linked 

to O–H and N–H stretching vibrations, a peak at 

approximately 2872 cm-¹ associated with C–H 

stretching, and amide I and II bands at about 1651 and 
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1551 cm-¹ that confirm the presence of residual acetyl 

groups and amine functionality. The presence of extra 

peaks in the ranges of 1422–1375 cm-¹ and 1151–1026 

cm-¹, which correspond to C–N stretching and C–O–C 

vibrations of the glycosidic backbone, confirms the 

structural integrity of ChNPs.  

3.1.3 XRD and UV–Visible Spectroscopic Analysis of ChNPs 

The XRD pattern showed a distinct semi-

crystalline peak at approximately 19–20° (2θ) which 

corresponds to the (110) plane of chitosan, with 

broadening of the peak suggesting nanoscale crystalline 

material. Minor peaks were indicated as partial 

crystallinity and interactions among polymer chains, 

which align with standard JCPDS data. UV–Visible 

spectroscopy demonstrated a strong absorption band in 

the UV region (200–250 nm) with negligible absorption 

in the visible range, indicating no chromophoric 

impurities and confirming the successful synthesis and 

purity of ChNPs.  

 

Fig. 3: Characterization of synthesized ChNPs, (A) UV–Visible spectrum visualized at 250 nm that confirms ChNPs 
synthesis, (B) SEM analysis of ChNPs sized from 16 to 25 nm, (C) EDS analysis confirms the existence of elements, (D) FTIR 

spectrum confirms the synthesis of ChNPs and (E) XRD showed the presence of semi-crystalline structure of ChNPs 
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3.2 Morphological Parameters of Rice Seedlings 
Treated with ChNPs 

ChNPs treatment significantly improved the 

morphological characteristics of Oryza sativa seedlings 

as compared to the control as shown in Table 1. Control 

seedlings showed minimal growth, characterized by 

short roots (1.8±0.5 cm) and shoots (2.5±0.4 cm), low 

biomass accumulation, and low germination rate 

(6.6±0.9%) which reflects weak seedling vigor. 

Chitosan NPs-treated seedlings improved in a dose-

dependent manner. Root length (50.9±2.6 cm at 50% 

ChNPs) and shoot length (67.7±2.4 cm at 60% ChNPs) 

grew significantly, and it was accompanied by increased 

fresh (0.84±0.06 g) and dry weight (0.21±0.04 at 50% 

ChNPs), indicating enhanced biomass production. The 

seed germination rate (96±2.9%) and seedling viability 

(96±2.9%) significantly modulated in rice seeds were 

treated with ChNPs at a concentration of 60%. 

Therefore, overall findings suggest that ChNPs, 

especially at a concentration of 50% and 60%, were 

found most effective in enhancing seedling growth, 

improving biomass accumulation and seed germination 

in seedlings of Oryza sativa. 

Table 1. Morphological characters of Oryza sativa seedlings treated with ChNPs 

Treatment of 

ChNPs 

Root Length 

(cm) 

Shoot Length 

(cm) 
Fresh Weight (g) Dry Weight (g) Viability % Germination 

Control 1.8±0.5e 2.5±0.4d 0.046±0.004e 0.012±0.003d 0.66±0.04d 6.6±0.9e 

10% 25.6±1.6d 61.2±2.8ab 0.60±0.05c 0.15±0.02b 8.0±0.7b 80±2.3c 

20% 28.6±2.1d 47.2±2.0c 0.66±0.06b 0.17±0.03b 8.3±0.6b 83±2.7c 

30% 43.1±2.3b 63.5±2.7a 0.58±0.03c 0.15±0.01b 9.0±0.9a 90±2.8b 

40% 36.5±1.9c 50.6±2.2c 0.49±0.02d 0.12±0.02c 7.0±0.4c 70±2.6d 

50% 50.9±2.6a 56.7±1.8bc 0.84±0.06a 0.21±0.04a 9.6±0.8a 96±3.0a 

60% 49.1±2.3a 67.7±2.4a 0.81±0.04a 0.20±0.03a 9.6±0.9a 96±2.9a 

Data are mean ± SE scored and followed by same letters are not significantly different at p ≤ 0.05 level by 

Duncan’s multiple range test (DMRT). 

 

Fig. 4: Impact of ChNPs on seed germination, seedling growth and development at 10% to 60% concentrations of ChNPs, (A) 
Seeds showed restricted germination and seedling with reduced root and shoot length at the control condition, (B–G) 

Petriplates with improved germination, root and seedling growth and development at 10%-50% ChNPs concentrations, while 
60% (ChNPs) diminished seed germination and seedlings growth and (H) Control (0% ChNPs) 
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3.3 Physiological and Biochemical Parameters 
of Rice Seedlings Treated with ChNPs  

3.3.1 Protein Estimation  

The protein content was estimated in ChNPs 
(10-60%) and control Oryza sativa seedlings. The 
protein content progressively enhanced in ChNPs rice 
seedlings as compared to the control rice seedlings. The 
control value was 0.012±0.002 mg g-¹, whereas treated 
seedlings rose from 0.013±0.002 mg g⁻¹ at 20% ChNPs 
to 0.028±0.003 mg g⁻¹ at 60% ChNPs. The standard 
deviation values across treatments were relatively small 
and consistent, which indicates the experiment was 
reproducible and confirms a clear dose-dependent 
enhancement of protein content in seedlings of rice (Fig. 
5-A). 

3.3.2 Proline Content 

The proline content in control seedlings was 
0.0080±0.0006 mg g-¹, while the most effective seedling 
treatment (40%) demonstrated a significantly elevated 
proline level of 0.0105±0.0007 mg g-¹ of protein. Even 
though the standard deviation values were similar, the 
greater mean proline content in treated seedlings 
demonstrates a clear improvement over the control, 
which indicates the use of ChNPs significantly enhances 
proline accumulation in rice seedlings (Fig. 5-B).  

3.3.3 Carotenoids Content 

The accumulation of carotenoids in seedlings 

was found to increase with treatments of ChNPs (10, 20, 

30, 40, 50, and 60%) in comparison to the control. The 

control seedlings exhibited a carotenoid content of 

4.8±0.6 mg g-¹. Whereas seedlings treated with ChNPs 

exhibited elevated carotenoid content (11.2 ± 0.7 mg g-

¹) at a concentration of 60% ChNPs, which was more 

than double that of the control (Fig. 5-C).  

3.3.4 Chlorophyll Content 

Data on the effect of different concentrations of 

ChNPs on total chlorophyll content in Oryza sativa 

petriplates-grown seedlings is presented in Figure 5-D. 

Compared to the control, treatments of ChNPs led to a 

notable increase in chlorophyll pigments in seedlings. 

Total chlorophyll content in the control was relatively 

lower, particularly chlorophyll a was found 4.0±0.6 mg 

g-¹, chlorophyll b was found 10.5±0.9 mg g-¹, and total 

chlorophyll was noted 14.0±1.2 mg g-¹ in rice seedlings. 

Seedlings treated with the optimal concentration of 

ChNPs (60%) showed significantly higher pigment 

levels, with chlorophyll a (12.5±1.0 mg g-¹), chlorophyll 

b (22±1.5 mg g-¹), and total chlorophyll (35±2.0 mg g-¹) 

being recorded. The results of the analysis of 

chlorophyll content suggest that the content was 

increased with increase of concentrations of ChNPs. 

Compared to control (14.0±1.2 mg g-¹), the content of 

total chlorophyll was progressively increased with 

treatment of 30% and 50% ChNPs. More or less similar 

decline in the chlorophyll content was observed with the 

treatments of other concentrations of ChNPs. Both 30% 

and 40% treatments of ChNPs were highly significant 

over the similar treatments of 50% and 60% ChNPs.         

 

Fig. 5: Impact of ChNPs on physiological and biochemical parameters in rice seedlings, (A) Protein content, (B) Proline 
content, (C) Carotenoids content and (D) Total chlorophyll content in seedlings 
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 Data are mean ± SE scored and followed by the same letters are not significantly different at p ≤ 0.05 level 

by Duncan’s multiple range test (DMRT). 

3.4 Antioxidant Assays  

3.4.1 Superoxide Dismutase (SOD) 

When compared to the control, the activity of 

superoxide dismutase (SOD) was exhibited a clear dose-

dependent increase in seedlings treated with ChNPs. 

Treated seedlings demonstrated a progressive increase 

in SOD activity, rising from approximately 220 mM 

min⁻¹ mg⁻¹ protein at 10% to 360 mM min⁻¹ mg⁻¹ 

protein at 60% ChNPs, while the control exhibited the 

lowest activity at about 180 mM min⁻¹ mg⁻¹ protein. All 

treatments (10, 20, 30, 40, 50, and 60%) with ChNPs 

showed a significant increase in SOD activity as 

compared to control rice seedlings (Fig. 6-A).  

3.4.2 Catalase (CAT) 

Catalase activity in the rice seedlings treated 

with the ChNPs showed significantly greater than that 

of the control seedlings (Fig. 6-B). The control rice 

seedlings exhibited lower catalase activity of 120±40 

mM min⁻¹ mg⁻¹ protein that suggesting a restricted 

antioxidant effect. The optimal treatment (60% ChNPs) 

to seedlings showed significantly higher catalase 

activity, 620±65 mM min⁻¹ mg⁻¹ protein. The ChNPs-

treated seedlings increased catalase activity, indicating 

that the seedlings have improved hydrogen peroxide 

detoxification and a more robust antioxidant defence 

system compared to the untreated control. 

3.4.3 Peroxidase (POX) 

Peroxidase enzyme activity in the control 

seedlings exhibited the lowest peroxidase enzyme 

activity, suggesting a minimal antioxidant response. The 

rice seedlings treated with 50% ChNPs yielded the best 

seedling performance, achieving the highest peroxidase 

activity (79.7±3.1 mM min-¹ mg-¹ protein). This activity 

indicates that the maximum activation of the antioxidant 

defence system in comparison to the control rice 

seedlings (Fig. 6-C).  

3.4.4 Glutathione Peroxidase (GPX) 

As a measure of baseline antioxidant activity, 

the control group had the lowest glutathione peroxidase 

activity (0.062±0.003 mM/min/mg protein). GPX 

activity was increased in seedling treatments of ChNPs 

in a concentration-dependent manner showing the 

greatest and most efficient response (0.15±0.04 

mM/min/mg protein) was recorded at 60% ChNPs (Fig. 

6-D).  

3.4.5 Ascorbate Peroxidase (APX) 

The control rice seedlings showed the lowest 

ascorbate peroxidase activity, 6±0.4 mM/min/mg 

protein group. The rice seedlings treated with 60% 

ChNPs showed noticeably significant APX activity 

(15±1.2 mM/min/mg protein). The seedlings treated 

with all concentrations of ChNPs (10, 20, 30, 40, 50, 

and 60%) showed increased activity of APX enzyme in 

rice. The best response of APX activity was recorded at 

60% ChNPs treated rice seedlings, which suggested 

enhanced antioxidant effect (Fig 6-E).  

3.4.6 DPPH 

The control rice seedlings exhibited limited 

antioxidant capacity with low DPPH (Fig. 6-F) radical 

scavenging activity (3.34±0.6% inhibition) with a 

higher IC50 value (>100 µg/mL). The ChNPs-treated 

seedlings showed concentration-dependent increase in 

DPPH activity with a small standard deviation and a 

decreased IC50 (45–50 µg/mL) at the highest 

concentration and activity reached at 62.3±2.9% 

inhibition. Therefore, the best antioxidant response was 

recorded with seedlings treated with the highest 

concentration (60% ChNPs), whereas the control was 

the least effective baseline. 
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Fig. 6: Effect of ChNPs on antioxidant enzymes activities in seedlings, (A–E) Antioxidant enzymes measured at 10–60% of 
ChNPs in seedlings, (A) Superoxide dismutase activity, (B) Catalase activity, (C) Peroxidase activity, (D) Glutathione 

peroxidase activity, (E) Ascorbate peroxidase activity and (F) DPPH activity 

3.5 Morphological Characters of ChNPs Pot-
Grown Rice Plants 

The treatment with ChNPs were affected the 

development and biomass production of Oryza sativa 

plants in a concentration-dependent manner (Table 2). 

The control plants exhibited moderate growth (root 

length- 10.4±1 cm and shoot length- 27.2±1.5 cm) and 

reduced fresh (0.76±0.03 g) and dry weight (0.15±0.003 

g).The ChNPs exposed plants showed the most 

significant improvements in root (12.6±0.9 cm at 40%) 

and shoot length (39.1±2.9 cm at 40% ChNPs), 

maximum fresh (3.11±0.5 g at 30%) and dry biomass 

(0.62±0.09 g at 30% ChNPs), and enhanced viability 

(7.0±0.9%) at 30% ChNPs. Root growth and viability 

were diminished at lower concentrations (10% and 

20%), whereas higher concentrations (50% and 60% 

ChNPs) preserved biomass accumulation. Overall, the 

data indicate that ChNPs at concentrations of 30% and 

40% are optimal for promoting vegetative development 

and biomass accumulation in Oryza sativa pot-grown 

plants. 

3.6. Physiological and Biochemical Parameters 
of ChNPs Potted Rice Plants 

3.6.1 Protein Content 

The pot-grown rice plants treated with ChNPs 

affects the protein content in plants as compared to the 

control (Fig. 8-A). The control showed the lowest 

protein content (0.011±0.003 mg) suggested that basal 

metabolic activity in untreated conditions of rice. In 

plants treated with 60% ChNPs a significant increase in 

protein content (0.027±0.003 mg).  
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Table 2. Morphological characters of Oryza sativa pot-grown plants treated with ChNPs 

Treatment of 

ChNPs 
Root Length (cm) Shoot Length (cm) Fresh Weight (g) Dry Weight (g) % Viability 

Control 10.4±1b 27.2±1.5c 0.76±0.03c 0.15±0.003d 4.6±0.4d 

10 % 4.5±0.2d 28.5±1.6c 2.3±0.6b 0.46±0.05b 5.0±0.6c 

20 % 3.7±0.4d 23.5±0.9d 2.13±0.3b 0.42±0.04c 3.3±0.3e 

30 % 9.1±0.6b 34.8±2.1b 3.11±0.5a 0.62±0.09a 7.0±0.9a 

40 % 12.6±0.9a 39.1±2.9a 3.08±0.7a 0.61±0.06a 6.0±0.7b 

50 % 12.5±0.7a 33.9±1.9b 2.43±0.4b 0.48±0.03b 5.0±0.6c 

60 % 7.5±0.6c 31.4±1.7b 3.03±0.6a 0.60±0.08a 5.0±0.5c 

Data are mean ± SE scored and followed by same letters are not significantly different at p ≤ 0.05 level by 

Duncan’s multiple range test (DMRT). 

 

Fig. 7: Effect of ChNPs on pot-grown rice plants, (A–H) Typical photographs demonstrating the growth response of Oryza 
sativa plants under various treatments of ChNPs (0, 10, 20, 30, 40, 50, and 60%) 

3.6.2 Proline Content 

The proline content was estimated in control 

and ChNPs-treated pot-grown rice plants. The control 

plants showed a proline content (0.003±0.0008 mg of 

proline), indicating a significant decrease than ChNPs 

plants. The plants were performed best and increased 

proline content (0.012±0.0012 mg) at a concentration of 

60% ChNPs treatment. The examined rice plants treated 

with 60% ChNPs showed a significant increase in 

proline content compared to the control.  

3.6.3 Carotenoids Content 

The rice plants treated with ChNPs (10, 20, 30, 

40, 50, and 60%) showed a clear increase in carotenoids 
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content as compared to control (0.0%). The control 

plants were exhibited a carotenoid content of 8±1.2 mg 

which corresponds to the control pigment level. The rice 

plants treated with 10% ChNPs showed a marked 

increase in carotenoid content (20±1.5 mg) as compared 

to the control plants.  

3.6.4 Chlorophyll Content 

Rice plants treated with ChNPs (10, 20, 30, 40, 

50, and 60%) exhibited a marked increase in total 

chlorophyll content when compared to the control group 

(0%). The control plants showed lower pigment levels 

such as chlorophyll-a (14±1.2 mg g⁻¹ tissue), 

chlorophyll-b (16±1.4 mg g⁻¹ tissue), and total 

chlorophyll (30±2.5 mg g⁻¹ tissue) which reflect basal 

chlorophyll contents. Among all the treatments, the 10% 

ChNPs concentration elicited the best plant response, 

resulting in the significantly increased levels of 

chlorophyll, comprising chlorophyll-a (23±1.5 mg g⁻¹ 

tissue), chlorophyll-b (36±2.0 mg g⁻¹ tissue), and total 

chlorophyll (60±3.0 mg g⁻¹ tissue). The substantial rise 

in chlorophyll pigments at the optimal concentration 

indicates that ChNPs effectively boost photosynthetic 

pigment synthesis and enhance photosynthetic 

efficiency when compared to the untreated controls. 

 

Fig. 8: Influence of ChNPs on physiological characteristics of plants, (A) Protein content, (B) Proline content, (C) Carotenoids 
content and (D) Total chlorophyll content 

Data are mean ± SE scored and followed by same letters are not significantly different at p ≤ 0.05 level by 

Duncan’s multiple range test (DMRT).

3.7 Antioxidant Assays 

3.7.1 Superoxide Dismutase (SOD)  

Plants treated with ChNPs exhibited a marked 

activation of the antioxidant enzyme system, as 

evidenced by significant rises in SOD enzyme activities 

as compared to the control and corroborated by standard 

deviation values. Compared to the control, there was a 

distinct increase in the activities of SOD enzymes in 

plants treated with ChNPs. In (Fig. 9-A), the control 

plants showed a lower SOD activity (110±20 mM min-¹ 

mg-¹ protein) that reflected a basal superoxide 

scavenging effect. The most effective SOD activity (310 

± 30 mM min-¹ mg-¹ protein) in rice plants' response was 

noted at a concentration of 60% ChNPs. Such a trend 

indicates a vigorous activation of the antioxidant 

defense system associated with SOD enzyme. An 

enzyme like superoxide dismutase (SOD) converts 

harmful radicals into hydrogen peroxide, which is 

further detoxify with the use of ChNPs. Maintaining 

redox homeostasis and counteracting reactive oxygen 

species (ROS) was achieved with the treatment of 

ChNPs to rice.  

3.7.2 Catalase (CAT) 

Catalase activity was examined in ChNPs-

treated plants of rice (Fig 9-B). Whereas the control 

plants were showed only minimal catalase activity 

(120±25 mM min-¹ mg-¹ protein). The plants showed 

significant CAT enzyme activity (650±43 and 680±50 
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mM min-¹ mg-¹ protein) at treatments of 50% and 60% 

ChNPs, respectively. The evident significant difference 

between control and treated plants, together with 

standard deviation ranges that are within acceptable 

limits, verifies a significant improvement in the 

detoxification of hydrogen peroxide. In comparison to 

the control, plants treated with ChNPs exhibited a 

marked activation of the CAT antioxidant enzyme 

system, as evidenced by significant rises in CAT 

enzyme activities. H2O2, a converted form of ROS, is 

further detoxified by an enzyme like catalase (CAT). 

Antioxidant defence in plants was achieved with the 

action mechanisms of reduction in malondialdehyde 

(MDA) levels, maintaining membrane stability and 

photosynthesis processes. 

3.7.3 Peroxidase (POX) 

The control plants showed low levels of 

Peroxidase (POD) activity (14±3 mM min-¹ mg-¹ 

protein) that suggested a limited basal oxidative defence 

system. The most effective POD enzyme response was 

noted in ChNPs exposed rice plants at a concentration 

of 60% ChNPs that exhibited the increased POD 

activity (42±4 mM min-¹ mg-¹ protein) which implying 

an improved detoxification of reactive oxygen species 

(ROS) (Fig. 9-C). The antioxidant effect of ChNPs was 

measured by determining its ability to reduce cellular 

oxidative damage and minimize the induction of the 

antioxidant defense system. 

3.7.4 Glutathione Peroxidase (GPX) 

Glutathione peroxidase activity was assessed in 

ChNPs-exposed rice plants (Fig. 9-D). The control rice 

plants showed minimal GPX activity (0.03±0.006 mM 

min-¹ mg-¹ protein). The treatments of ChNPs (50% and 

60%) to pot-grown rice plants showed a significant 

increase in response of GPX activity (0.08±0.01 mM 

min-¹ mg-¹ protein) as compared to control. The 

induction of the glutathione-dependent antioxidant 

pathway is consistent as suggested by the treatments of 

10% - 60% ChNPs.  

3.7.5 Ascorbate Peroxidase (APX) 

ChNPs-exposed rice plants exhibited a 

significant increase in APX activity (Fig 9-E). The 

control (0% ChNPs) plants showed lower APX activity 

(2.5±0.6 mM min-¹ mg-¹ protein), whereas the 

treatments of 50% and 60% ChNPs achieved 

significantly maximum APX activity (7.8±0.8 mM min-¹ 

mg-¹ protein) as compared to the control ones. The 

distinct separation of control and treated plants was 

coupled with standard deviation values that are within 

acceptable limits, which validates ChNPs enhance 

APX-associated enzyme antioxidant defences and 

improve plants' tolerance to oxidative stress. Key 

enzyme Ascorbate peroxidase (APX) converts harmful 

radicals into hydrogen peroxide (H2O2) at the tissue and 

cellular level.  

3.7.6 DPPH Assay 

The DPPH radical scavenging activity 

displayed a gradual increase among standard, plant 

extract, and ChNPs-exposed plant samples that signifies 

an enhancement in antioxidant potential in rice plants. 

The control (standard) showed the lowest DPPH 

scavenging activity (60.7±2.9 % inhibition) which 

indicates a baseline capacity for radical scavenging. The 

plants treated with 70 µg/ml ChNPs were showed 

steady increase in DPPH activity (77.9±1.6% inhibition) 

that resulted in superior free-radical scavenging 

efficiency. The significantly higher DPPH radical 

scavenging activity was recorded in rice plants-treated 

with ChNPs over control plants. 
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Fig. 9: Effect of ChNPs on antioxidant enzyme activities in Oryza sativa plants, (A–E) Activities of antioxidant enzymes 
measured at 10–60% of ChNPs in plant samples, (A) Superoxide dismutase activity, (B) Catalase activity, (C) Peroxidase 

activity, (D) Glutathione peroxidase activity, (E) Ascorbate peroxidase activity and (F) DPPH activity. 

4. DISCUSSION 

ChNPs were effectively produced through 

ionic gelation employing tripolyphosphate (TPP) as a 

cross-linking agent. The ionic gelation method consisted 

of dissolving chitosan in acetic acid, adding it drop-wise 

to TPP with magnetic stirring, then centrifuging and 

freeze-drying the mixture (Vaezifar et al. 2013). The 

characterization confirmed that the formation of ChNPs 

was achieved through SEM analysis showing spherical-

shaped particles and a size measuring from 16–24 nm 

with slight aggregation; EDS identified the presence of 

C, O, and N, confirming the purity of the synthesized 

ChNPs. Similar studies were performed by 

Khanmohammadi et al. (2015). FTIR spectra exhibited 

characteristic functional groups of chitosan 

(Chakraborty et al. 2018); XRD revealed a semi-

crystalline structure (Elhussieny et al. 2020), and UV–

Visible analysis indicated a strong absorption peak at 

250 nm that is consistent with the presence of ChNPs in 

the reaction mixture (El et al., 2022). For biological 

application, stock solutions of ChNPs with different 

concentrations (10–60%) were created, sonicated, 

purified, and utilized for rice seed treatment. Before 

sowing, the seeds were disinfected with HgCl2 and 

immersed in ChNPs solutions for 60 minutes each.  

The systematic approach assured uniform 

exposure and facilitated the assessment of the impact of 

ChNPs nanoparticles on seed germination and growth of 

plants (Liu et al. 2022), the similar results were 

screened in the present study. The protein content was 

found to increase progressively in plants treated with the 

concentration of ChNPs (60%) in comparison to the 

control. This indicates improved nitrogen uptake and 

metabolic activity of plants. Guan et al. (2009) reported 

chitosan-based treatments have also resulted in 

comparable protein enhancement in Zea mays and 

Triticum aestivum. In the present study, the protein 

content showed an increase with higher concentrations 

of ChNPs. For instance, in Tomato, Mungbean, and 

Maize, a comparable increase in soluble protein was 
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recorded with chitosan promoting nitrogen metabolism 

and the production of defence proteins, which verifies 

that the ChNPs boosts metabolic activity in plants (El 

Amerany et al. 2020). The protein content, as illustrated 

in the current graph, increased steadily with higher 

concentrations of 60% ChNPs in comparison to the 

control. Likewise, in grapevine, the use of ChNPs 

increased protein accumulation compared to control 

plants. As a result, the two studies show that protein 

synthesis is stimulated and stress tolerance mechanisms 

are increased in plants as a result of treatment with NPs 

(Panahirad et al. 2025). Proline content have also been 

observed to increase after treatment of ChNPs in 

grapevines subjected to heavy metal stress and in 

drought-stressed Salvia abrotanoides, with the increase 

of proline content being associated with better osmotic 

adjustment and antioxidative defence mechanisms 

(Attaran et al. 2022). The increase in proline 

accumulation under ChNPs treatment suggests the 

induction of stress tolerance in plants. Similar results 

were noted in Ocimum ciliatum and Ocimum basilicum, 

where the use of chitosan led to a considerable increase 

in proline accumulation serving as an osmoprotectant. 

In our study, the rice plants performed best and 

increased proline content (0.012±0.0012 mg) at a 

concentration of 60% ChNPs treatment. This 

corroborates the function of ChNPs as stress elicitors 

(Pirbalouti et al. 2017). As the ChNPs concentration 

rises the carotenoids content depicted in the current 

study showed a marked increase compared to the 

control plants. This suggests improved carotenoid 

pigment production and superior antioxidant defence. 

Chitosan treatment has been shown to cause similar 

concentration-dependent increases in carotenoids in 

rice, maize, and tomato, confirming its contribution to 

the enhancement of photosynthetic pigment 

accumulation (Sangwan et al. 2023). Chlorophyll 

accumulation was significantly enhanced by seed 

priming with chitosan. Pigment enhancement was 

greater at optimal concentrations of ChNPs while 

excessive levels provided no additional benefit 

(Salachna and Zawadzińska, 2014), which corresponds 

with the current observation that higher concentrations, 

like 10% ChNPs showed maximum accumulation 

(30±2.5 mg g⁻¹ tissue) of chlorophylls. At optimal 

concentrations, there was a significant increase in 

Chlorophyll a, b, and total chlorophyll. Similar results 

were observed in coffee plants treated with ChNPs, 

which exhibited enhanced photosynthetic efficiency. 

This trend is consistent with earlier studies on rice, 

maize, and tomato, in which chitosan treatment led to a 

significant increase in chlorophyll content. This 

improvement is usually ascribed to enhanced nitrogen 

metabolism, chloroplast development, and safeguarding 

of the photosynthetic system. Consequently, the trend 

shown in our study aligns with findings reported 

previously (Salachna and Zawadzinska, 2014).  

Antioxidant enzymes like SOD, CAT, POX, 

GPX, and APX activities in rice seedlings treated with 

ChNPs imply an improved antioxidant potential during 

the initial stages of seedling development and in mature 

plants. Similar results were recorded in the study 

conducted by Alenazi et al. (2024). Particular 

antioxidant enzyme activities SOD, CAT, and POX in 

rice seedlings confirm that chitosan priming enhances 

after germination under stress condition which is 

consistent with a similar antioxidant enzyme activity 

pattern observed in the current study (Ling et al. 2022). 

As discussed in the results, activities of GPX, and APX 

were increased progressively in the plants treated with 

60% ChNPs. Mulaudzi et al. (2022) reported that the 

increased enzyme levels in treated Sorghum seedlings 

suggest that ROS detoxification has been enhanced and 

antioxidant defence enhanced as a result of ChNPs 

treatment. GPX and APX exhibit a clear dose-dependent 

increase in activities compared to the control. In our 

study, the treatments of ChNPs (50% and 60%) to pot-

grown rice plants showed a significant increase in 

response of GPX activity (0.08±0.01 mM min-¹ mg-¹ 

protein) as compared to control (0.0%). Because these 

enzymes are crucial for eliminating H2O2 and 

safeguarding cells against oxidative damage, and the 

increase in the antioxidant activity verifies that treating 

rice seedlings with ChNPs strengthens their antioxidant 

defence mechanisms (Champaneria et al. 2024). The 

graph showed that the concentration-dependent increase 

in DPPH activity was highest at the higher treatment 

level compared to the control rice seedlings and pot-

grown plants. The control rice plants exhibited the 

lowest antioxidant effect. This indicates that ChNPs 

enhanced free radical scavenging activity in rice. 

Similar to the present study, a dose-dependent increase 

in DPPH activity been reported in Anethum graveolens 

treated with chitosan (Mashraqi, 2023). In Solanum 

lycopersicon, treatments with chitosan and metal-based 

NPs led to a notable increase in SOD activity compared 

to untreated controls, which indicates improved ROS 

scavenging and stress tolerance. In a comparable way, 

in Figure 9-A, the SOD activity is minimal in the 

control (110–130 mM/min/mg protein) and increases 

gradually (350 – 362 mM/min/mg protein) in rice 

seedlings treated with increasing ChNPs concentration 

(50 and 60%), respectively, which is nearly 2 to 2.5 

times greater than that of the control. The activation of 

the antioxidant defence mechanisms by the treatments 

of ChNPs is evidenced by both findings ( Quitadamo et 

al. 2021; Shelke et al. 2022). The distinct catalase 

(CAT) activity was recorded dose-dependent escalation, 

increasing from 120–150 mM/min/mg protein in the 

control to around 620–650 mM/min/mg protein at 50–

60% ChNPs treatment. For example, chitosan 

treatments have also been found to enhance CAT levels 

in Hibiscus syriacus. The results corroborate the 

conclusion that using NPs enhances antioxidant defence 

through improved detoxification of ROS by enhanced 

catalase activity (Cao et al. 2025). Peroxidase (POX) is 
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a crucial antioxidant enzyme in plants that reduces 

hydrogen peroxide to detoxify reactive oxygen species 

and limit oxidative damage to plant tissues. ChNPs are 

serving as biotic elicitors and are recognized for 

boosting peroxidase activity as well as that of other 

defence enzymes. The rise in POX activity observed 

after chitosan treatment in stressed tobacco (Nicotiana 

tabacum) plants indicates the activation of systemic 

resistance and the reinforcement of the antioxidant 

defence mechanisms (Mukarram et al. 2023). Moreover, 

in tomato plants, chitosan and ChNPs formulations 

increased the expression and activity of peroxidase and 

similar oxidative stress enzymes, leading to improved 

ROS scavenging (Narasimhamurthy et al. 2022). 

Ascorbate peroxidase (APX) is a crucial enzyme in the 

ascorbate–glutathione cycle that neutralizes hydrogen 

peroxide (H2O2) and shields plant cells from oxidative 

damage during stress conditions. It is known that GPX 

activity in plants increases after elicitor treatments, 

including the use of ChNPs which activate antioxidant 

defence mechanisms during oxidative stress. The 

similar results on GPX activity in the present study were 

achieved with the treatment of ChNPs to rice plants at 

the seedling and plant levels. Research carried out on 

tomato plants has demonstrated that both chitosan and 

ChNPs boost GPX activity and other ROS-scavenging 

enzymes while increasing glutathione levels, thereby 

reinforcing the glutathione–ascorbate routes. The 

observed increase in GPX activity after treatment with 

ChNPs in the present study corresponds with these 

findings (Hernández-Hernández et al. 2018). The 

presence of APX in various cellular compartments 

facilitates an efficient scavenging of ROS and 

maintenance of cellular redox potential. Increased APX 

activity during abiotic stress demonstrates a stimulated 

antioxidant defense mechanism that is associated with 

plant stress tolerance and physiological stability (Li, 

2023).  

A recent study of Anethum graveolens extract 

encapsulated in ChNPs showed that DPPH radical 

scavenging activity increased with concentration, as 

higher inhibition percentages were noted with greater 

doses of NPs. This suggests that incorporating ChNPs 

improves antioxidant efficacy (Mashraqi, 2023). In the 

present investigation, the rice plants treated with 70 

µg/ml ChNPs showed a steady increase in DPPH 

activity (77.9±1.6% inhibition) that resulted in superior 

free-radical scavenging efficiency. Aouadi et al. (2024) 

reported that the treatments of chitosan–ZnO and 

chitosan–ZnO/PVP nanocomposites increased the 

DPPH free radical scavenging efficiency, improving 

plants, resulting in inhibition rates that are higher and 

radical scavenging that is more effective than in the case 

of less complex NPs formulations. Hence, the current 

research exhibited the growth promotaion, physiological 

parameters, biochemical modulations, and antioxidant 

effects in rice crop at seedling and plant stages. 

5. CONCLUSION 

This study emphasizes the promise of ChNPs 

as a biologically sourced nanomaterial that possesses 

advantageous characteristics, namely, biodegradability, 

biocompatibility, and low toxicity, that render them 

appropriate for use in agriculture. The findings show 

that treatment with ChNPs had a beneficial effect on 

seed germination, early seedling development, and 

physiological performance in Oryza sativa, suggesting 

their involvement in the modulation of plant 

developmental processes. ChNPs application led to a 

greater accumulation of proteins and proline at the 

biochemical level, indicating enhanced metabolic 

activity and osmotic adjustment under experimental 

conditions. It is noted that a rise in chlorophyll and 

carotenoid levels indicates enhanced photosynthetic 

efficiency and photoprotective capacity. Moreover, the 

substantial increase in antioxidant enzymes such as 

superoxide dismutase (SOD), catalase (CAT), 

peroxidase (POD), ascorbate peroxidase (APX), and 

guaiacol peroxidase (GPX) suggests a bolstered 

antioxidant defence system that can reduce oxidative 

damage caused by reactive oxygen species (ROS) and 

preserve cellular redox balance. It is important to point 

out that the degree of these reactions was more marked 

during the seedling stage than in pot-grown mature 

plants. This implies that the effectiveness of ChNPs 

may depend on the developmental stage and 

physiological status. Moreover, the concentration-

dependent effects noted in this study highlight the 

necessity of optimizing nanoparticle dosage to attain 

desired outcomes while avoiding inadvertent 

physiological stress. Further confirmation of the 

increased antioxidant potential in plants treated with 

ChNPs came from the DPPH radical scavenging assay. 

However, these results should be viewed as indicative 

rather than definitive proof of in vivo antioxidant 

effectiveness. The study offers useful insights into the 

physiological and biochemical responses of rice to 

ChNPs, but it is mainly restricted to controlled 

experimental conditions. A systematic evaluation of the 

long-term effects, field-level performance, persistence 

of nanoparticles, and potential ecological implications is 

still needed. 
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